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Abstract
An anomalous South Asian summer monsoon (SASM) system could generate a large anomaly in
precipitation and hydrological disasters in the SASM-prevailing area, as widely reported for the
Indian Peninsula. However, how the SASM system influences the precipitation anomaly over the
South-Central Tibetan Plateau (SCTP) is largely unknown. In this study, we (a) analyze the
influences of the early and late onset (demise) of the SASM on the interannual variations in
precipitation over the SCTP during 1979–2015; and (b) illuminate the underlying mechanisms and
asymmetric effects with regard to the onset and demise of the SASM by analyzing the
characteristics of water vapor transport and moisture budgets in this region. Results indicate that
the precipitation anomaly over the SCTP is dominated by the cyclonic and anticyclonic water
vapor transport associated with the anomalous SASM activities, causing moisture convergence and
divergence in this region. The topographic effect in the southeastern Tibetan Plateau (SETP) and
southwestern Tibetan Plateau (SWTP) further strengthens the anomaly in water vapor transport in
vertical direction and contributes to the precipitation anomaly through moisture convergence and
divergence. The anomalous SASM and topography exhibit asymmetric effects between the onset
and demise as well as between the early and late onset (demise) of the SASM. They cause 23.41%,
15.91%, and 1.96% difference in precipitation between the early and late SASM-onset years, and
13.05%, 21.50%, and 29.86% difference in precipitation between the early and late SASM-demise
years in the SETP, central Tibetan Plateau (CETP), and SWTP, by regulating the horizontal and
vertical thermodynamic and dynamic processes. The results help improve our understanding of the
SASM-precipitation relationship over the SCTP and guide the prediction of precipitation and
alleviation of water-related disasters in the region and its surroundings that are home to billions of
people in Asia.

1. Introduction

The South Asian summer monsoon (SASM) system
is one of the most energetic regional monsoon sys-
tems. The onset and demise timings of the SASM
system, controlled by the land–ocean meridional
thermal contrasts (Li and Yanai 1996, Wang et al
2001), determine the propagation, duration, and total

amount of precipitation through thermodynamic
and dynamic processes in the SASM-prevailing areas
(Xavier et al 2007, Sabeerali and Ajayamohan 2018).
Particularly, anomalous onsets and demises of the
SASM are connected to many factors, including
the El Niño and La Niña events (Xiang and Wang
2013, Roxy et al 2015), local sea surface temperat-
ure (SST) (Sabeerali et al 2012, Xing et al 2016a),
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snow accumulation anomalies over the Tibetan Plat-
eau (TP) (Fasullo and Webster 2003), and others.
They could change the thermodynamic and dynamic
processes and generate a large anomaly in precipita-
tion over the SASM-prevailing areas (Goswami and
Xavier 2005, Xing et al 2016b). For example, the India
Meteorological Department reported that the earlier
than normal onset of the SASM in 2013 caused pre-
cipitation surplus by 6% in the Indian Peninsula,
accompanied by serious flooding disasters, while its
late onset in 2014 led to precipitation deficit by 12%
and drastic droughts (Pai and Bhan 2014, 2015).

The South-Central TP (SCTP), known as the
‘Asian water tower’, is the origin of several major
Asian rivers, including the Yellow River, Yangtze
River, Brahmaputra River, Mekong River, and the
Indus River, providing a huge amount of freshwa-
ter for ecosystems and billions of people in Asia
(Immerzeel et al 2010). It is widely known that the
SCTP is controlled by the SASM system in summer
(Chen et al 2012, Feng and Zhou 2012, Yao et al,
2013), accounting for approximately 60% of annual
precipitation (Tong et al 2014, Ma et al 2018), but
with significant spatiotemporal heterogeneity due to
the complex topographic and geographic conditions
(Yang et al 2011, 2014, Curio and Scherer 2016, Sang
et al 2016). Recent studies have found that precip-
itation in May has been increasing over the south-
eastern and central area of the TP, accelerating the
lake expansion, wetting, and greening of the TP in
recent decades (Chen and You 2017, Zhang et al 2017,
Liu et al 2019). Further, the increasing trends in pre-
cipitation in May in these two regions are mainly
attributed to the advanced SASM onset, which is con-
nected to the thermodynamic and dynamic adjust-
ment caused by the SST anomaly of the Indian Ocean
(Xing et al 2016a). Thus far,most studies have focused
on the effects and physical causes of the linear trend of
SASM onset over the SCTP, while little attention has
been paid to the question as to how both anomalous
onset and anomalous demise of the SASM influence
the interannual precipitation variation in this region.
In particular, the spatial manifestation of thermody-
namic and dynamic mechanisms for the interannual
precipitation variation is largely unknown. Adequate
knowledge about these mechanisms is critical for sus-
tainable freshwater management in this region and
surrounding areas.

In the present study, we aim to illuminate the
influences of the early and late onset (demise) of
the SASM system on the interannual variations in
precipitation and their underlying mechanisms over
the SCTP. The precipitation data from the APH-
RODITE (Asian Rainfall Highly-Resolved Observa-
tional Data Integration Towards Evaluation of Water
Resources) and the ERA5 reanalysis data, during
1979–2015 in the SASM-prevailing areas are used
in this study. The composite analysis is used to

investigate the influences of the early and late onset
(demise) of the SASM on precipitation variations,
and the moisture budget analysis is used to reveal
the physical mechanisms governing the precipitation
anomaly. The present study is designed to address
the following specific questions by considering the
SASM-precipitation dynamics: (a) How do the onset
and demise of the SASM control the interannual vari-
ations in precipitation over the SCTP? (b) Is there an
asymmetric effect of the SASM on SCTP precipita-
tion between its onset and demise, and between its
early and late onset (demise)? and (c) What are the
underlying mechanisms that are responsible for the
variations in interannual precipitation?

2. Data andmethods

2.1. Study area
The TP is under the joint influences of the wester-
lies, SASM, and the East Asian summer monsoon
(EASM) system (Webster et al 1998, Schiemann et al
2009). In summer, the TP is considered as being
controlled by the monsoons to the south of 30◦N,
which then gradually weakens from the 30◦N to 35◦N
before transforming into the prevailing westerlies to
the north of 35◦N (Yao et al 2013). The eastern part
of the TP is particularly influenced by the EASM
(Cherchi et al 2011). The present study focuses on the
SASM-dominated SCTP (in the south of 35◦N and
west of 100◦E, as shown in figure S1 (available online
at https://stacks.iop.org/ERL/15/124067/mmedia)) as
the study area.

2.2. Data
Due to the complex topography, weather, and envir-
onment, the existing meteorological stations over the
TP are sparse and unevenly distributed (Wang and
Zeng 2012). The scarcity in observed data causes great
difficulties for hydroclimatic studies in this region. To
overcome such difficulties, many studies use remote
sensing data and reanalysis data as alternatives (Feng
and Zhou 2012, Tong et al 2014). However, there are
many uncertainties in these two types of data that
should be carefully evaluated for reliable outcomes
(Wang and Zeng 2012).

For the present study, we collect 13 precipitation
datasets from different sources (see Table S1) and
compare them with the gauged precipitation data at
80 stations for evaluating their quality. For evalu-
ation, we consider the monthly, seasonal, and inter-
annual variations in precipitation, as well as their spa-
tial heterogeneity. Results indicate that, among the
13 datasets, the APHRODITE matches best with the
gauged precipitation observations. The APHROD-
ITE is regarded as the only long-term, continental-
scale daily precipitation product that contains a dense
network of daily rain gauge data for Asia, at a
0.25◦ × 0.25◦ grid spacing, including the SCTP and
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the SASM-prevailing South Asia (Yatagai et al 2012).
Many studies have verified its quality (Feng and Zhou
2012, Tong et al 2014, Zhu and Sang 2018). By
considering its length and completeness, we choose
the APHRODITE data from 1979 to 2015 for this
study. We further use the ERA5 reanalysis data (with
a 0.25◦ × 0.25◦ spatial resolution) over the same
period, to explore the thermodynamic and dynamic
processes of precipitation anomaly caused by changes
in the onset and demise of the SASM.

2.3. Methods
2.3.1. Definition of onset and demise times of the
SASM system
To quantitatively describe the evolution of the
SASM system, various methods have been pro-
posed to define the onset and demise of the SASM
system based on precipitation or atmospheric
thermodynamic and dynamic conditions in the
SASM-prevailing area (Wang and Linho 2002, Fasullo
and Webster 2003, Xavier et al 2007, Walker and
Bordoni 2016). Definition of the onset and demise
times of the SASM is critical for the present study.
Here, we define themusing the objectivemethod pro-
posed by Noska and Misra (2016). The method has
the advantage of simplicity, as it uses only one vari-
able, namely the spatially averaged precipitation in a
typical region. This way, it avoids the use of upper air
variables from the reanalysis or satellite retrievals that
may be biased (Noska and Misra 2016). Moreover, it
offers the flexibility to adapt to any desired spatial
scale based on the needs of the users and allows us
to understand the detailed variations of the SASM
system (Misra et al 2018).

Considering the pathway of the climatological
evolution of the SASM system (Wang and Linho
2002), the SASM generally breaks out in the Bay
of Bengal (BOB), then moves northwestward, and
finally retreats reversely from the northwestern
Indian Peninsula (NWIP) (figure S1). Thus, we use
the ERA5 precipitation data in the BOB (10◦–18◦N,
84◦–94◦E) to define the onset of the SASM, and use
the APHRODITE precipitation data in the NWIP
(25◦–30◦N, 75◦–80◦E) to define its demise. Note
that the APHRODITE data does not cover the BOB.

The calculations for the onset and demise times of
the SASM are described as follows:

(a) Use the ERA5 data to calculate the daily areal
average precipitation in the BOB for day n of year
m, denoted as Dm (n);

(b) Calculate the daily cumulative anomaly D ′
m (n)

of Dm (n)

D ′
m (n) =

∑N

n=1

[
Dm (n)−D

]
(1)

with

D=
1

MN

∑M

m=1

∑N

n=1
Dm (n) (2)

where D is the average daily precipitation over
N (=365/366) days forM (=37) years;

(c) Define the onset date (denoted as SASM-OD)
of the SASM as the day when D ′

m (n) reaches
its absolute minimum value, after the first four
months and before the last three months of a
year; and

(d) Use the APHRODITE dataset to calculate
Dm (n) and D ′

m (n) in the NWIP using
equations (1) and (2). Then, define the demise
date (SASM-DD) of the SASM as the day when
D ′

m (n) reaches its absolute maximum after the
SASM-OD.

The onset and demise dates of the SASM determ-
ined by the above method are shown in figure S2.
Note that the onset results from the ERA5 reana-
lysis data keep consistence with those in its adjacent
land and also previous studies (Zhang et al 2017)
(figure S3). Furthermore, we choose the years with
the SASM-OD/SASM-DD being lower (higher) than
one-standard deviation of its average values (1979–
2015) as the typical early (late) SASM-onset/demise
years (figure S2). Based on this, the early SASM-onset
years are 1995, 2001, 2004, 2007, and 2008, and the
late SASM-onset years are 1979, 1986, 1987, 1992,
and 1996. The early SASM-demise years are 1979,
1981, 1986, 2001, and 2015, while the late SASM-
demise years are 1983, 1985, 1998, 1999, 2004, 2009,
and 2013.

We also use the above method to determine the
onset and demise of grid precipitation over the SCTP.
Moreover, we take the days from the OD to DD as
the season length (SL) of grid precipitation to reflect
its duration, and use the total amount of the seasonal
precipitation (SP) between the OD and DD to reflect
the strength of grid precipitation. We use these four
indexes to quantify the interannual variations in pre-
cipitation over the SCTP and analyze their correla-
tions with the onset/demise of the SASM. We further
analyze the changes in the SL and SP (to quantify their
anomalies) of precipitation over the SCTP in the early
(late) SASM-onset/demise years, for investigating the
influence of the SASM anomaly.

2.3.2. Moisture budget analysis
We apply the moisture budget analysis to explore
the physical mechanisms governing the precipitation
anomaly caused by the early and late onset (demise)
of the SASM. Since precipitation (P) is balanced
with convergence of vertically integrated atmospheric
moisture flux and evaporation on the monthly and
longer timescales, the moisture budget equation can
be described as follows (Trenberth and Guillemot
1995, Seager et al 2010, Seager and Henderson 2013):

P=− 1

gρ

ˆ ps

0
∇· (Vq)dp− 1

gρ

ˆ ps

0

∂ (ωq)

∂p
dp+ E

(3)
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where g is gravitational acceleration, ρ is the density
of water, p is the air pressure, ps is the surface air pres-
sure, V is the horizontal wind vector, ω is the vertical
velocity, and q is the specific humidity. The first term
(on the right hand side of equation (3)) is referred to
as the horizontal moisture convergence, the second
term as the vertical moisture convergence, and the
final term as the surface evaporation (E).

We then divide P, E, V, ω, and q into monthly
means (P, E, V, ω, and q) and departures from the
monthly mean (P ′, E ′, V ′, ω ′, and q ′) as

P= P+ P ′, E= E+ E ′, V= V+V ′,

ω = ω+ω ′ and q= q+ q ′. (4)

In many previous studies, the changes in the
quadratic nonlinear term have generally been
ignored, due to their small amplitude (Seager et al
2010, Seager and Henderson 2013). Following this
practice, the precipitation anomaly (P ′) can be
expressed as follows:

P ′ =− 1

gρ

ˆ ps

0
∇·

(
Vq ′)dp− 1

gρ

ˆ ps

0
∇· (V ′q)dp

− 1

gρ

ˆ ps

0

∂ (ω̄q ′)

∂p
dp− 1

gρ

ˆ ps

0

∂ (ω ′q̄)

∂p
dp+ E ′

(5)

where the first term is referred to as the hori-
zontal thermodynamic component (i.e. the changes
in horizontal specific humidity), the second term as
the horizontal dynamic component (i.e. the changes
in horizontal wind flow), the third term as the ver-
tical thermodynamic component (i.e. the changes in
vertical specific humidity), the fourth term as the ver-
tical dynamic component (i.e. the changes in vertical
velocity), and the final term as the surface evapora-
tion component. Analysis of the changes in these five
components in the early (late) SASM-onset/demise
years is expected to reveal the dominant mechanisms
behind the variation in interannual precipitation and
its spatial heterogeneity.

3. Results

3.1. Evolution of the SASM system and
precipitation over the SCTP
The climatological onset/demise dates of the SASM
during 1979–2015 are identified as 18 May (SASM-
OD) and 17 September (SASM-DD), respectively
(Figure S2), being consistent with those identified
by previous studies (Wang and Linho 2002, Zhang
et al 2017). For describing the influence of the SASM
on precipitation over the SCTP, the spatial propaga-
tion of precipitation in this region is investigated.
The results indicate that the SASM breaks out and
lands first in the north of BOB (figure 1), and then
the Himalayas block and divide it into two branches:
(a) the northern branch penetrates into the inland

from the southeastern corner of the SCTP, which
receives a weak (2–8 mm d−1) precipitation, being
1–2 d later than the SASM-OD; and (b) the western
branch moves along the southern bound of the Him-
alayas and penetrates into the southwestern corner of
the SCTP. After late June (around 28 June), precipit-
ation starts over the whole SCTP. Likewise, the SASM
withdraws reversely, accompanied by a decline in pre-
cipitation from thewest (around 17 September) to the
east of the SCTP (figure S4). The precipitation ends
in mid-October (around 12 October) throughout the
SCTP, declaring the complete retreat of the SASM in
this region.

The spatial patterns of the climatological OD,DD,
SL, and SP of precipitation over the SCTP during
1979–2015 are shown in figures 2(a)–(d). The OD
of the precipitation delays gradually from the south-
eastern SCTP (around 19 May) to the western SCTP
(around 28 June), while the DD of the precipitation
delays in reverse from the western SCTP (around
17 September) to the southeastern SCTP (around
12 October). Correspondingly, precipitation has the
longest duration (i.e. SL) and the largest amount (i.e.
SP) in the southeastern TP, and the duration pro-
gressively shortens from the southeast to northwest
of the SCTP, along with the decreasing SP.

The above results clearly reveal the significant spa-
tial heterogeneity of the evolution of the SASM sys-
tem and the seasonal variations in precipitation over
the SCTP. Considering the precipitation propaga-
tion path that goes from the southeast and southwest
corners to the inland of the SCTP (figure 1), three
local regions (shown in figure 2(a)) are selected to dis-
cuss the spatial heterogeneity in precipitation charac-
teristics in detail. They are southeastern TP (SETP),
central TP (CETP), and southwestern TP (SWTP).
Table 1 shows the difference in the climatological
OD/DD of precipitation among the three regions.
Compared with the SASM-OD (on 18 May), the cli-
matological ODof precipitation delays by about 1, 14,
and 30 d in the SETP (on 19May), CETP (on 1 June),
and SWTP (on 17 June), respectively, due to the long-
distance transport of water vapor from the BOB. The
climatological DD of precipitation in the SWTP (on
17 September) is the same as the SASM-DD, but that
in the CETP (on 23 September) and SETP (on 30
September) is 6 and 13 d later than the SASM-DD.
Precipitation has longer duration and larger amount
in the SETP than that in the CETP. However, precipit-
ation in the SWTP, with the shortest duration among
the three regions, has larger (smaller) amount than
that in the CETP (SETP).

For further investigating the associations between
the onset and demise of the SASM and the precipita-
tion over the SCTP, the partial correlations between
the SASM-OD and SASM-DD and the four indexes
(OD, DD, SL, and SP) of each grid precipitation
in this region are analyzed. Figures 2(e)–(h) indic-
ate that the SASM-OD has significant correlations
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Figure 1. Evolution of climatological daily precipitation at intervals of 5 d centered on the onset date (18 May) of the South Asian
summer monsoon (SASM). Units: mm d−1.

with the OD, SL, and SP of precipitation over the
whole SCTP, except the SWTP, reflecting the strong
connections between the onset of the SASM and
precipitation in this region. The SASM-DDhas a pos-
itive correlation with the DD of precipitation mainly
in the western and central SCTP (figures 2(j)–(l)),
while there are only small areas where the SASM-DD
and the SL and SP of precipitation display signific-
ant correlations (figures 2(k) and (l)), implying the
weaker relationships between precipitation over the
SCTP and the demise of the SASM. Besides, there
are no significant correlations between the SASM-OD
(SASM-DD) and the DD (OD) of precipitation over
the SCTP (figures 2(f) and (i)), implying their weak
connections.

The above results overall reflect the connections
between the SASM and the propagation, duration,
and total amount of precipitation over the SCTP, but
with significant spatial heterogeneity. The results also
indicate that the interannual variations (especially the
duration and amount) in precipitation in the study
area have stronger associations with the SASM-onset
than with the SASM-demise.

3.2. Precipitation changes over the SCTP
in the anomalous SASM years
In order to clarify how the anomalous onset and
demise of the SASM influence the variations in inter-
annual precipitation over the SCTP, we compare

5
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Figure 2. Climatological (a) onset date (OD), (b) demise date (DD), (c) monsoon season length (SL, in days), and (d) seasonal
precipitation (SP, mm) at each grid over the South-Central Tibetan Plateau (SCTP); and the partial correlation coefficients
between the onset (SASM-OD, (e)–(h)) and demise (SASM-DD, (i)–(l)) of the South Asian summer monsoon (SASM) and the
above four indexes of each grid precipitation over the SCTP. The three black boxes from the west to the east (in (a)) are chosen
and denoted as the southwestern Tibetan Plateau (SWTP) (30◦–32◦N, 78.5◦–83.5◦E), central Tibetan Plateau (CETP)
(31◦–33◦N, 85◦–90◦E), and the southeastern Tibetan Plateau (SETP) (28◦–30◦N, 94◦–99◦E), respectively. The black dots
indicate the significant correlations at the 95% confidence level.

Figure 3. Composite difference in the monsoon season length (SL) and seasonal precipitation (SP) at each grid over the
South-Central Tibetan Plateau (SCTP) between the early (late) and climatological SASM-onset (SASM-OD) and SASM-demise
(SASM-DD) years, unit: (%). The black dots indicate the significant changes at the 95% confidence level by the t test. The three
local regions are the same as those in figure 2

the relative changes in precipitation (both duration
and total amount) in the early (late) SASM-onset
(-demise) years with their climatology (see figure 3).

Compared with the climatology, the SL in the
early SASM-onset years extends over the SCTP, lead-
ing to an overall increase in the SP (figures 3(a) and
(b)); however, in the late SASM-onset years, the SL
becomes shorter and the SP decreases (figures 3(c)
and (d)). Specifically, in the SETP, there are symmet-
ric anomalies in the SL (7.96% versus 7.36%) and
SP (11.19% versus 12.22%) between the early SASM-
onset years and the late SASM-onset years (table 1).
In the CETP, the changes in the SL (4.69% versus
2.32%) and SP (14.62% versus 1.29%) in the early
SASM-onset years are larger than those in the late
SASM-onset years (table 1). In the SWTP, there are

also larger changes in the SL (10.26% versus 5.63%)
and SP (4.76% versus 2.80%) in the early SASM-
onset years than those in the late SASM-onset years
(table 1).

In the early (late) SASM-demise years, the SL
shortens (extends) and the SP decreases (increases)
over the SCTP when compared with the climato-
logy (figures 3(e)–(h)). In the SETP, the changes
in the SL (1.29% versus 6.89%) generate a 5.81%
(7.24%) decrease (increase) in the SP in the early
(late) SASM-demise years (table 1). In the CETP, the
SL becomes shorter (longer) by 1.44% (7.34%), caus-
ing 14.10% (7.40%) changes in the SP in the early
(late) SASM-demise years. In the SWTP, the anom-
aly of the SL (11.30% versus 24.40%) and SP (9.53%
versus 20.33%) in the early SASM-demise years are
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smaller than those in the late SASM-demise years
(table 1).

By comparing the early and late SASM-onset
years, there is a difference of 15.32%, 7.01%, and
4.63% in the SL, and a difference of 23.41%, 15.91%,
and 1.96% in the SP in the SETP, CETP, and SWTP,
respectively. Between the early and late SASM-demise
years, there is a difference of 8.17%, 8.79%, and
35.70% in the SL, and a difference of 13.05%, 21.50%,
and 29.86% in the SP in the SETP, CETP, and SWTP,
respectively.

The above results clearly indicate the asymmet-
ric effects of the anomalous SASM and their spa-
tial heterogeneity. To be specific, (a) the anomalous
onset of the SASM leads to larger (smaller) precip-
itation anomalies over the SETP (CETP and SWTP)
when compared with its anomalous demise; (b) there
is a westward strengthening effect of the SASM-
onset anomaly, but an eastward weakening effect of
the SASM-demise anomaly over the SCTP; (c) the
early onset of the SASM causes larger precipitation
anomalies over the CETP and SWTP than its late
onset, while there is an asymmetry between the early
and late onset of the SASM over the SETP, caus-
ing similar precipitation anomalies over this region;
and (d) the early demise of the SASM causes lar-
ger precipitation anomalies over the CETP than its
late demise, while the opposite occurs over the SETP
and SWTP.

3.3. Mechanisms governing the interannual
precipitation variation over the SCTP
By comparing the time series of daily precipitation in
the climatological and anomalous SASM years (fig-
ures S5 and S6), it can be seen that the precipita-
tion amount has strong differences during the onset
(May and June) and demise (September andOctober)
phases of the SASM, versus only weak difference dur-
ing the SASM-prevailing period (July and August).
This implies that the anomalies in the duration and
amount of precipitation mainly occur during the
onset and demise phases of the SASM. This phe-
nomenon is also confirmed by the similarity between
the precipitation changes during the onset or demise
phases (table S2) and the total precipitation changes
(in table 1). Thus, to explore the physical mechan-
isms governing the precipitation anomaly over the
SCTP, we analyze the water vapor transport and the
moisture budget changes during the onset and demise
phases of the SASM.

Figure 4 (and figure S7) shows the water vapor
transport at 500hPa (left column) and 850hPa (right
column) levels in the climatological and anomalous
onset/demise phases of the SASM. In climatological
status, the southwesterly monsoon flow brings warm
and moist air from the Indian Ocean through the
BOB and into the SCTP, acting as the main source of
precipitation in this region. The upward water vapor

transport is intensive along the southern boundar-
ies of the SCTP forced by the rough topography (i.e.
the Himalayas), contributing to the formation of pre-
cipitation over this region. Precipitation in the SETP
and SWTP is under the combined influence of water
vapor transport in both horizontal and vertical dir-
ections. The water vapor from the southern chan-
nel enters the SETP through the Yarlung Tsangpo
Grand Canyon from southwest to northeast and goes
upward when hindered by the high topography, while
the water vapor in the SWTP comes from the west-
ern channel of water vapor transport and is lifted
due to the barrier of the Himalayas (figures 4(a),
(d) and S7(a), (d)). Owing to the high altitude of
the TP, the flow facilitates the water vapor north-
ward into the CETP mainly above the 500hPa level,
but the upward motion of the water vapor trans-
port is not active in this region (figures 4(a), (d) and
S7(a), (d)).

The results from the moisture budget analysis
during the onset and demise phases of the SASM
are shown in figures 5 and S8. The results confirm
that the horizontal moisture convergence (figures
5(b) and S8(b)) plays a dominant role in precipita-
tion formation over the wide plateau on the north
of the Himalayas, while the vertical moisture con-
vergence (figures 5(c) and S8(c)) is also an import-
ant contributor to the precipitation in the southern
Himalayas due to the topographic effect, as already
documented previously (Dong et al, 2016). How-
ever, the surface evaporation contributes little to
the precipitation over the whole SCTP (figures 5(d)
and S8(d)).

Given the characteristics of the water vapor trans-
port and the moisture budget, we further exam-
ine their changes during the anomalous SASM-onset
(and -demise) phases to understand the precipita-
tion anomaly over the SCTP. The results show that
the SASM-prevailing area is characterized by the cyc-
lonic (anticyclonic) water vapor transport generated
by anomalous SASM activity during the early (late)
SASM-onset phases, leading to the moisture con-
vergence (divergence) with intensive upward (down-
ward) motion in this region (figures 4(b), (c), (e),
(f) and S7(b), (c), (e), (f)). Additionally, the topo-
graphic effect also accounts for the anomaly in water
vapor transport in the vertical direction and con-
tributes to the moisture convergence (divergence)
over the SETP and SWTP when compared with that
over the CETP (figures 4(b), (c), (e), (f) and S7(b),
(c), (e), (f)). Similar patterns of water vapor trans-
port and moisture budget changes can also be found
during the anomalous SASM-demise phases, but the
magnitude of the changes is weaker than that dur-
ing the anomalous SASM-onset phases (figures S7
and S8).

Overall, the anomalies in the total moisture
convergence (figures 5(e), (k) and S8(e), (k)) spa-
tially match well with the precipitation anomaly

8



Environ. Res. Lett. 15 (2020) 124067 Y Zhu et al

Figure 4. The horizontal (vectors, unit: 10–3kg m−1 hpa−1 s−1) and vertical (shaded, unit: 10–4kg m−2 s−1) water vapor
transport during the climatological (a), (d) onset phases of the South Asian summer monsoon (SASM) at 500hPa (left column)
and 850hPa (right column), respectively. The composite difference in the horizontal and vertical water vapor transport between
early and climatological (b), (e), and between late and climatological (c), (f) onset phases of the SASM at 500hPa (left column)
and 850hPa (right column), respectively. The black dots indicate the significant changes at the 95% confidence level by the t test.
The green lines show the contours of the Tibetan Plateau with 1000 m interval.

(figures 3(b), (d), (f), (h)), suggesting the domin-
ant physical contribution of the moisture conver-
gence anomaly, including both moisture and wind
flow changes. However, the weak surface evapora-
tion anomalies contribute little to the precipitation
anomaly (figures 5(j), (p) and S8(j), (p)). Thus, the
contributions of the anomalies in the horizontal
thermodynamic component (i.e. the horizontal
moisture), horizontal dynamic component (i.e.
the horizontal wind flow), vertical thermodynamic

component (i.e. the vertical moisture), and vertical
dynamic component (i.e. the vertical wind flow)
are quantified as major factors governing precipit-
ation anomaly and its spatial heterogeneity over the
SCTP (figures 5(f)–(i), (l)–(o), and figures S8(f)–(i),
(l)–(o)).

We take the three regions as examples again to
explain the precipitation anomaly. The results are
shown in figure 6 (and table S2). Over the SETP, the
significant changes in both the horizontal and vertical
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Figure 5. Climatology of (a) the total moisture convergence, (b) the horizontal moisture convergence, (c) the vertical moisture
convergence, and (d) the surface evaporation during the onset phase (May and June) of the SASM. The composite difference in
the total moisture convergence, horizontal thermodynamic component, horizontal dynamic component, vertical thermodynamic
component, vertical dynamic component, and surface evaporation between early and climatological (e)–(j), and between late and
climatological (k)–(p) onset phases of the SASM. The black dots indicate the significant changes at the 95% confidence level by
the t test.

Figure 6. Composite difference in precipitation and moisture budget components between early and climatological, and late and
climatological SASM-onset (-demise) years in (a) the southwestern Tibetan Plateau (SWTP), (b) the central Tibetan Plateau
(CETP), and (c) the southeastern Tibetan Plateau (SETP).

dynamic components, together with a smaller change
in the horizontal thermodynamic component, lead to
the precipitation anomaly in the anomalous SASM
years, but the vertical thermodynamic component
contributes only little. Over the CETP, the precipita-
tion anomaly is mainly caused by the large changes in
the horizontal thermodynamic component, and also
the smaller changes in the horizontal dynamic com-
ponent in the anomalous SASM years, whereas the
vertical thermodynamic and dynamic components
contribute very little due to their small changes. The

precipitation anomaly over the SWTP is attributed to
the notable changes in all the four components in the
anomalous SASM years.

By further comparing the changes in the four
components in the early and late SASM-onset
(-demise) years, the physical mechanisms involved
in the asymmetric effects of the anomalous SASM
are explained. Over the SETP, we find that smaller
changes (0.09–0.34 mm d−1) in the horizontal ther-
modynamic and dynamic components, as well as the
negative effects of the vertical dynamic component,
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cause smaller precipitation anomalies in the early
SASM-demise years compared with those (0.31–
0.38 mm d−1) in the late SASM-demise years. Over
the CETP, the changes (0.34–0.83 mm d−1) in
the horizontal thermodynamic and dynamic com-
ponents in the early SASM-onset years are rather
larger than those (0.10–0.19 mm d−1) in the late
SASM-onset years, generating a larger precipita-
tion anomaly in the former. Further, larger changes
(0.43–0.51 mm d−1) in the early SASM-demise years
than those of the late SASM-demise years (0.28–
0.31 mm d−1) also mirror the precipitation anom-
alies in this region. Over the SWTP, larger changes in
the horizontal dynamic component, combined with
smaller changes in the other three components (0.16–
1.27 mm d−1), lead to a larger precipitation anomaly
in the early SASM-onset years compared with those
(0.01–0.28 mm d−1) in the late SASM-onset years.
Further, smaller changes (0.14–0.36 mm d−1) in the
four components in the early SASM-demise years
also lead to smaller precipitation anomalies com-
pared with those (0.10–0.54 mm d−1) in the late
SASM-demise years over the SWTP.

Moreover, there is an average difference of
2.40 mm d−1, 0.63 mm d−1, and 0.59 mm d−1 in
the moisture budget components between the early
and late SASM-onset years in the SETP, CETP, and
SWTP, respectively. There is also an average differ-
ence of 0.53mmd−1, 0.76mmd−1, and 0.86mmd−1

between the early and late SASM-demise years in the
SETP, CETP, and SWTP, respectively. Besides, large
(small) changes in the moisture budget components
reasonably explain the larger (smaller) precipitation
anomalies in the anomalous SASM-onset years versus
those in the SASM-demise years in the SETP (CETP
and SWTP).

Overall, the above results indicate that the
precipitation anomaly over the SCTP is linked with
the cyclonic and anticyclonic water vapor transport
generated by the anomalous SASM activity during its
onset and demise phases. Furthermore, the amplitude
difference in the moisture budget generated by the
horizontal and vertical thermodynamic and dynamic
processes explains the asymmetric effects of the SASM
between its onset and demise, and between its early
and late onset (demise), which further determine the
precipitation anomaly and its spatial heterogeneity
over the SCTP.

4. Conclusions

In this study, the influences of the anomalous onset
and demise of the SASM system on the interannual
variations in precipitation over the SCTP have been
examined, and the changes in water vapor transport
and moisture budgets have been analyzed to explain
the physical causes. The results show the domin-
ant role of the SASM on the propagation, duration,

and total amount of precipitation over the SCTP.
The results also indicate that the duration and total
amount of precipitation over the SCTP have more
significant correlations with the onset of the SASM
rather than with its demise, implying stronger con-
nections with the onset of the SASM, but with signi-
ficant spatial heterogeneity.

Furthermore, it has been found that the precip-
itation anomaly over the SCTP is dominated by the
cyclonic and anticyclonic water vapor transport asso-
ciated with the anomalous SASM activities, leading to
themoisture convergence and divergencewith intens-
ive upward and downward motion. The topographic
effect further strengthens the anomaly in water vapor
transport in the vertical direction and contributes to
themoisture convergence and divergence in the SETP
and SWTP, rather than in the CETP. There are asym-
metric effects of the SASM with topography between
onset and demise, and between early and late onset
(demise) of the SASM, which generates the asym-
metric precipitation anomaly over the SCTP by reg-
ulating the horizontal and vertical thermodynamic
and dynamic processes, along with evident spatial
heterogeneity.

In summary, the water vapor transport and its
changes generated by the SASM, combined with the
topographic effect, control the precipitation propaga-
tion and its anomaly across the SCTP. The results
presented here would be helpful to improve our
understanding of the SASM-precipitation relation-
ship over the SCTP and can also guide planning
and management of the freshwater resources in the
SCTP and its surrounding areas. Further advances
in research in this region can involve study of the
precipitation extremes in anomalous SASM years, as
well as their potential influences on the mountain
floods, landslides, mudslides, and other relevant nat-
ural disasters over the SCTP.
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