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Abstract
A Lagrangian approach is utilized to identify and compare the sources of water vapor transported to the four subregions of 
Tibetan Plateau (TP) during the wet season (May–August) of 1980–2016. We focus on the time scale and subseasonal vari-
ability of water vapor transport and the relationship between moisture supply and precipitation at the interannual scale. This 
study finds that: (1) The moisture sources for the four subregions differ significantly in both spatial pattern and magnitude 
and depend heavily on the combined effects of the summer monsoons, local recycling and the westerlies. (2) The spatial 
evolution of the moisture sources based on the backward trajectory analysis reveals that, although approximately 80% of the 
moisture is delivered to the target regions within 1–4 days, the individual subregions feature different transport pathways and 
associated time scales. (3) The subseasonal migration of the Indian summer monsoon regulates the importance of different 
moisture sources for the southern TP but not for the northern TP. Additionally, the subseasonal moisture source evolution 
differs greatly between the southeastern TP and the southwestern TP. (4) The interannual variability of precipitation over 
the whole TP during summer is negatively correlated with the variation in the moisture transported by the westerlies and is 
positively related to the moisture conveyed by the Indian summer monsoon for the northern TP and by adjacent moisture 
transport for the southern TP.

1 Introduction

The Tibetan Plateau (TP) also known as ‘the global water 
tower’ or ‘the third pole’ is the highest plateau in the world 
and exerts profound effects on regional and global weather 
and climate systems (Wu et al. 2007; Xu et al. 2008; Yao 
et al. 2013). The changing climate system can also impact 
the TP’s regional climate, especially precipitation variabil-
ity, threatening the hydrological cycle over many regions, 
potentially impacting the fresh water availability of more 

than 1.4 billion people downstream (Immerzeel et al. 2010; 
Yang et al. 2014; Wang et al. 2018). Therefore, research 
on the hydrological cycle over the TP has aroused interest 
worldwide because of considerable societal ramifications 
(Bolch et al. 2012; Yao et al. 2013; Yang et al. 2014; Bibi 
et al. 2018; Bookhagen and Burbank 2010; Ma et al. 2018).

As one of the most active components of the hydrological 
cycle, the supply of atmospheric moisture has been regarded 
as a bridge between the influencing factors and the result-
ant regional climate change (Gimeno et al. 2010a). It has 
been well established that the Indian/Eastern Asian summer 
monsoon delivers abundant moisture from the remote tropi-
cal oceans to the TP during the boreal summer (Xu et al. 
2014; Dong et al. 2016), while the mid-latitude westerlies 
also deliver a fraction of the moisture to the northern TP 
(Bothe et al. 2012; Yao et al. 2013; Zhang et al. 2017). These 
large-scale atmospheric circulation patterns and associated 
water vapor transport significantly affect summer precipita-
tion over the TP (Bothe et al. 2012; Chen et al. 2012; Curio 
et al. 2015; Maussion et al. 2014). Hence, the quantitative 
identification of the sources of water vapor over the TP can 
lead to a better understanding of the precipitation variability 
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over the TP and facilitate the management of risks and water 
supplies under a changing climate (Yang et al. 2014).

In fact, a number of studies have been conducted to iden-
tify and quantify the sources of moisture over the different 
parts of the TP with a wide range of methods. For instance, 
based on the analysis of the water vapor flux, Feng and Zhou 
(2012) showed that the moisture originating from the Indian 
Ocean and the Bay of Bengal dominated the summer mois-
ture in the southeastern TP during 1979–2002. Using the 
Lagrangian tracking approach, Chen et al. (2012) examined 
the primary source of water vapor over the main body of 
the TP for the boreal summers of 2005–2009 and identi-
fied a relatively narrow belt, ranging from the northwestern 
TP to the Indian subcontinent to the Southern Hemisphere. 
Using a similar method, Sun and Wang (2014) identified 
the Eurasian continent as the predominant contributor to 
the eastern TP during the summers of 2000–2009. More 
recently, Dong et al. (2016) documented moisture transport 
from central-eastern India to the southwestern TP conveyed 
by deep convection and mid-tropospheric circulation dur-
ing the summer. Zhang et al. (2017) and Pan et al. (2018) 
recently explored the moisture sources for the central-west-
ern TP and the southern TP, and they highlighted the roles 
of the Eurasian continent and the tropical Indian Ocean in 
supply moisture to these two regions, respectively. In addi-
tion to studies on exact moisture source identification, the 
relative contributions of remote moisture sources versus 
local recycling have also been explored. For instance, Curio 
et al. (2015) suggested that less than 40% of the precipita-
tion over the TP originates from external moisture sources, 
while the remaining percentage (> 60%) originates from 
local moisture recycling. Yang et al. (2014) suggested that 
continental recycling is an important moisture source over 
the central and northern TP, while the Indian Ocean is the 
prevailing moisture source for the southern TP by analyzing 
isotopic data.

Most of the aforementioned studies provide valuable 
insights into understanding the atmospheric hydrological 
cycle over the TP; however, the exploration of the determi-
nation of the moisture sources to the TP is still in its early 
stages, and there is no consensus on the quantification of 
the contributions of different moisture sources to the water 
vapor over the TP. More importantly, four primary climate 
processes are commonly acknowledged to regulate moisture 
transport to the TP: the Indian monsoon system, the mid-
latitude westerlies, the East Asian monsoon system and local 
moisture recycling (Xu et al. 2008; Yao et al. 2013). Because 
of the complexity in the climate system and the large spa-
tial extent of high-elevation terrain (covering approximately 
2.5 × 106  km2), precipitation dramatically decreases from 
the southeastern TP to the northwestern TP, generating sig-
nificant spatial heterogeneity. Yao et al. (2013) highlighted 
that the northern TP is mainly influenced by the westerlies, 

while the southern TP is controlled by the Asian summer 
monsoons. Even along the same latitudinal belt, the atmos-
pheric circulation patterns (Dong et al. 2016) and the sur-
face heat fluxes (Ma et al. 2006; Li et al. 2013; Zhong et al. 
2019) regulating the moisture transport to the western TP 
are different from those for the eastern TP. All these factors 
hamper a general conclusion regarding the identification of 
the moisture source. This is particularly true for the studies 
that only focused on a single predefined subregion of the TP 
or examined relatively short periods (Chen et al. 2012; Sun 
and Wang 2014).

Although major progress has been made, the moisture 
sources and their quantitative contributions to the water 
vapor remain unclear for the TP and its subregions: north-
western TP (NWTP), northeastern TP (NETP), southeast-
ern TP (SETP), and southwestern TP (SETP). Furthermore, 
the differences in the relationship between moisture and 
precipitation over the subregions of the TP might provide 
physical mechanisms responded for precipitation variability, 
which has not been systematically explored yet. Therefore, 
this study aims to quantify the climatological sources of 
the water vapor reaching the TP during the summer season 
(May–August), to compare the moisture sources for differ-
ent subregions over the TP, and to explore the differences 
in interannual changes in precipitation and the underlying 
physical mechanisms.

The remainder of this paper is organized as follows. The 
model, data, and methods are provided in Sect. 2. The prin-
cipal results, including the climatology of moisture sources 
for different subregions, their evolution based on backward 
trajectories, and the subseasonal variation, together with 
their relevance to the interannual variability over the TP, are 
presented in Sects. 3.1–3.4, respectively. Section 4 presents 
the discussion. Finally, conclusions are provided in Sect. 5.

2  Data, model, and methods

2.1  Data

The boundary forcing of the Lagrangian model is obtained 
from the European Centre for Medium-Range Weather Fore-
casts reanalysis (ERA)-Interim data (Dee et al. 2011), which 
performs better than other reanalysis data sets in modeling 
the atmospheric water cycle over the TP (Gao et al. 2014). 
The meteorological fields contained in the ERA-Interim data 
are in 60 hybrid model levels from the ground to 0.1 hPa 
with a longitude/latitude grid resolution of 0.75° × 0.75° at 
the 6-hour time step. The study period covers May to August 
of 1980–2016.

We use monthly 0.25° × 0.25° gauge-based rainfall 
data, which are derived from more than 2400 gauge sta-
tions across mainland China and obtained from the National 
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Meteorological Information Center of the China Mete-
orological Administration (NMIC/CMA) for the period of 
1980–2014. This data set has been extensively used to inves-
tigate East Asian monsoon precipitation.

2.2  Lagrangian model and running setup

A relatively sophisticated diagnostic Lagrangian scheme 
developed by Stohl and James (2004, 2005) was used to 
quantify the source of the water vapor reaching the TP. 
The Lagrangian approach provides more realistic traces 
of air parcels, for following trajectories and establishing 
source–sink relationships. The Lagrangian transport and 
dispersion model (FLEXPART, V9.02) was used to perform 
the multiyear modeling to generate the simulation data set 
for further use in moisture source identification. This model 
has been widely used to study the atmospheric water vapor 
transport, particularly for the identification of moisture 
sources/sinks (Drumond et al. 2008; Gimeno et al. 2010b; 
Nieto et al. 2010; Sodemann et al. 2008; Sun and Wang 
2014; Chen et al. 2012, 2018).

Because the annual total precipitation over the TP is 
dominated by that during the summer season, we focus on 
the period from May to August (MJJA). The regional vol-
ume of atmospheric air mass (15°S–60°N and 0–160°E) was 
homogeneously separated into ~ 1.4 million air parcels. The 
modeling period is set from 15 April to 15 September for 
each summer season. Information on the specific humidity, 
three-dimensional positions (longitude, latitude, and height), 
temperature, etc. were recorded at 6-hour intervals for each 
air parcel. Eventually, a 6-hourly Lagrangian modeling out-
put data set from 1980 to 2016 (37 years) was constructed. 
This relatively long data set allows for a robust diagnosis of 
the climatological characteristics of the sources of the water 
vapor reaching the TP and the relationship between moisture 
supply and precipitation upon multiple temporal scales.

2.3  Methodology to determine the moisture 
sources

Based on the multiyear output of the Lagrangian modeling, 
the backward tracking approach is used to quantify the 
sources of the water vapor that reached individual subre-
gions of the TP. Different from previous studies, our main 
aim of this study is to determine and characterize the exter-
nal moisture sources that affect the four predefined subre-
gions (the NWTP, NETP, SWTP, and SETP). Thus, only 
those ensemble external trajectories are selected for further 
backward tracking analysis. The external trajectories are 
defined as the air parcels that entered each of the four prede-
fined subregions at each 6-hour time step from regions out-
side of the TP domain (the regions with the elevation higher 
more than 2500 m). Since only the external air parcels are 

considered, the contribution to the moisture by the processes 
of local recycling over the TP are, to some extent, excluded 
in this study. This selection criterion can exclude air parcels 
within the TP region itself but does not consider whether the 
air parcels produce precipitation after entering the TP. The 
external trajectories are selected every 6 h from 1 May to 31 
August during 1980–2016. All trajectories are tracked back-
ward for 10 days, which is equal to the average residence 
time of water vapor in the atmosphere (Numaguti, 1999; 
Gimeno 2012).

For the single selected trajectory, the method calculates 
increases (e) and decreases (p) in moisture along each trajec-
tory via changes in (q) at each time step, i.e. (e–p) = m·dq/
dt). By counting the number of trajectories and summing 
(e–p) for all particles existing in the atmosphere, we obtain 
(E–P) fields, where E and P are the rates of evaporation and 
precipitation, respectively. In the two-dimensional (E–P) 
fields, the sources are identified as those regions with posi-
tive (E–P) values. Finally, the (E–P) > 0 fields from all tracks 
are aggregated to a regular 1.0° × 1.0° grid and aggregated 
separately to daily, monthly, and seasonal (May–June to 
July–August) intervals, which allows to explore the spatial 
and temporal variability and the association with summer 
rainfall. More details on the moisture source diagnosis are 
described in Stohl and James (2005) and Gimeno (2012).

Once the air parcels gain moisture in a particular region, 
they lose some or all of the moisture along their trajectories 
before they reach the target regions due to the processes 
of precipitation. Thus, the previous contributions by the 
moisture sources needed to be rescaled for each particle. 
To quantify the influence of these physical processes on the 
source regions, we reestimate the fractional contribution of 
each source. Along the individual journey of the backward 
tracking, the moisture increases at the n-th uptake locations 
with their unweighted contribution Δqn = qn+1 − qn was 
initialized firstly, where  qn+1 and  qn are the specific humid-
ity of the air parcel at uptake location before and after the 
6-hour interval, respectively. Under the simplifying assump-
tions that (1) in case of Δq < 0 all moisture decrease is due 
to precipitation and (2) there are m precipitation events in 
total at the nth uptake locations along the backward track-
ing before they reach the subregions of the TP. Consider-
ing the precipitation events would reduce the importance 
of previous uptakes, the contribution of moisture uptakes 
at n-th uptake location with respect to the specific humidity 
are recalculated by

This recalculation took the possibility of multiple precipi-
tating events along the individual trajectories into account, 
which similar to the the method of Sodemann et al. (2008) 

Δq�
n
= Δqn ×

m
∑

i=1

(

qi + 1

qi
× 100%

)
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and Chen and Xu (2016) by considering the possibility of 
multiple rounds of recycling.

3  Results

3.1  Summer mean moisture sources

Figure 2 exhibits the climatological (37 years) seasonal mean 
of the integrated moisture sources, i.e. (E–P) > 0 of days 
1–10 for individual subregions. This figure illustrates the 
average of all gains of moisture over the previous 10 days. 
It is not surprising that most water in the TP is supplied 
from upwind evaporation source areas, but the trajectories 
become more dispersed in areas farther upstream. Overall, 
the aggregated perspective for all subregions suggests that 
the predominant moisture sources are located in neighboring 
continental areas that are not far from each target region. In 
this sense, the surrounding terrestrial regions, including part 
of the target region itself, tend to be the primary regions that 
contribute the most moisture. The dominant role of terres-
trial moisture in the water supply of the TP has been docu-
mented in previous studies (e.g., Feng and Zhou 2012; Yao 
et al. 2013; Curio et al. 2015).

Furthermore, it is obvious that the spatial patterns of 
moisture contribution for four subregions exhibit large dif-
ferences between the northern TP (the NWTP and NETP) 
and the southern TP (the SWTP and SETP). In particular, 
the moisture in the northern TP from more remote sources 
is mainly supplied from the Eurasian continent (Fig. 2a, c), 
while the moisture in the southern TP is largely supplied 
from subtropical and tropical regions (Fig. 2b, d). Consider-
ing the dominant atmospheric circulation systems regulat-
ing the moisture transport to the TP, we can deduce that 

the remote water supply for the northern TP is more likely 
influenced by land-surface evaporation and the mid-latitude 
westerlies, as the mean moisture distribution extends latitu-
dinally. However, the remote moisture sources for the south-
ern TP tend to be mainly influenced by the Indian summer 
monsoon because their distribution pattern is consistent with 
this atmospheric circulation pattern (Fig. 1, vector). The 
remote moisture sources for the southern TP are character-
ized by a narrow band in the tropical–subtropical Arab Sea 
corridor, stretching southward from the Indian subcontinent 
to the Southern Hemisphere, which is consistent with the 
findings of previous studies (e.g., Chen et al. 2012; Zhang 
et al. 2017). Additionally, due to the inherent nature of the 
topography and dominant atmospheric circulation patterns, 
the moisture source distributions in the western and eastern 
parts of the TP are also dramatically different.

For a better comparison of moisture sources among the 
four subregions, we further take an integrated perspective by 
adding all values of the moisture sources in each grid in the 
longitude and latitude directions (Fig. 3a, b). The magnitude 
of values in Fig. 3 indicates the relative importance of the 
moisture sources, and a relatively wider band of peak values 
indicates a larger region of moisture sources covered and the 
opposite is true. Comparatively, the SETP receives the larg-
est amount of moisture from a larger area, followed by the 
SWTP and NWTP, with the NETP receiving the least mois-
ture. Although some differences exist in the magnitude of 
moisture sources for the SWTP and NWTP region, the spa-
tial patterns of source areas are generally similar in space. 
The weak and narrow bands of peak values for the NETP 
again indicate the dominant role of neighboring areas in the 
water supply of this region. The double-peak structure, espe-
cially for the NWTP, suggests that this region features the 
combined influenced of multiple circulations regimes. The 

Fig. 1  The topographical 
distribution (color shaded) 
with domains and abbrevia-
tions of the four subregions of 
interest. Here, the elevations 
greater than 2500 m are divided 
into four climate zones by the 
point (90°E, 33°N), i.e., the 
northwestern TP (NWTP), the 
northeastern TP (NETP), the 
southeastern TP (SETP), and 
the southwestern TP (SWTP). 
The arrow vectors indicate the 
vertically integrated water vapor 
flux derived from ERA-Interim 
(MJJA, 1980–2016, vector, in 
kg·m−1·s−1). The black thick 
contour indicates the elevation 
of 2500 m 0
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remarkable differences in magnitude and spatial distribution 
among the four subregions show that different climatic sys-
tems play different roles in determining the moisture sources 
for the four subregions of the TP.

For a more quantitative analysis on the dependency of 
moisture sources on the transport distance, we categorized 
the moisture sources into nine categories according to the 
distance between the moisture sources and their target 
region. The relative contribution of each category as a func-
tion of distance to their target region is illustrated in Fig. 3c. 
For the NETP, moisture sources with transport distances of 
no more than 200 km contributed approximately 25% of 
the water vapor, which again emphasize the roles of nearby 
vapor uptake or neighborhood recycling in the water supply. 
For the NWTP and SWTP, moisture sources at distances of 
500–1500 km make the largest contribution, accounting for 
more than 50% while the contributions from other categories 
is small. Therefore, the moisture sources for the two regions 
are more concentrated (Fig. 2). Note that moisture sources 
with transport distances of less than 200 km are much less 

important in the SWTP than in other subregions, probably 
arising from the unique water transport over this subregion. 
We will further discuss the mechanisms underpinning the 
water transport over this subregion in Sect. 3.2. The analysis 
of the SETP suggests that the relative contributions of differ-
ent categories have similar magnitudes, suggesting that the 
moisture sources are widely dispersed (Fig. 2).

3.2  Moisture transport pathways and associated 
time scales

The Lagrangian diagnostic not only quantifies the spatial 
structure of the moisture source regions, it can also deter-
mine the exact time when the moisture uptake occurred 
along the journey of each air parcel to the target region. 
In this section, the temporal evolution of the moisture 
source with the backward tracking day is discussed. Fig-
ure 4 shows the distribution of the summer mean mois-
ture sources for the SETP region for 1–9 days. Note that, 
for the backward tracking, here the day 1 represent the 
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Fig. 2  The climatological seasonal evaporative moisture sources, 
i.e., the 10-day integrated (E–P)  >  0, during the boreal summer of 
1980–2016 (in mm day−1) obtained via backward tracking of all the 

particles reaching the four subregions of a the NWTP, b NETP, c 
SWTP, and d SETP, respectively. The black thick contour indicates 
the 2500 m elevation
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particles 1 day before the particles reach the TP (start-
ing from closer areas) Despite the fact that the spatial 
evolution of the climatological summer mean moisture 
source with the backward tracking time does not repre-
sent the real moisture transport trajectories, they roughly 
reflect the pathways of water vapor transport to the sink 
regions. On the first day, the SETP and its neighboring 
regions within a relatively short distance to the target 
region were the major moisture sources. Because only 
the external trajectories reaching the target regions are 
selected here, the obvious water supply derived from the 
local region indicates that a number of air parcels might 

have departed the target region first and then returned, 
creating local recycling in the moisture supply. For days 
2–4 (Fig. 4b–d), the dominant moisture sources gradually 
extend to the entire Indian subcontinent. A similar distri-
bution pattern can be observed on days 5–7 when there 
is a noteworthy southward expansion from the northern 
Indian subcontinent to the Arabian Sea and a decrease in 
the northeastern TP (Fig. 4e–g). On days 8–9 (Fig. 4h–i), 
the large moisture contributions from the Arabian Sea and 
the northwestern part of the Indian subcontinent remain 
steady, but a southward shift and a cross-equator moisture 
supply are also observed, confirming that the water vapor 

Fig. 3  The a latitudinal and b 
longitudinal accumulated grid 
values of 10-day integrated 
(E–P)  >  0, derived from the 
climatological seasonal average 
of boreal summer 1980–2016 
(shown in Fig. 2), together with 
c the relative contribution of 
each moisture source category 
as a function of distance from 
the four target regions. The 
moisture sources are divided 
into nine categories according 
to the distance between the 
location of the moisture source 
and the target regions. The 
orange, blue, green and red lines 
in a and b represent the SETP, 
SWTP, NETP and NWTP 
regions, respectively
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and precipitation over the SETP are partly influenced by 
cross-equator water transport (e.g. Xu et al. 2008; Chen 
et al. 2012; Zhang et al. 2017).

For the SWTP region, the evolution of summer mean 
moisture sources with backward tracking time (Fig. 5) is 
similar to that of the SETP (Fig. 4), particularly for the 
moisture supply with a relatively long transport timescale 
of 7–9 days. However, a closer look also reveals notable dif-
ferences. First, the moisture source regions for the SWTP are 
distinctly separated spatially from the SWTP region itself. 
This gap means that, in contrast to the SETP, mostair parcels 
leaving the SETP are less likely to return to this region dur-
ing their subsequent journeys. Additionally, compared to the 
SETP, the moisture sources of the SWTP during 1–6 days 
in the backward tracking are more concentrated over the 
northern Indian subcontinent, with less contribution from 
the Arabian Sea. Considering the obstruction generated by 
the high topography of the Himalayas, there is no doubt 
that this characteristic is closely related to the special water 
vapor transport mechanisms over the SETP. Recently, Dong 
et al. (2016) reported that the SWTP tends to be influenced 
by water vapor transported from the northern Indian subcon-
tinent through an “up-and-over” moisture transport system 
dominated by deep convection and mid-tropospheric circula-
tion during the summer. The mechanisms proposed in Dong 
et al. (2016) are consistent with the findings of this study.

In contrast to the southern TP, the corresponding evolu-
tion of moisture sources with backward tracking time for the 
NWTP (Fig. 6) spanned a relatively small spatial extent and 
did not expand significantly with backward tracking time. 
The moisture sources cover the largest region on the fourth 
day beyond which the moisture sources shrink remarkably in 
space and weaken in magnitude, suggesting that the remote 
sources make only a minor contribution. The weak but sub-
stantially steady existence of a localized moisture source on 
days 7–9 also confirms that the water supply from neighbor-
ing regions is persistent and contributes considerable water 
vapor to this region. The evolution for the NETP (Fig. S1 in 
the supporting information) shows the same overall charac-
teristics as for the NWTP but with a more significant contri-
bution from the neighboring region (Fig. 3c).

To gain further insights into the characteristics of the 
moisture source with respect to transport time, we examine 
the temporal variation in the accumulative (E–P) > 0 for each 
backward tracking day by added the values on each grid and 
corresponding relative contributions to the four subregions 
(Fig. 7). The amount of moisture transported to the southern 
TP (the SETP and SWTP) is much larger than what trans-
ported to the northern TP (the NWTP and NETP). Even in 
the same latitudinal band, the moisture received by the SETP 
is more than that by the SWTP (Fig. 7a). For all subregions, 
the maximum moisture uptake occurred 1–2 days before 
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Fig. 4  Same as Fig. 2d, but for the climatology of the summer (MJJA) seasonal evaporative moisture sources of SETP region for separated back-
ward tracking days 1–9, respectively. SETP southeastern Tibetan Plateau. The black thick contour indicates the 2500 m elevation
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Fig. 5  Same as Fig. 4 but for the SWTP region. SWTP southwestern Tibetan Plateau
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Fig. 6  Same as Fig. 4 but for the NWTP region. NWTP northwestern Tibetan Plateau
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reaching the target regions, implying that considerable 
moisture from the local or adjacent regions is an important 
contributor to the water vapor in these target regions during 
the summer season. Moisture obtained by air mass 1–4 days 
before reaching the TP contributed ≥ 80% of the moisture 
in the northern and southern TP, while the contributions of 
remote moisture sources were less significant. Hence, the 
moisture sources with relatively shorter transport time scales 
are the main contributors to the water vapor over the TP.

3.3  Subseasonal variations

To dissect the physical mechanisms controlling the moisture 
supply in the subregions of the TP, the subseasonal variations 
and monthly changes in moisture sources within the sum-
mer season for individual subregions are further examined. 
Figure 8 shows the mean sources of the water vapor reaching 
the southeastern TP (the 10-day integrated (E–P)  >  0) from 
May to August during 1980–2016. Not surprisingly, for the 
summer months (MJJA), the patterns of moisture sources 
for the SETP largely overlapped in most areas, particularly 
over the northern Indian continent and parts of the SETP 
itself, suggesting that terrestrial moisture sources in South-
east Asia exert the strongest influence. However, there is a 
significant southwestward shift during the summer season. 
In early May, the moisture sources with the maximum val-
ues greater than 0.2 mm  day−1 were mainly located over the 
entire Indian continent, including northern India (Fig. 8a). 
In June, when the Somali jet and the South Asian summer 
monsoon started to bring abundant moisture from the Indian 
Ocean and the Indian subcontinent to the SETP, the mois-
ture source region extended southwestward and covered the 
Arabian Sea and even the eastern parts of Africa (Fig. 8b). 
Figure 8a also reveals that the regions west of 60°E between 
20°N and 40°N also made a marked contribution to the water 

vapor over the SETP. In July, with the migration of the South 
Asian summer monsoon, the moisture source region expands 
dramatically further. The moisturesupplies from the Tropi-
cal Ocean and regions in the Southern Hemisphere increase 
(Fig. 8c). In August, the spatial distribution of the moisture 
sources for the SETP remained almost the same, but the 
main source region shrinks, and the magnitude significantly 
decreases, especially for the contribution from the Indian 
continent (Fig. 8d). Obviously, the above monthly changes 
in moisture sources reflect the subseasonal evolution of the 
southern Asian monsoon circulation systems. Nevertheless, 
further studies are required to explore their relationships.

For the SWTP region, the monthly changes in moisture 
sources (Supplementary Fig. S2) exhibit similar characteris-
tics as those for the SETP region. From May to August, the 
moisture source regions for the SWTP expand and extend 
southwestward, accompanied with the development of 
the summer monsoon. However, the characteristics of the 
moisture sources for the SETP also differ from those for the 
SWTP. The majority of the moisture sources with the maxi-
mum values for the SWTP are mainly located southwest of 
the TP and generally remain steady throughout the whole 
summer, in contrast to the evolution of the prevailing mois-
ture sources for the SETP (Fig. 8). We postulated that this 
strong and steady source is related to the local topography 
and the atmospheric circulation regimes over this region, as 
mentioned in Dong et al. (2016).

For the subseasonal variability in the moisture sources 
for the NWTP and NETP regions (Supplementary Figs. S3 
and S4), the areas of the significant moisture sources expand 
slightly, and the maximum values generally remained in 
the same locations from May to August. Although a nar-
row band stretches from the Arabian Peninsula to Africa 
(Figs. S3 b, c and S4 b, c), its contribution is negligible com-
pared to the total contributions of all the moisture sources, 
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indicating that the water vapor transported to the northern 
TP is hardly influenced by the advance and retreat of the 
Asian summer monsoon during the summer season.

For a better comparison, we calculate the areal integrated 
moisture sources for each subregion, which are obtained 
by aggregating all the values of the corresponding mois-
ture sources at a grid point. The daily evolution is shown 
in Fig. 9. For the southern TP (the SETP and SWTP), the 
subseasonal variability in moisture sources is significant. In 
contrast, the monthly changes in moisture sources for the 
northern TP (the NWTP and NETP) are much less obvious, 
particularly for the NETP region that features a steady con-
tribution from May to August. These results confirm that the 
southern TP is influenced by the Asian summer monsoon, 
whereas the northern TP is hardly influenced by these mon-
soon systems.

The analysis results show that the SETP and SWTP also 
exhibit profoundly different subseasonal variability char-
acteristics, even though they are located within the same 
latitudinal band. The amount of water vapor delivered to 
the SETP abruptly increases in early May, with peak values 
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Fig. 8  The monthly averaged moisture sources (namely, the 10-day integrated (E–P)  >  0 with units of mm  day−1) reaching the southeastern TP 
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remaining more than 450 mm until the end of June. Then, 
the moisture source contribution decreases sharply. How-
ever, the amount of water vapor transported to the SWTP 
in early May is relatively low, with the same magnitude as 
that for the NWTP and NETP. After the middle of May, 
the moisture contribution increases steadily and peaks in 
early and middle July and then decreases in the following 
days, accompanying with the similar-magnitude decrease 
over the SETP. These differences in the evolution of source 
contributions can be explained partly by the development 
of the atmospheric circulation systems that are responsible 
for the water vapor transport from the sources to the target 
regions. We speculate that the active deep convection first 
becomes well developed over the Indian continent in early 
May (Pathak et al. 2017; Wei et al. 2017), resulting in the 
Indian summer monsoon. Consequently, the Indian continent 
becomes a substantial moisture source for the SETP start-
ing in May. Meanwhile, the convection remains relatively 
weak over the region southwest of the SWTP. Because of 
the insufficient uplift of water vapor, the moisture cannot be 
transported to the SWTP through the up-and-over mecha-
nism. In early and middle June, the Indian summer monsoon 
strengthens further as the deep convection intensifies, and 
the moisture supply to the SWTP begins to increase, peak-
ing in the middle of July. After that, as the deep convection 
weakens and the Indian summer monsoon retreats, the con-
tributions to the SWTP and SETP drop.

3.4  Interannual variability and the association 
with precipitation

Moisture source is closely associated with precipitation 
changes. In this section, the relationships between the mois-
ture supplies of the TP subregions and corresponding pre-
cipitation over the TP are examined and compared. Here, we 
focus particularly on the interannual variability because it is 
a crucial benchmark for seasonal rainfall prediction (Ding 
1992; Zhou and Yu 2005). Figure 10 shows the interannual 
variation in the accumulated total moisture supply for the 
four subregions against the corresponding station-based 
rainfall derived from NMIC/CMA. The summer moisture 
supply of the TP is characterized by remarkable interannual 
variability. With the exception of the moisture supply of the 
NWTP, the correlation between moisture supply and pre-
cipitation is positive. The correlation coefficients between 
the observed precipitation and the moisture supply for the 
SETP, SWTP, and NETP are 0.60, 0.40 and 0.39, respec-
tively, which are statistically significant at the 99%, 90% 
and 90% confidence levels based on Student’s t test, whereas 
the correlation coefficient for the NWTP is − 0.22, which is 
not significant (P = 0.19). Overall, we find that the correla-
tion coefficients between moisture source and precipitation 
are higher for the southern TP than those for the northern 

TP. The positive correlation during the study period implies 
that the changes in the annual moisture supply contribute 
substantially to the interannual variability in the observed 
precipitation. However, the results also suggest that the 
external sources of moisture to the NWTP are not necessar-
ily coupled to precipitation on the interannual scale.

To further examine the regions that potentially contrib-
uted to the precipitation variability, a composite analysis 
of the anomalies in the moisture sources during the wet-
test and driest summer seasons was conducted. The years 
with anomalies in annual precipitation exceeding one stand-
ard deviation are selected, and the composite difference in 
moisture sources between the wettest and driest summer 
seasons (wettest-driest) for the NWTP, NETP, SWTP, and 
SETP regions, seperately, were calculated. In the Fig. 11, the 
positive values indicate the more moisture sources contribu-
tion during the periods of wettest summer seasons, and the 
negative values corresponds to the less moisture sources for 
the driest season. The interannual variability in the observed 
summer precipitation over the four TP subregions is gener-
ally positively correlated with the moisture from local or 
nearby terrestrial evaporation (Fig. 11). Therefore, local or 
neighboring recycling processes make a substantial con-
tribution to the changes in annual precipitation. The role 
of local cycling in precipitation variability has been docu-
mented by Guo et al. (2018), who concluded that the TP 
has strong regional precipitation systems during the summer 
season and that locally recycled moisture plays a crucial role 
in modulating the precipitation over the TP. Moreover, Wang 
et al. (2017) stressed the roles of local surface evaporation in 
the variability of summer precipitation over the southern TP. 
Here, we found that local surface evaporation is significantly 
higher for wettest seasons.

In addition to the influence of the surrounding areas, 
remote regions with higher or lower values also modulate 
the summer precipitation over the TP (Fig. 11). Taking the 
SETP region as an example (Fig. 11d), the regions with 
positive values cover the Indian continent, the Arabian 
Sea, and even the eastern Africa, and is significant at the 
level of 0.01 (indicated by dots). In contrast, the regions 
with negative values are mainly located west of the SETP. 
Associated with the water vapor transport controlled by 
the southern Asian summer monsoons and the westerlies, 
the anomalies in the moisture supply over these remote 
regions modulate the variability in summer rainfall over 
the SETP. In wet years, the SWTP is less likely to receive 
moisture from areas to the west and more likely to receive 
moisture from subtropical or tropical regions. Considering 
the large regions covered by the remote sources, we also 
speculate that the interannual variation in summer rainfall 
across the TP is mainly influenced by the remote moisture 
supply, which is largely controlled by variability in the 
large-scale atmospheric circulation patterns, consistent 
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with previous studies (e.g., Chen et al. 2012; An et al. 
2017; Wang et al. 2017; Zhang et al. 2019).

In summary, these results indicate that neighborhood 
recycling and the remote water supply jointly influence 
the interannual variability of precipitation over the TP. The 
moisture contributions from neighborhood recycling are 
positively correlated with precipitation at the interannual 
time scale. The moisture conveyed by the Indian summer 
monsoon and the westerlies is positively correlated with 
precipitation over the southern and northern TP, respec-
tively. These results also offer an additional evidence that 
the combined effects of high or low moisture supplies 
associated with the Indian Asian summer monsoon and 
the high or low moisture supplies associated with the west-
erlies are responsible for the interannual variability of the 
summer precipitation over the TP.

4  Discussion

4.1  Comparison of the identified moisture sources 
with previous studies

A number of previous studies have identified the moisture 
sources using a wide variety of methods. Although the 
vast majority of past studies were limited to a single pre-
defined subregion of the TP or a relatively short period, 
the results presented here are generally consistent with the 
results of previous studies. For instance, the findings in 
earlier analyses, such as the importance of local recycling 
(e.g., Curio et al. 2015; Sun and Wang 2014; Zhang et al. 
2017), the differences in dominant atmospheric circulation 
patterns among the TP subregions (Yao et al. 2013), the 
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significant contributions of the Eurasian continent to the 
eastern TP water vapor (Sun and Wang 2014), the abun-
dance of moisture transported from central-eastern India to 
the southwestern TP (Dong et al. 2016), and the combined 
effects of the westerlies and local moisture recycling on 
water supply for the western TP (Yao et al. 2013), are 
further verified by our results.

In addition to this agreement, the results presented here 
also exhibit some discrepancies with earlier analyses. For 
instance, we found that the contribution of the East Asian 
monsoon is not significant, which is somewhat differ-
ent from the conclusions of previous studies. Feng and 
Zhou (2012) indicated that the Bay of Bengal was one of 
most important sources of moisture for the TP during the 
summer. However, our analysis detected no water vapor 
from this region, consistent with the results of Curio et al. 
(2015). This discrepancy might be associated with the dif-
ferences in the study period. The Bay of Bengal monsoon 
develops in early May before the Indian monsoon from 

the southern Indian Ocean and might be another major 
moisture source.

More recently, Zhang et  al. (2017) highlighted that 
the moisture sourced from the Eurasian continent and 
local surface evaporation made a greater contribution to 
the precipitation over the western-central TP. Pan et al. 
(2018) also showed that the dominant moisture source 
for precipitation over the southern TP is tropical Indian 
oceanic areas. Compared to those analyses, the moisture 
sources identified in this study covered less extensive 
areas, especially for remote regions. Despite the differ-
ent data sets used in the studies, this underestimation of 
the remote moisture sources could be partly due to the 
two following aspects. On one hand, the water account-
ing method used in Zhang et al. (2017) assumed that the 
precipitation was well mixed throughout the atmospheric 
column. However, in reality, the majority of water vapor 
resides in the lower level of the atmosphere. On the other 
hand, the strong wind associated with the westerlies over 
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the northern TP can introduce more water supplies from 
the land. The approach adopted by this study considers 
multiple cycles of precipitation processes for each air par-
cel. Similar to Fig. 3, the climatology of summer average 
moisture sources is shown in Fig. 12, but without consid-
eration of the multiple cycles of precipitation processes. 

The moisture source regions clearly have larger areas and 
markedly higher values, especially in the remote moisture 
regions.

The relative contributions of all the identified sources of 
moisture over a 10-day period are presented but not rescaled 
in Fig. 13. The comparison of Fig. 13 with Fig. 7 further 
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Fig. 12  Same as Fig. 2 but without consideration of multiple cycles of precipitation
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Fig. 13  Same as Fig. 7 but without consideration of multiple cycles of precipitation
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shows that if the multiple precipitation cycles are not taken 
into account, the fractional contributions of sources with 
longer transport time increase. In this analysis, the contribu-
tions on the tenth day increase from 26.1 to 51.4% and from 
11.8 to 22.2%. These sharp increases in contribution imply 
that a large amount of the moisture in the air parcels is lost 
through precipitation during transport to the target region 
(Sun and Wang 2014). However, the aforementioned studies 
did not account for the associated gains/losses of moisture 
over the target regions. Moreover, in this study, the moisture 
sources were identified for the water vapor rather than for 
precipitation as by Zhang et al. (2017), and this difference 
could be another factor that contributes to different results.

4.2  Relationship between moisture supply 
and interannual variability in precipitation

The analysis in this study confirmed that the moisture sup-
ply from neighboring regions or local recycling provides 
more water vapor for precipitation than the regions far from 
the TP, particularly for the northern TP (Fig. 7; Curio et al. 
2015). However, the remote moisture contributions driven 
by large-scale atmospheric circulation patterns play the lead-
ing role in influencing the interannual variability of summer 
precipitation over the TP (Feng and Zhou 2012; Wang et al. 
2017). The results of this study regarding the importance of 
different subregions, however, appear to differ slightly from 
those of the recent study by Wang et al. (2017), who sug-
gested that the precipitation over the southern TP is primar-
ily influenced by moisture transport at the western boundary 
and that the moisture inflow at the southern boundary is sec-
ondary. However, our analysis shows that the moisture trans-
ported from the western remote regions to the SWTP and 
SETP is negatively correlated with the precipitation over the 
TP (Fig. 11). Note that, we only concentrated on the mois-
ture that reaches the subregions of the TP (Fig. 1), which 
is considerably different from the predefined boundaries of 
the southern TP by Zhang et al. (2017). This discrepancy 
hinders a direct comparison, and further analysis is required.

For the NWTP, the relationship between moisture source 
and precipitation at the interannual scale is rather weak. 
We postulate that this weak relationship might be due to 
the complex mechanisms of precipitation formation in this 
region. Precipitation in this region could be impacted by the 
Indian monsoon, the westerlies and local cycling. Previous 
results showed that on average, almost half of the precipita-
tion over the NWTP is supplied by regional moisture recy-
cling (An et al. 2017). Moreover, stronger westerly winds 
also bring a fraction of moisture from the Mediterranean to 
this region. Therefore, precipitation in this region is subject 
to strong spatial–temporal variations. Furthermore, intensi-
fication of local recycling and weakening of the Indian mon-
soon could also weaken the relationship between source area 

variability and precipitation at the interannual scale (Worden 
et al. 2007).

4.3  Uncertainties associated with the methods

Stohl and James (2004) and Gimeno (2012) summarized 
the main disadvantages of the Lagrangian method for mois-
ture source determination. In addition to the limitations of 
the Lagrangian model, other sources of errors include the 
limited resolution and interpolation of the input data. Com-
pared to the accuracies of methods used in other studies, the 
accuracy of the relatively sophisticated method used in this 
study mainly depends on the accuracy of the trajectories. 
Because of the harsh conditions and sparse gauging stations 
on the TP, we separated the homogenous regional atmos-
phere into more than 1.4 million air parcels. This enormous 
number of trajectories can reduce the errors to some extent 
(Stohl and James 2004). In addition, although it should be 
noted that the interpretation of the results is only applied 
to the “ERA-Interim world”, the ERA-Interim reanalysis 
performs better than other reanalysis data sets in simulating 
the atmospheric water budget over the TP (Gao et al. 2014; 
Zhang et al. 2017). Moreover, the relatively high resolution 
of 0.75° × 0.75° in the ERA-Interim data set also enhances 
the accuracy of the trajectory calculation.

5  Summary and conclusions

This study has attempted, for the first time, to identify and 
compare the moisture sources for four TP subregions over 
the period 1980–2016. A relatively sophisticated Lagrangian 
algorithm was employed to identify the climatological mois-
ture sources of water vapor reaching the four TP subregions 
during the summer season (May–August) of 1980–2016. 
The transport characteristics, subseasonal variability and 
their relevance to the precipitation changes at the interan-
nual scale were also analyzed and compared. Owing to the 
inherent topographical features of the four subregions and 
the controlling atmospheric circulation patterns, the patterns 
of the moisture sources for the four subregions exhibit sig-
nificant differences, both in spatial pattern and magnitude. 
The results provide insights into the origin of atmospheric 
moisture and the underlying processes, such as evaporation 
and condensation. The main findings are summarized as 
follows:

1. Climatologically, the neighboring or adjacent regions 
are one of the main moisture sources during the sum-
mer season for all subregions during May–August. The 
remote sources of water vapor reaching the northern TP 
is mainly concentrated on the Eurasian continent, which 
is dominated by the westerlies, and the contributions 
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from the lower latitudinal regions are almost negligible. 
However, for the southern TP, immense subtropical and 
tropical areas tend to be the predominant contributors 
because of the influence of the Indian summer monsoon.

2. The water supply of the TP is dominated by the mois-
ture transported within 1–4 days before arrival, account-
ing for approximately 80% of the total moisture trans-
port. However, the moisture transport to the northern 
TP within 5–10 days is steady over the neighboring 
regions, in contrast to the southern TP that features a 
long-distance transport from subtropical and tropical 
regions. These results confirm the importance of the 
moisture contributions of neighboring regions and the 
Indian summer monsoon to the northern and southern 
TP, respectively.

3. The moisture sources for the southern TP exhibit sub-
seasonal variations in the contributions from different 
sources during summer, whereas the subseasonal vari-
ation in the northern TP is not significant. The subsea-
sonal migration of the Indian summer monsoon is an 
important component regulating the relative importance 
of different sources for the southern TP, but this is not 
the case for the northern TP. Even within the same lati-
tudinal belt, the subseasonal evolution of the moisture 
sources for the southeastern TP differs greatly from that 
for the southwestern TP.

4. At the interannual scale, moisture supply is obviously 
associated with precipitation in three of the four subre-
gions of the TP, with the exception of the NWTP region. 
Neighborhood recycling and remote water supply jointly 
influence the year-to-year variability of precipitation 
over the TP. Precipitation is negatively correlated with 
remote water supply conveyed by the westerlies, while 
it is positively correlated with moisture supply conveyed 
by the Indian summer monsoon in the northern TP and 
by neighboring transport in the southern TP.

The results discussed herein provide a climatological 
overview of moisture sources for the subregions of the TP. 
However, the linkage between atmospheric moisture trans-
port and precipitation across the TP remains poorly estab-
lished. There is lack of analysis on the extreme modes of 
climate variability, such as the El Niño-Southern Oscillation 
(ENSO) or the North Atlantic Oscillation, which have been 
shown to affect precipitation variability over the TP. The 
long period of data in this study allows to explore the inter-
annual variability of moisture sources and its relationship 
with the major climate modes. Such analysis will form part 
of a future study.
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