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1 Introduction

The Tibetan Plateau (TP), with an average altitude of more 
than 4000 m above sea level, is well known as the “Roof of 
the World” or “The Third Pole” (Xu et al., 2008, 2014; Yao 
et al., 2019). The Three-Rivers Headwater (TRH) region, 
located in the hinterland of the TP (Fig. 1), is also known 
as the “Asian Water Tower” since it is the original region of 
the Asia’s major rivers, such as the Yangtze River, the Yel-
low River, and the Lancang-Mekong River (Xu et al., 2008; 
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Abstract
The Three-Rivers Headwater (TRH) region has experienced notable dry-to-wet shift in summer precipitation in recent 
decades. Despite the widespread efforts of scientific community, the causes of such climate shift remain not well-under-
stood. Building upon an ensemble of high-resolution Lagrangian simulations and moisture source diagnostic, this study 
investigated the long-term changes in moisture sources with the ERA-Interim reanalysis from 1980 to 2017, particu-
larly aiming to pose a complimentary understanding on this shift from a perspective of moisture source changes. The 
results show that the variability of moisture sources for the water vapor reaching the TRH region is closely and quan-
titatively linked to its regional summer precipitation. The dry-to-wet shift in summer precipitation in TRH is regulated 
by the changes in moisture sources across multiple transport time scales (from 1 to 10 days), and could be attributed to 
the enhanced contribution by the moisture sources originated from the Tibetan Plateau (TP), the Central Eastern Asian 
region (CEA), and the Arabian Peninsula (ARP), of which regional accumulative moisture contribution increased by 11.3 
(0.33%), 8.61 (0.27%) and 8.53 (0.52%) mm per year, respectively. This result implies that the terrestrial source ranks 
the leading role in regulating the decadal shift of TRH summer precipitation, rather than that directly from the oceanic 
regions. Although the moisture sources are across multiple transport timescales, the relatively shorter transport distance 
and steady contribution (lasting 1 to 10 days) from the TP highlight the significance of strengthened local precipitation 
recycling process in this dry-to-wet shift. Further analysis indicates the variations in mid-latitudinal meridional winds 
and the low-latitudinal SST play a role of ‘bridge’ connecting the changes in moisture sources to enhanced precipitation 
during the summer season.

Key points
1)The decadal variation of regional precipitation over the TRH region is closely and quantitatively linked with the changes 
in moisture sources.
2)The moisture sources responsible for the dry-to-wet shift in summer rainfall over the TRH have been detected.
3)The weakened mid-latitudinal meridional winds and the warming low-latitudinal sea surface temperature bridge the 
moisture source changes and summer precipitation over the TRH region.
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Immerzeel et al. 2010; Yao et al., 2012; Curio and Scherer 
2016). TRH region is an important reservoir of freshwater 
resources in China, delivering about 42.5 billion tons of 
freshwater downstream every year (Wang et al., 2007; Chen 
et al. 2015).

Under a changing climate, the temperature of the “Asian 
Water Tower” experiences an warming rising at a rate of 
0.42 °C per decade, approximately twice the global average 
warming rate (Yao et al. 2022), resulting in the retreated 
glaciers and degraded permafrost (Immerzeel et al., 2010, 
2020; Yang., 2014). With this amplified warming, the pre-
cipitation frequency and intensity in the TRH region dem-
onstrate a significant variability and uncertainty (Yi et al. 
2013; Zhao et al. 2021; Kukulies et al. 2023; Liu et al. 2023), 
thereby exerting profound impacts on regional hydrological 
and ecological cycles (Xu et al. 2019; Shao et al. 2017), and 
thereby altering the fresh water supply for billions of peo-
ple dwelling in downstream areas (Qiu 2008). Therefore, 

understanding the characteristics of precipitation variabil-
ity and associated underlying mechanisms in the context of 
global warming is of great scientific value and practical sig-
nificance for improving water resources management and 
ecosystem stability over the TRH region.

Precipitation variability in the TRH region has been 
one of the research hotpots for academic community in 
the atmospheric fields (Yang et al. 2014; Ma et al. 2018; 
Xi et al. 2018; Li et al. 2020). A large number of previous 
studies have explored the characteristics of precipitation 
variations across multi-spatiotemporal scales (e.g., Yi et al. 
2013; Shi et al. 2017; Xi et al. 2018; Li et al. 2020; Lai et 
al. 2021; Meng et al., 2022; Yu et al. 2023; Xu et al. 2024). 
The results demonstrated that the precipitation in the TRH 
region has clearly shown an increasing trend (Dong et al. 
2020; Liu et al. 2019; Tong et al. 2014; Sun et al., 2018; 
Zhao et al. 2023), potentially leading to the expanded lakes 
in the inner TP (Lei et al. 2013, 2014; Yang et al. 2018; Qiao 

Fig. 1 Geographical location of TRH region (red dashed rectangle), together with the Yellow River, Yangtze River, and Lancang River (blue lines). 
The black thick contour indicates the topographic height of 2000 m, which roughly represents the TP)
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et al. 2019). Particularly for the summer season, the pre-
cipitation over this region is featured by a decadal dry-to-
wet transition (Zhao et al. 2023; Liu et al. 2023) due to the 
enhanced frequency of extreme precipitation events (Zhao 
et al. 2021; Liu et al. 2023).

Strenuous efforts have been devoted to revealing the 
causes of the long-term variation in precipitation over the 
TRH region and its underlying mechanisms from the angle 
of anomalous atmospheric conditions (e.g., Liu et al. 2015; 
Sun et al., 2018; Zhou et al. 2019; Dong et al. 2020; Sun 
et al. 2020; Yue et al. 2021; Shang et al., 2022; Liu et al., 
2022;Li et al. 2024). More specifically, the anomalous wave 
trains accompanied by simultaneously weakened East Asian 
westerlies over the TP (Zhou et al. 2019; Sun et al. 2020; 
Liu et al., 2022), together with the changes in sea surface 
temperature (SST) over the Indo-Pacific warm pool (Yue 
et al. 2021) and Atlantic (Shang et al., 2022; Wang et al., 
2022) have been considered as essential factors in modu-
lating decadal variability of TRH regional precipitation. 
The TRH region is an intricate area influenced by the mid-
latitude westerlies and the Asia summer monsoon systems. 
Although those previous studies have documented decadal 
precipitation variations, the reasons behind decadal dry-to-
wet changes in summer precipitation in the TRH region are 
still largely unclear and warrant further study (Yang et al. 
2014; Ma et al. 2018; Wang et al. 2018).

In addition to the impacts of anomalous atmospheric con-
ditions, the global warming has affected the hydrological 
water cycle and then profoundly altered the amount of pre-
cipitation over most regions in the world (Held and Soden 
2006). Given that a large supply of water vapor is consid-
ered a prerequisite for precipitation formation (Gimeno et al. 
2012), it can be speculated that this dry-to-wet transition in 
precipitation in the TRH region could be directly attributed 
to more water vapor supply, departing from either the inter-
nal or external moisture origins (Gao et al. 2014). Taking the 
TP region as a whole, studies have explored the processes of 
the atmospheric water cycle and its connection to precipita-
tion changes using the Eulerian approach (Feng and Zhou., 
2012; Curio et al. 2015; Pan et al. 2019; Zhang et al. 2019a; 
Li et al. 2022) or the Lagrangian method (e.g., Chen et al. 
2012, 2019; Gao et al. 2014; Zhang et al. 2017, 2019; Liu et 
al. 2020; Yang et al. 2020; Liu et al., 2022). A recent research 
by Wang et al. (2023) stated that the enhanced atmospheric 
water cycle processes are caused by climate warming in the 
TRH region. However, the atmospheric water cycle and its 
relationship with the precipitation in the TRH region were 
comparably less explored. Some studies have shown that, in 
addition to the middle latitude westerly and the northwestern 
airflow transporting from Eurasia, the moisture reaching the 
TRH region is mainly conveyed by the southwestern water 
vapor transport from the Indian Ocean, the Arabian Sea and 

the Bay of Bengal (Li et al. 2009; Quan et al. 2016; Zhang 
et al. 2019b). The changes in water vapor transport are well 
in coincidence with the precipitation variation in the TRH 
region on the annual scale (Chen et al. 2022; Zhao et al. 
2023). More recently, Zhang et al. (2019c) found that the 
southwestward water vapor transport from the Indian Ocean 
contributes about 51.4% of the precipitation in the south-
ern TP. The increased southwesterly water vapor transport 
through the southern boundary of the TRH region is one of 
the factors responsible for the dry-to-wet transition of sum-
mer precipitation over this region (Liu et al. 2023; Wang et 
al. 2023). Previous research mentioned above provides us 
valuable insights on the variation in summer precipitation; 
however, to the best of our knowledge, the relative contri-
butions of moisture sources changes to precipitation in the 
TRH region remain uncertain.

Considering that the moisture sources serve as the main 
component of water cycle and an essential prerequisite of 
precipitation, the knowledge on the origin of water vapor 
leading to the rainfall over a target region could promote a 
better understanding of the precipitation variations (Gimeno 
et al. 2020). Thus, the moisture origins identification in the 
TRH and quantification of their contributions to the decadal 
precipitation transition over the THR merit further explora-
tion. For a better understanding of the causes of the decadal 
dry-to-wet transition in summer precipitation over the TRH, 
this study is thereby trying to address the following two 
questions:

1) What are the main enhanced moisture sources that are 
responsible for the dry-to-wet transition of summer pre-
cipitation in the THR region?

2) What is the linkage between decadal changes in mois-
ture sources and the atmospheric condition over the 
THR region?

The rest of this paper is arranged as follows. Section 2 
describes the data, model and methods utilized in this study. 
Section 3 examines dry-to-wet transition of summer precip-
itation in the TRH region and its association with the mois-
ture sources, together with the circulation factors regulating 
the decadal dry-to-wet transition of summer precipitation. 
Section 4 discusses the results of this study and some cave-
ats. The summary and conclusions are presented in Sect. 5.

2 Data, model and method

2.1 Datasets

To quantify the characteristics of dry-to-wet transition in 
summer precipitation, this study adopts a quality-controlled 
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modeling outputs for each air parcel are stored in 3-hour 
intervals, including the three-dimensional position (latitude, 
longitude, and altitude), as well as the information on physi-
cal quantities such as temperature, specific humidity, and 
air mass.

2.3 Methods

a. Moisture Source Diagnosis

The diagnostic of the moisture sources is based on the 
changes in the specific humidity along the trajectories. 
By considering the temporal sequence of evaporation and 
precipitation in an air parcel during transport, Sodemann 
et al. (2008) proposed a new Lagrangian methodology for 
the identification of the moisture sources for precipitation, 
which allows for a quantitative demarcation of evaporative 
moisture sources. In this study, building on the FLEXPART 
model output, all the particles entering or residing over the 
TRH (31.25°N-37.25°N, 89.25°E-102.75°E) during the 
boreal summertime from 1 June to 31 August of 1980–2017 
are selected and considered for further analysis. For each air 
parcel selected, the increases (e) and decreases (p) in mois-
ture along the backward trajectory may be calculated from 
the changes in (q) with time (e − p = m(dq/dt)), where m is 
the mass of the parcel. The locations of positive changes 
along the trajectory path are considered as the points of 
moisture uptake. By summing all the values of (e − p) for 
the parcels selected in a given atmospheric column over an 
area, it is possible to obtain (E − P),

E − P =

N∑
i=1

m∆q
∆t

A

To quantify the impact of these processes on the analyzed 
source regions, a calculation of the fractional contribu-
tion of each source is performed, following the method of 
Sodemann et al. (2008), taking the possibility of multiple 
recycles into account. Thus, a 6-h database of trajectories 
entering into TRH region is constructed with the 38-sum-
mer E − P values in the 1°×1° latitude-longitude grids, and 
then averaged to summer seasonal composite maps. The 
back trajectory E − P values of the previous day number n 
are denoted with (E − P)n. For example, (E − P)1 represents 
the total gain or loss of moisture on the previous day along 
the back trajectories. Accordingly, (E − P)1−n indicates the 
integrated value of (E − P) from 1 to n days in backward 
tracking time.

b. Atmospheric circulations Index

monthly precipitation data set with a spatial resolution 
residing on 0.5°×0.5° latitude-longitude grids. This dataset 
is released and routinely updated by the National Meteo-
rological Information Center (NMIC) of the China Meteo-
rological Administration (NMIC/CMA, http://data.cma.
cn/). Overall, this dataset has proven to be of good qual-
ity, because the generation process is subjected to rigorous 
quality control.

The ERA-Interim reanalysis derived from the European 
Centre for Medium-Range Weather Forecasts (ECMWF) 
project (Dee et al. 2011) is used as the meteorological 
fields to drive the Lagrangian transport mode FLEXPART. 
These fields are embedded on 60 hybrid model levels rang-
ing vertically from the surface to 0.1 hPa with a longitude/
latitude grid resolution of 0.75°×0.75° at 6-hour interval. 
The ERA-Interim reanalysis performs well in describing 
the processes of atmospheric water cycle in the TP (Gao et 
al. 2014). Moreover, the monthly fifth-generation ECMWF 
dataset with a spatial resolution of 0.25°×0.25° is utilized to 
diagnose the atmospheric physical variables, including the 
vertically integrated moisture transport, sea surface temper-
ature (SST), geopotential height, vertical velocity, and wind 
vectors. All the data are collected with a span of 1980–2017.

2.2 Lagrangian trajectory model and its 
configuration

The Lagrangian transport and dispersion model (FLEX-
PART) is adopted to carry a 38-year modeling. FLEXPART 
model is suitable for the simulation of a large range of 
atmospheric transport processes (https://www.flexpart.eu/). 
It differs from the typical model of calculating the trajec-
tory of a single point, but by calculating the trajectory of a 
group of air parcels, thereby realizing the simulation of the 
transport and diffusion process of atmospheric substances 
covering a three-dimensional region (Stohl and Seibert., 
1998). Currently, FLEXPART has been widely applied in 
the research fields of the atmospheric water cycle, in par-
ticular for moisture sources identification (e.g., Stohl and 
James, 2004, 2005; Chen et al. 2012; Gimeno-Sotelo et al., 
2022; Liu et al., 2022).

In this study, the Lagrangian model is initialized with 
a domain-filling technique, namely the three-dimensional 
space of the region (-20–60°N and 0–160°E) is divided 
into roughly 2.0 million air parcels with equal air mass. 
Under the forcing of three-dimensional wind fields, all the 
air parcels are moved freely. For each summer season, the 
Lagrangian modeling starts starting on May 1 and ends on 
September 31. Since the water vapor residing in the circula-
tion cycle is on an average of 10-day (Trenberth., 1999), all 
the air parcels reaching the TRH region during the summer 
season (June-August) are traced backward for 10 days. The 
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into several Intrinsic Mode Function (IMF) components 
with the EEMD analysis method (Fig. 2a). Obviously, the 
regional precipitation over the TRH is featured by a varia-
tion on multiple temporal scales. More importantly, the 
long-term trend of summer precipitation is characterized 
by two distinct periods (1980–1995 and 1996–2017), cor-
responding to a decreasing trend and an increasing trend, 
respectively, which indicate a turn-point around 1995/1996 
(as shown in Fig. 2b with Mann-Kendall trend test). The 
change point around 1995 is similar to the study by Li et al. 
(2022). The difference between two studies could be partly 
attributed to the difference in target region selection and the 
definition used.

According to the above analysis, the dry and wet period 
is defined as P1 (1980–1995) and P2 (1996–2017), respec-
tively. Figure 2c presents the spatial distribution of differ-
ences in summer precipitation between the two periods 
(P2-P1). It is easy to find that the increased rainfall over-
whelms the whole region after the 1995 shift. Quantitative 
evaluation shows that there is 17.9% more precipitation 
(274.29 versus 286.43 mm) in the wet period (1980–1995) 
than in the dry period (1996–2017). Although a broad area 
of the THR region receives more precipitation compared 
to the wet decadal period, the decadal signal is not geo-
graphically homogeneous but varies from above 28 mm 
(increased) in the northwest to less than 28 mm (decreased) 
in the southeast (Fig. 2c). These northwestern positive val-
ues and southeastern negative values over the TRH coincide 
with the drying tendency over the southern slope of the TP 
(Wang et al. 2022b) and the wetting tendency over the inner 
TP (Sun et al. 2020), respectively.

3.2 Relationship between changes in moisture 
sources and precipitation

The main objective of this study is to examine the causes 
on the dry-to-wet shift from the perspective of moisture 
changes. So it is a priority to answer the question: How much 
do the changes in moisture sources reflect the dry-to-wet 
transition in precipitation in the TRH region? To this end, 
based on the large ensemble of Lagrangian backward track-
ing and E-P diagnosis, we examine the time series of the 
regional moisture sources contribution and summer precipi-
tation for the period of 1980–2017. As shown in Fig. 3, the 
annual variations in region-averaged summer mean precipi-
tation in the TRH region correspond well with the variations 
in moisture sources contribution. The Pearson correlation 
coefficient reaches + 0.47, which is statistically significant 
at the 95% confidence interval. Quantitative evaluation also 
exhibits that the magnitudes of regional precipitation and 
moisture source are similar.

To characterize the variation of atmospheric circulations, the 
Silk Road Index (SRI) is defined as the normalized principal 
component of the first empirical orthogonal function mode 
(EOF1) of the summer mean meridional wind on 200 hPa 
level over the limited region (20°-60°N, 30°-130°E; Kosaka 
et al. 2009).

Additionally, the Indo-Pacific Warm Pool (WPI) Index 
is derived from NOAA (https://psl.noaa.gov/data/climatein-
dices/list/), which is considered as the areal mean of Sea 
Surface Temperature (SST) over the domain of 60°E-170°E, 
15°S-15°N (Martin et al. 2010). The Pacific Decadal Oscil-
lation (PDO) index is defined by the leading pattern (EOF) 
of SST anomalies in the North Pacific basin (typically, 
polewards of 20°N). The SST anomalies are obtained by 
removing both the climatological annual cycle and the 
global-mean.

c. Analyzing methods

The time series of precipitation is commonly non-stationary 
signals containing multiple time scales (Huang et al. 1998). 
To decompose the decadal signal from their periodic oscil-
lations, we adopt the EEMD analysis method to perform a 
time-frequency analysis (Wu and Huang 2009; Qian and 
Zhou 2014). Here, the precipitation series is decomposed 
into four IMF (Intrinsic Mode Function) components and a 
trend component.

The empirical orthogonal function (EOF) is utilized to 
extract the dominant spatial pattern according to the lead-
ing mode of the anomalies in moisture sources distribution. 
North statistical testing (North et al. 1982) is applied to 
determine the significance of the EOF modes. Correlation 
and composite analyses are performed to diagnose relation-
ships between precipitation and large-scale climate features. 
Linear regression is used to explore the linear trends. The 
Student’s t-test is used to examine the significance of the 
linear trend.

3 Results

3.1 Decadal shift of summer precipitation

Here, the TRH is geographically defined as a rectangle 
region, with latitude and longitude ranging from 31.25°N to 
37.25°N and 89.25°E to 102.75°E (Fig. 1). This definition 
is similar to previous studies (e.g., Sun et al., 2018, 2020; 
Zhang et al. 2019a), but differs from that in Liu et al. (2023). 
As shown in the top panel of Fig. 2a, the precipitation in 
the TRH is characterized by a strong annual cycle for the 
summer season. To determine the decadal regime shift, we 
decompose the time series of regional annual precipitation 
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ranging from several hours to a few days. To take a closer 
look at the relationship between the moisture changes and 
the summer precipitation over the TRH, we conduct a con-
ventional EOF analysis for the moisture sources with spe-
cific backward tracking days. The patterns of the first two 
EOFs of (E-P)1−2, (E-P)3−6, and (E-P)7−10 are displayed in 
Fig. 4. For (E-P)1−2, EOF1 represents a north-south dipole 
structure with low values in the north and east of the study 
area and high values located at the southwestern TP, while 
EOF2 shows a three-pole pattern characterized by low values 
throughout most of western TP and significantly high values 
distributed over the northeastern TP and part of Indian sub-
continent. The first two EOFs of (E-P)1−2 together explain 
41.7% of the variance, and EOF1 alone explains 25%. The 
pattern of EOF1 (EOF2) reflects the meridional (southwest-
northeast direction) variation, which is obviously related 
to the strength of Southern Asian summer monsoon. With 

To further examine the relationship on the decadal scale, 
the two times series above are smoothed with a 9-year 
running mean method. The correlation coefficient for the 
regional precipitation and moisture sources reaches 0.9, 
which is statistically significant at the 99% confidence inter-
val. This strong correlation efficient implies that, on the 
one hand, the decadal variation in regional precipitation in 
TRH region is closely linked with the changes in moisture 
sources. Considering that the moisture sources serve as the 
main component of water cycle and an essential prerequi-
site of precipitation, this result, on the other hand, indicates 
the feasibility to explore the causes of dry-to-wet transition 
from the perspective of changes in moisture sources, which 
in turn supports the robustness of the moisture sources iden-
tification method used in this study.

The water vapor transport of precipitation events is rather 
complicated due to the involvement of multiple time scales 

Fig. 2 (a) EEMD of the TRH region regional mean precipitation series 
in summer season for the period of 1980–2017. (b) Mann-Kendall 
trend test for IMF1-IMF5. (c) Composite maps of summer precipita-
tion differences (shadings, units: mm) between dry and wet periods 

(P2-P1). Here, the dry period 1980–1995 (P1) and dry period 1996–
2017 (P2) are defined as in text. The value P < 0.01 in (b) and stippling 
in (c), respectively, indicates the difference is statistically significant at 
the 95% confidence level
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Fig. 4 The first leading modes EOF1 (a, c, e) and second modes 
EOF2 (b, d, f) generated from the conventional EOF decomposition 
of moisture sources contribution (1980–2017) in the TRH region for 

the (E-P)1−2 (a, b), (E-P)3−6 (c, d), and (E-P)7−10 (e, f). The variance 
explained by the corresponding modes is labeled in the upper-right 
corner of each plot

 

Fig. 3 Time series of regional summer mean precipitation (blue) and 
diagnosed moisture sources contribution (red) during the period of 
1980–2017. The dashed line indicates the decadal signal with 9-year 
running mean. The correlation coefficients (after 9-year running mean) 

between the precipitation and moisture contribution are labeled in the 
upper-left corner, with a significant level exceeding 95% (99%) sig-
nificant level
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The correlation coefficients among them are 0.62, 0.54 and 
0.92, respectively, all of which are statistically significant 
at 95% confidence level. Although the relationship between 
the time series of PC2 and precipitation varies, these results 
imply that the dry-to-wet shift in summer precipitation in 
TRH is regulated by the changes in moisture sources across 
multiple transport time scales.

3.3 Moisture sources changes associated with the 
dry-to-wet shift

Figure 6 presents the spatial distribution of summer mois-
ture sources that contributed to the precipitation in the TRH 
region for the period P1 (Fig. 6a) and P2 (Fig. 6b), and their 
differences (P2-P1). For the period of P1 and P2, the sum-
mer climatic state of moisture sources exhibits a similar spa-
tial pattern with an overall southwest-northeast distribution, 

respect of the (E-P)3−6, and (E-P)7−10, EOF1 shows simple 
mode, namely, almost the same high values in the whole 
area, indicating that the EOF1 is dominated by the long-
term dry-to-wet trend, and EOF2 manifests a northwest-
southeast dipole structure, which is potentially modulated 
by the combined influence of the South Asian monsoon and 
the westerlies (Liu et al. 2023; Wang et al. 2023).

What are the time scales of the moisture sources trans-
port most relevant to the dry-to-wet shift in precipitation 
in the TRH region? To answer this question, we examine 
the correlation between time series of principal compo-
nent (PC) with the regional summer precipitation. The time 
series being smoothed by the 9-year running mean are pre-
sented in Fig. 5. It is surprising to find that the temporal 
variation of PC1 for the (E-P)1−2, (E-P)3−6, and (E-P)7−10 
shows a transition from the negative to positive phase, all 
closely related to the regional summer mean precipitation. 

Fig. 5 The time series of principal component (PC) of the first leading 
modes EOF1 (a, c, e) and second modes (b, d, f) of (E-P)1−2 (a, b), 
(E-P)3−6 (c, d), and (E-P)7−10 (e, f) obtained by EOF analysis of total 
moisture sources contribution in the TRH region. The dashed blue and 

orange line represented the decadal signal of precipitation and mois-
ture sources contribution after 9-year running mean, respectively. The 
correlation coefficients for the PC and precipitation are labeled in the 
upper-left corner of panel
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Compared with the summer climatic state of moisture 
sources, the spatial distribution of changes in moisture 
sources between the P1 and P2 (P2-P1, shown in Fig. 6c) 
covers relatively smaller areas. It is noteworthy that there are 
two prominent positive-value centers of moisture sources: 
one is located to the southwestern side of the TP, and the 
other is concentrated over the northeastern TP itself. Based 
on the evaluation of their geographical locations, the for-
mer implies the dominance of the Indian summer monsoon 
in regulating water vapor transport for the precipitation in 
the TRH, while the latter implies the role of evaporation 

which is consistent with the direction of the vertically inte-
grated water vapor flux in the Eulerian framework. The 
moisture sources cover a vast region, including the Bay of 
Bengal, the Arabian Sea and even the Indian Ocean to the 
south, the entire Tibetan plateau, and the parts of Central 
Asia to the northwest. Overall, it can be found that, although 
the summer water vapor transport of the TRH region seems 
to be dominated by the combined influence of the South 
Asian monsoon and the westerlies (Liu et al. 2023; Wang et 
al. 2023), the evaporation and recycling processes make a 
larger contribution to the precipitation.

Fig. 6 Spatial distribution of summer moisture sources contributed to 
the precipitation in the TRH region (color shaded, mm/day) for the 
period of P1 (a) and P2 (b), together with their difference (c). The 
vector represents the vertical integrated water vapor flux (unit in 

kg ·m−1 · s−1). The dotted area in (c) indicates the difference is sta-
tistically significant at the 95% confidence level. P1 (1980–1995) and 
P2 (1996–2020) are defined as in text
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dry-to-wet shift differ from each other. Among them, the 
Plateau region (TP) including the TRH region itself, the 
Central Eastern Asian region (CEA), and the Arabian Pen-
insula (ARP) rank as the three leading contributors to the 
enhanced moisture supply, with the accumulated moisture 
sources on all grids increased by 11.3, 8.61 and 8.53 mm.
year− 1, respectively. The increase in water vapor contribu-
tion by the terrestrial regions is much larger than that by the 
oceanic (grid accumulated moisture change: +33.79 versus 
+ 4.78 mm).

To further examine the relative importance of different 
subregions in regulating the precipitation, we compare the 
ratios of relative contribution by the subregions during two 
periods (Table 1). In contrast to these regions, those ter-
restrial regions, in particular the NEA (+ 0.41%), the TP 
(+ 0.33%), the CEA (+ 0.27%), and the ARP (+ 0.52%), are 
the regions with the largest increase in relative cotribution. 
These results imply that, even though the absolute contri-
bution from the moisture source dominated by the South 
Asian monsoon increases, it plays a relatively minor role 
in regulating the decadal variability in summer precipia-
tion. On the contrary, those terrestrial source regions with 

or local precipitation circulation processes in the TP and its 
surrounding regions in contributing notably to the increased 
precipitation in the TRH. Recently, Li et al. (2022) pointed 
out the precipitation recycling ratio showed an increasing 
trend. The enhancement of South Asian summer monsoon 
was reported by Rai and Raveh-Rubin (2023) as well.

For an in-depth quantitative evaluation, we divide the 
whole Asian region into twelve sub-regions to quantify the 
contribution of individual source areas, namely, for the Ara-
bian Sea (ARS), Arabian Peninsula (ARP), Bay of Bengal 
(BOB), Central Eastern Asian (CEA), Eastern China Sea 
(ECS), Indian continent (IND), Northeastern Asian (NEA), 
South China Sea (SCS), Southeastern Asian (SEA), South 
Indian Ocean (SIO), Somali Peninsula (SMP), and Tibetan 
Plateau (TP) (as shown in Fig. 7a). It can be observed 
that, comparing to the P1 period, the moisture contribu-
tion increases during the P2 period in almost all subregions 
except the Somali Peninsula (SMP). Although the Indian 
continent (IND, 26.96%), Tibetan Plateau (TP, 25.67%), 
Central Eastern Asian (CEA, 19.35%) and Arabian Sea 
(ARS, 8.37%) serve as the main moisture contributors to 
the summer precipitation, their roles in modulating the 

Table 1 Ratios of relative moisture contribution by individual subregions during P1 and P2 and their corresponding differences (P2-P1)
Percentage(%) ARS BOB CEA ECS IND NEA
P1 8.37 0.52 19.35 0.04 26.96 0.37
P2 8.25 0.71 19.62 0.07 25.06 0.77
Difference -0.12 0.19 0.27 0.03 -1.9 0.41
Percentage(%) SCS SEA SIO TP ARP SMP
P1 0.09 1 0.28 25.67 16.38 0.96
P2 0.14 1.24 0.4 26 16.9 0.83
Difference 0.06 0.23 0.12 0.33 0.52 -0.13

Fig. 7 (a) The geographical location of 12 sub-regions for the Arabian 
Sea (ARS), Arabian Peninsula (ARP), Bay of Bengal (BOB), Central 
Eastern Asian(CEA), Eastern China Sea( ECS), Indian continent(IND), 
Northeastern Asian(NEA), Southern China Sea(SCS), Southeastern 
Asian(SEA), South Indian Ocean(SIO), Somali Peninsula (SMP), 

Tibetan Plateau(TP). (b) Moisture contribution (mm/day, the colors of 
the bars in the figure match the colors of subregions to TRH region 
summer precipitation in P1 (solid color fills) and P2 (pattern fills), and 
the values in red and blue represent specific differences in interdecadal 
moisture contributions
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China is associated with changes of SST over the equato-
rial central Pacific and the Indo-Pacific warm pool (Zhou 
et al. 2019; Yue et al. 2021; Shang et al., 2022; Wang et al. 
2022b). Comparing to the P1 period, the atmospheric cir-
culations and sea surface temperature shows an anomalous 
feature during the P2. The difference of the 500-hPa geo-
potential height between P1 and P2 appears a structure of 
anomalous wave trains between the 30°N − 60°N (Fig. 9a). 
In particular, the anomalous anticyclonic system over the 
northeastern TP, on the one hand, enables more air mass to 
enter into the northeastern TP, conveying more moisture to 
the TRH region from higher latitudinal areas and the East 
China. On the other hand, the easterly winds at the surface of 
the anticyclone also inhibit the outflow of water vapor from 
the eastern boundary of the TP. For the SST differences, the 
SST warming is almost found throughout the whole region 
during the P2 period, with high values covering the Arabian 
Sea-Indian Ocean and the Indo-Pacific warm pool (Fig. 9b). 
The warming over these distant oceanic regions is likely to 
accelerate the water cycle process and thereby enhance the 
long-distance water vapor transport, suggesting that the oce-
anic region could act as an additional moisture source for 
the decadal shift of summer precipitation in the TRH region.

For a better understanding the relationship between the 
anomalous circulation and dry-to-wet shift of summer pre-
cipitation over the TRH region, we firstly derived three atmo-
spheric indices as mentioned above, i.e., the SRI, (Fig. 10a), 
the WPI, (Fig. 10b), and the PDO (Fig. 10c), based on the 
EOF1 for the variations of mean wind (Fig. 10d) and the 
strength of SST anomalies over the Indo-Pacific Warm Pool 
(Fig. 10e) and the North Pacific basin (Fig. 10f). As seen 
from Fig. 10a and b, the time series of SRI and WPI are both 
characterized by a decadal transition around the middle of 
1990s, which is agree with the variation of summer mean 
precipitation. But the PDO index (Fig. 10c) shows a dif-
ferent trend. Regressions of summer precipitation anoma-
lies against the SRI and WPI in the TRH region during the 

the evaporation or precipitation recycling could exert strong 
impacts on the dry-to-wet shift.

To discern the dependence of the dry-to-wet shift in sum-
mer precipitation on the moisture sources evolution with 
multiple transport time scales, we calculate the contribu-
tions of individual sub-source area to the regional moisture 
changes on specific backward tracking 1–10 days (Fig. 8a), 
as well as their accumulated contributions (Fig. 8b). As 
seen from Fig. 8, the increased moisture contributions over 
the TP and ARP with the transport time scale less than 4 
days are more significant, further affirming the vital roles 
of these two regions in dominating the dry-to-wet transi-
tion of summer precipitation in the TRH region. The results 
show that the contribution by the individual region to the 
increased summer rainfall between the P1 and P2 shows a 
dependency on the time scales of backward tracking. More 
specifically, the significant contributions by the TP and CEA 
region remain steady during the 10-days backward track-
ing, although they show a slight decrease and increase with 
tracking time elapsed, respectively. On the contrary, the 
contribution from other regions varies in line with the back-
ward tracking days. For instance, the IND and ARP show 
an abrupt increase around 2–3 days, largely due to their 
distance from the target region. The accumulative contibu-
tion confirms the dominant role of the enhanced moisture 
sources from the NEA, the TP, the CEA in reglating the dry-
to-wet shift in the TRH region.

3.4 Linkage to atmospheric conditions

Commonly, the anomalies of atmospheric circulations and 
sea surface temperature (SST) are considered as two promi-
nent factors in modulating the regional precipitation. Sun 
and wang (2018) have demonstrated that anomalous wave 
trains significantly influence the decadal variability of the 
summer precipitation in the TRH region. It is also reported 
that the precipitation in the southern TP and Northwest 

Fig. 8 Quantitative contributions of individual sub-source regions of 
moisture sources on specific backward tracking day (1–10 d) to the 
regional moisture sources changes (P2-P1) in the TRH region (a), 

and their corresponding cumulative contribution (b). The individual 
demarked sub-regions are defined same as in Fig. 7
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precipitation, indicating that the PDO variation is also likely 
to contribute to the dry-to-wet transition in summer rainfall 
over TRH region.

To further illustrate the impacts of the indices on the pro-
cess of water vapor transport straightforwardly, we calcu-
lated the difference in regressed summer moisture sources 
contribution to the TRH region against the SRI, WPI, and 
PDO between the P1 and P2 period (P2-P1) (Fig. 11). The 
results evidenced that, under the modulation of the three 
indices, the enhanced moisture source covered vast regions, 
in particularly over the terrestrial northeastern TP. Addition-
ally, the decadal changes in SRI and WPI can lead to more 

1980–2017 are exhibited in Fig. 10g and h, respectively. It 
can be found that, both for the SRI and WPI, the spatial 
pattern of precipitation anomalies highly resemble that of 
decadal changes in precipitation as shown in Fig. 2c, with 
the positive values distributed over the northwest of the 
TRH and the negative values over the southeastern TRH. 
This resemblance suggests that the variation in SRI and 
WPI is closely correlation to the changes in summer pre-
cipitation over the TRH region. Although the anomalies in 
regressed summer precipitation by the PDO index (Fig. 10i) 
is distinct differ from that of the SRI and WPI, the region of 
significant positive values is overlapped with that increased 

Fig. 9 Differences of (a) 500-hPa 
geopotential height (shaded, 
m2 · s−2), vertically inte-
grated water vapor flux (vector, 
kg ·m−1s−1), and (b) sea 
surface temperature (shaded, 
℃) between P1 and P2 (P2-P1). 
The black grids in (a) and dotted 
areas in (b) means the difference 
is statistically significant at the 
95% confidence level
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occurred to and over the northeastern TP, which could result 
in the decreases in westerly and thereby maintain the air 
mass or water vapor retaining over the TRH region for a 
longer time. This change in zonal wind partly explains the 
reason why the moisture source contribution from the local 
recycling processes enhanced during P2 period. A notewor-
thy southerly wind anomaly exists simultaneously over the 
western TP, ranging from the oceanic to the higher latitu-
dinal areas (Fig. 12b). This meridional wind anomaly is 
likely linked to anomalous strong southwesterly winds in 
the southern upstream region (Yang et al., 2024). Hence, 
significant wind anomalies prevail over and to the north-
eastern TP, and the southwestern TP is under the control of 
peripheral southwesterly airflows of the anomalous anticy-
clonic circulation. Such atmospheric circulation anomalies 
can affect the water vapor transport into TRH region, result-
ing in more precipitation over this region.

To examine the association of anomalous SST with the 
changes in atmospheric circulation, Fig. 12c-d and e-f shows 
the anomalies in the 500-hPa horizontal winds regressed 
against the WPI and PDO index for the P1 and the P2 period, 
respectively. As seen from these figures, the anomalies in 
wind anomalies explained by the decadal changes in the 

water vapor supplies from long-distance lower latitudinal 
and the oceanic regions to the TRH region. The SRI and WPI 
index are highly correlated to the regional integrated mois-
ture source change during the period of 1980–2017, with 
the coefficients reaching 0.93 and 0.9, respectively, both 
of which are statistically significant at the 99% confidence 
level. These results demonstrate that the anomalous atmo-
spheric circulation and SST could contribute to the dry-to-
wet changes in summer precipitation over the TRH region 
via its modulation on the moisture source contribution.

Why the changes in the Silk Road Pattern (SRP) and the 
SST from P1 to P2 could potentially account for the dry-to-
wet shift in summer precipitation over the TRH region? To 
answer this question, we further explore its underling mech-
anisms from the perspective of its impacts on the atmo-
spheric circulation. Firstly, we show the spatial distribution 
of difference in anomalies of 500-hPa zonal and meridional 
wind between the P1 and P2 period in the Fig. 12a and b, 
respectively. Comparing to the P1, the anomalies in zonal 
wind exhibit a wave train-like structure at 500-hPa level 
during P2 period (Fig. 12a), and these anomalies are extend-
ing nearly from the surface to the upper troposphere (Figure 
not shown). Especially, the obvious easterly wind anomalies 

Fig. 10 Time series for (a) the Silk Road index (SRI), (b) the Indo-
Pacific Warm Pool Index (WPI) and (c) the Pacific Decadal Oscilla-
tion (PDO) index. (d) EOF1 of mean meridional wind during summer 
season, in which the solid green line indicates the location of Tibetan 
Plateau and the dashed rectangular box represent the TRH region. The 

EOF1 of SST over warm pool region and over North Pacific basin 
is represented in (e) and (f), respectively. (g), (h), and (i) shows the 
regressions of summer precipitation anomalies against the SRI, WPI, 
PDO respectively (unit in mm, regions exceeding the 95% significance 
level are dotted)
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the EOF1 of summer meridional wind on 200-hPa level. It 
can be found that the spatial pattern of SRP shows a remark-
able contrast between P1 and P2. Specifically, the distribu-
tion of the SRP over the TRH is in its positive phase for P1, 
while it changed into a negative phase for P2. This negative 
phase is beneficial for the increase in summer precipitation 
over the TRH region. The difference in regressed 500-hPa 
geopotential height against the SRI between the P1 and 
P2 (Figure not shown here) shows that the decadal shift in 
meridional wind anomaly is linked to anomalous cyclonic 
(anticyclonic) circulation in the western (eastern) part of 

WPI and PDO index is particularly featured by an easterly 
wind anomaly over the northeastern TP and southerly wind 
anomaly around the western TP, which largely resemble to 
that shown in Fig. 12a and b. These results suggest that the 
SST in the Indo-Pacific warm pool and the North Pacific 
could modulate the atmospheric circulation via altering the 
wind fields, thereby exerting an impact on the anomalous 
transport of water vapor.

Regarding to the impacts of SRI index, we provide the 
spatial pattern of the SRP during the P1 and P2 period 
(Fig. 13). Note that here the Silk Road Index is defined as 

Fig. 11 Difference in regressed summer moisture source contribution to the TRH region against the (a) SRI, (b) WPI, and (c) PDO between P1 and 
P2 (P2-P1). The dotted area indicates the difference is statistically significant at the 95% confidence level
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4 Discussion

4.1 Comparison with previous studies

Under a changing climate, the atmospheric water cycle pro-
cesses over the TRH region have been greatly enhanced 
(Wang et al. 2023), along with a dry-to-wet transition in 
summer precipitation over this region. Despite the wide-
spread interest of scientific community, the causes of such 
climate shifts are still not well understood. On the one hand, 
for the external forcing, previous studies assumed that the 
weakening of the westerlies could make it more conve-
nient for water vapor to be trapped over the TP, leading to 
an increase in the moisture contribution from the TP and 
Northeast China (Jiang et al. 2023). The interdecadal shift 

northern Tibetan Plateau. This anomalous circulation pat-
tern is obviously benefits for the strong southwesterly winds 
in the southern upstream region and anomalous weak west-
erly winds in the northern upstream region of the TP. This 
result is supported by a more recent study by Sun et al. 
(2024), in which they argued that the inter-annual variation 
of the precipitation on the Tibetan Plateau is closely related 
to the changes in meridional wind, and the southerly wind 
anomalies would result in more precipitation in the northern 
TP.

Fig. 12 The spatial distribution of difference in zonal (a) and meridio-
nal (b) wind between the P1 and P2 period (P2-P1) on 500-hPa height, 
together with their regressed winds against the WPI (c, d) and PDO (e, 

f) index. The dotted area indicates the difference is statistically signifi-
cant at the 95% confidence level
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the strengthened local recycling over most parts of the TP 
(Curio et al. 2015; He et al. 2021; Li et al. 2022). More 
specfically, He et al. (2021) argued that the dominant 
increasing water vapor over the western TP is dominated by 
the internal cycle of the water cycle, which is largely related 
to the enhanced precipitation recycling (Li et al. 2022; Guo 
et al. 2022).

of summer precipitation in the TRH region is likely to corre-
spond to the strengthening of the South Asian summer mon-
soon and the relatively weakening of the westerlies (Sun et 
al. 2020). More recently, Liu et al. (2023) have shown that 
the external forcing tied to the increased southerly and east-
erly water vapor transport made a significant contribution to 
the dry-to-wet transition over the TRH region. On the other 
hand, a large number of previous studies have demonstrated 

Fig. 13 The spatial patter for the composite meridional wind for the P1 and P2 period, derived from EOF analysis
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the distributions of differences in moisture sources between 
P1 and P2 in terms of different transport time scales on spe-
cific days.The results show that the discrepancy of moisture 
sources between the P1 and P2 varies spatially in line with 
the transport time elapsed. For relatively short-term (1–2 
days) water vapor transport, the increased moisture sources 
are confined to a limited region, with the most siganificant 
positive values centered on the east and north of TP and 
negative values to and over the wester TP. Along with the 
backward tracking time elapsed, the regions of increased 
moisture uptake are enlarged. For backward tracking of 
3–6 days, the regions with positive values are strengthened 
northeastward beyond the northern TP and southwestward 
to the Iranian plateau, the ARS and ARP, respectively. For 
a longer period of 7–10 days, except the parts of IND and 
SMP, the whole region is featured by the positive contri-
bution, and the increased moisture could be tracked back 
to the far oceanic areas, even the moisture transport cross-
ing the equator from the south hemisphere. It is worthy to 
note that only the eastern and northern TP act as a steady 
positive contributor with difference statistically significant 
at the 95% confidence level (Fig. 14), indicating that local 
recycling processes on the TP and its adjacent regions con-
tribute remarkably to the interdecadal increase of summer 
precipitation in the TRH region.

5 Summary and conclusions

The Three-Rivers Headwater (TRH) region is an important 
reservoir of freshwater resources in China. Under a changing 
climate, the precipitation over this region has been altered 
as well. Building on the gauged precipitation data and sta-
tistical analysis, we detected a dry-to-wet shift in summer 
precipitation over the TRH region around 1995/1996. With 
the 38-year high resolution Lagrangian modeling and a 
relatively sophisticated moisture sources diagnosis, the spa-
tiotemporal characteristics of changes in moisture sources 
accompanying with the dry-to-wet transition are explored, 
particularly aiming to reveal the underlying mechanisms of 
decadal transition in summer rainfall. The main conclusions 
of this study could be summarized as follows:

1) The summer precipitation in the TRH region is featured 
by a dry-to-wet transition from period of 1996–2017 to 
1980–1995. The variability of moisture sources for the 
water vapor reaching the TRH region are closely linked 
to the regional summer precipitation in the TRH region. 
This relationship remains steady across multiple trans-
port time scales associated with the water vapor.

2) The dry-to-wet shift in summer precipitation in TRH 
is regulated by the changes in moisture sources across 

Here we have conducted an analysis of decadal changes 
in the moisture sources for the water vapor reaching the 
TRH region during the summer season for the period of 
1980–2017, with particular focus on the causes of the dry-
to-wet shift in the summer precipitation between periods 
1980–1995 and 1996–2017. The results of this study high-
light the enhanced contribution by the terrestrial sources to 
the dry-to-wet shift in the TRH, which are largely tied to 
the processes of land evaporation or precipitation recycling 
process.

Regarding the relative importance of different moisture 
sources, the results presented herein have shown that the 
terrestrial sources play a leading role in modulating the 
dry-to-wet shift, since their contributions is several times 
higher than that by the oceanic sources. This result seems 
slightly different from recent studies. For instance, Wang 
et al. (2022b) argued that the dry/wet variations could be 
attributed to the enhancement in Indian Ocean sea surface 
temperature. Here, there is a caveat that should be pointed 
out first. As to the moisture sources identification method of 
this study, we diagnose the variable of evaporation minus 
precipitation (E-P), rather than the evaporation itself. Con-
sidering the large amount of precipitation occurred over the 
oceanic region, the moisture contribution to the precipi-
tation by parts of oceanic regions could not be examined 
directly. In this sense, the results presented herein do not 
disagree with those previous studies.

4.2 Uncertainties of this study

The robustness of the results presented in this study largely 
depends on the accuracies of methods used to identify the 
moisture source. Although the large uncertainty is inhibited 
in the Lagrangian modeling and moisture sources diagnosis 
(Gimeno 2020), the relatively high spatiotemporal resolu-
tion and relatively high performance over the TP for the 
ERA-Interim reanalysis (Gao et al. 2014) has documented 
the accuracy of the trajectory calculation. More importantly, 
the analysis of this study is mainly based on the compari-
son of moisture source between the P1 (1980–1995) and P2 
(1996–2017), which, to a large extent, weakens the impact 
of absolute errors in the ERA-Interim reanalysis. Addition-
ally, the close relationship between the diagnosed moisture 
sources and the precipitation during the summer season evi-
dences the robustness of the study.

Another caveat should be kept in mind. The method 
of E-P diagnosis used in this study can not provide exact 
details on the local recycling. Considering that the dis-
tinctly physical processes are senstive to the transport time 
scale for the vapor reaching the TRH, the examination on 
the dependency of moisture sources on the transport time 
scales could shed light on these issues. Figure 7 provides 
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summer precipitation in the TRH region by influencing 
the west-east phase shift of the TP moisture contribu-
tion. The decadal variations in mid-latitude meridional 
winds and the low-latitude sea surface temperature SST 
bridge the changes in moisture sources and precipita-
tion during the summer season. However, as mentioned 
above, the atmospheric circulation systems regulating 
the summer precipitation in TRH are rather intricate, 
and the changes in moisture changes over this region 
involve multiple factors. For instance, Sun et al. (2020) 
emphasized the weakening of the westerlies, which 
is connected to the Atlantic Multidecadal Oscillation, 
could make a significant contribution to the wetting of 
the Inner TP. The complexity of the variation in precipi-
tation over the TRH region warrants further in-depth 
studies.

multiple transport time scales (from 1 to 10 days). The 
Tibetan Plateau (TP), the Central Eastern Asian region 
(CEA), and the Arabian Peninsula (ARP) are ranked as 
the three leading contributors of the enhanced moisture 
supply, with the accumulated moisture sources on all 
grids increased by 11.3 (0.41%), 8.61 (0.52%) and 8.63 
(0.33%) mm per year, respectively. This result implies 
that the terrestrial source plays a leading role in regu-
lating the decadal shift of TRHR summer precipitation, 
rather than that directly from the oceanic regions. In 
particular, the relatively shorter transport time distance 
and steady contribution (lasting for 10 days) from the 
TP highlight the vital role of the enhanced local precipi-
tation recycling process.

3) The Silk Road Index (SRI) and Indo-Pacific Warm Pool 
Index (WPI) tend to dominate the dipole pattern of 

Fig. 14 Distributions of difference in moisture sources between P1 and 
P2 periods with respect to the different transport time scales (color 
shaded, P2-P1, 102mm.day− 1). The 1d, 2d, 3d and so on representing 
the moisture sources (E − P)n derived from the corresponding back-

ward trajectories of separate day before the air parcels reaching the 
TRH region (The dotted area means the difference is statistically sig-
nificant at the 95% confidence level )
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