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Evidence has indicated an overall wetting trend over the Three-Rivers Headwater Region
(TRHR) in the recent decades, whereas the possible mechanisms for this change remain
unclear. Detecting the main moisture source regions of the water vapor and its increasing
trend over this region could help understand the long-term precipitation change. Based on
the gauge-based precipitation observation analysis, we find that the heavy precipitation
events act as the main contributor to the interannual increasing trend of summer
precipitation over the TRHR. A Lagrangian moisture tracking methodology is then
utilized to identify the main moisture source of water vapor over the target region for
the boreal summer period of 1980–2017, with focus particularly on exploring its change
associated with the interannual trend of precipitation. On an average, the moisture sources
for the target regions cover vast regions, including the west and northwest of the Tibetan
Plateau by the westerlies, the southwest by the Indian summer monsoon, and the adjacent
regions associated with the local recycling. However, the increased interannual precipitation
trend over the TRHR could be largely attributed to the enhanced moisture sources from the
neighboring northeastern areas of the targeted region, particularly associated with the heavy
precipitation events. The increased water vapor transport from the neighboring areas of the
TRHR potentially related to the enhanced local hydrological recycling over these regions
plays a first leading role in the recent precipitation increase over the TRHR.

Keywords: heavy precipitation, interannual trend, Three-Rivers headwater region, moisture sources, climate
change

INTRODUCTION

The Three-Rivers Headwater Region (TRHR), located at the high-altitude region of the Tibetan
Plateau (TP), acts as the “Asian water tower” (Immerzeel et al., 2010; Xu et al., 2014; Yao et al., 2017),
which supplies considerable water for many Asian major rivers, including the Yellow, Yangtze, and
Lantscang (as shown in Figure 1A). The TRHR is considered to be more vulnerable to extreme
weather events since it is under the influences of the South Asianmonsoon, East Asianmonsoon, and
mid-latitude westerlies (Xi et al., 2018; Sun et al., 2019).

During the past decades, the whole TRHR was getting wetter under the global climate change (Li
et al., 2010; Gao et al., 2014). The annual precipitation overall shows an increasing trend, even though
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the precipitation in the TRHR exhibits spatial heterogeneity
(Liang et al., 2013; Yi et al., 2013; Tong et al., 2014; Sun et al.,
2018). In this context, the exploration of the nature of long-term
trend and reasons behind increasing precipitation over the TRHR
has become a hotspot of the academic community because of its
societal ramifications ( Yang et al., 2014; Wang et al., 2018; Gao
et al., 2019).

Generally, a large amount of water vapor supply has been
regarded as a priority for precipitation formation (Gimeno et al.,
2012; Wang et al., 2018). Knowledge about the origin of water
vapor that produces the rainfall over a target region could
promote a better understanding of the long-term precipitation
trend (Stohl and James 2004; Gimeno et al., 2012; Wang et al.,

2018). It can be speculated that the increased precipitation in the
TRHR could be associated with more water vapor supply, from
either the internal sources or external moisture origins (Gao et al.,
2014). The identification of the moisture origins in the TRHR and
its change thereby merit further exploration.

Based on the above consideration, two questions will be
discussed in this study: 1) What is the relative importance of
different categories of precipitation that contributed to the long-
term changes of summer precipitation over the TRHR? 2)What is
the relationship between the change in moisture sources and the
interannual trend of summer precipitation in the TRHR?

DATA AND METHODS

Data
The daily observed rainfall data with a spatial resolution of 0.25°

× 0.25° across mainland China are derived from more than 2,400
gauge stations by the National Meteorological Information
Center of the China Meteorological Administration (NMIC/
CMA). These observed precipitation data have been
extensively utilized to explore the characteristics of the
precipitation multi-scale spatiotemporal variation over the vast
East Asian monsoon region (Shen et al., 2010; Zhang et al., 2021).

To conduct the Lagrangian modeling, the European Center for
Medium-Range Weather Forecasts reanalysis (ERA)–Interim
data are adopted as the meteorological fields to force the
Lagrangian model. The meteorological fields contained in the
ERA-Interim data are in the 60 hybrid model levels from the
surface layer to 0.1 hPa, at a spatial resolution of 0.75° × 0.75° and
6-hour time step. Further details of ERA-Interim can be found in
the reference section (Dee et al., 2011).

Lagrangian Model and its Configuration
The FLEXPART model (FLEXIBLE PARTicle dispersion model)
version V9.0 was used to carry out the multiyear simulations to
produce the datasets for further moisture source diagnosis. This
Lagrangian model has been widely utilized for a large amount of
research on air mass and water vapor transport, particularly for
the identification of moisture sources ( Sodemann et al., 2008;
Drumond et al., 2011; Drumond et al., 2019; Gimeno et al., 2012;
Sun and Wang, 2014).

To start with, the model divides the whole column atmosphere
over the Asian monsoon region (−15–60°N and 0–160°E) into
approximately 2 million air parcels of constant mass (roughly
equals 1.12 × 1,012 kg), which are advected freely by the three-
dimensional winds during the simulation. The model integrates
from 15 April to 15 September for each boreal summer.
Eventually, a 6-hourly Lagrangian simulation output dataset,
including three-dimensional positions, specific humidity, and
temperature, is then constructed for each air parcel for the
period of 1980–2017.

Method for Water Vapor Source Diagnosis
Considering that the high values of long-term summer
precipitation trend are mainly located in the northwestern
TRHR (Figure 1C), the target region is defined as the area

FIGURE 1 | (A) The topographical distribution (color shaded, unit in m)
with the height exceeding 2000 m. (B) The climatology of the summer
seasonal mean (June, July, and August) precipitation during the period of
1980–2017 over the TRHR (unit in mm). The shaded area represents
precipitation exceeding 330 mm; (C) The trend of annual summer
precipitation over the TRHR calculated from the gauge-based precipitation
from 1980 to 2017 (unit in mm yr−1). The observed station precipitation data
are based on the gridded daily precipitation observation data with a spatial
resolution of 0.25° × 0.25°.
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within 32.5°N–36°N and 80.5°E–92.5°E. To estimate the source of
the water vapor, all air parcels that reached the target region in
each time interval (6 h) during the modeling period are first
selected and then tracked backward in time of 10 days, which
approximately equals to the residence time of the water vapor in
the atmosphere (Numaguti, 1999). A database of trajectories
entering into this target region is then constructed first. Thus,
the changes in the specific humidity (q) along each air particle
within the time step (t) can be expressed as e−p � m (dq/dt),
where m is the mass of the individual air particle and (e−p) is the
evaporation-minus-precipitation. By adding (e−p) for all the
particles over the entire atmospheric column for all the
resident air parcels, we obtained the surface fresh water flux
(E−P), where E and P are the rates of evaporation and
precipitation, respectively. We track (E−P) from the target
region backwards in time along the trajectories. The sources of
water vapor are recognized as the regions in which the
evaporation exceeds the precipitation, that is, (E−P)> 0. Then,
the moisture source fields from all backward air parcels are
linearly interpolated to a regular grid with 1.0° × 1.0° spatial
resolution. Eventually, the climatology of well-resolved 6-hourly
trajectory-based moisture uptake fields for the TRHR is
constructed.

Definition of Extreme Precipitation Indices
In this study, eight extreme precipitation indices of ETCCDI
(Expert Team on Climate Change Detection and Indices) were
selected to characterize the precipitation anomalies over the
TRHR (Table 1), which are defined and utilized commonly as
the precipitation indices to study the extreme precipitation events
(Karl, 1999; Peterson et al., 2001; Sillmann et al., 2013).

RESULTS AND DISCUSSION

The Interannual Trend of Summer
Precipitation Over the TRHR
The climatological seasonal mean of summer precipitation over
the TRHR calculated from the NMIC/CMA dataset for the period
of 1980–2017 is shown in Figure 1B. It is not surprising that the
distributions of the precipitation are less spatially uniform over
this region due to its large spatial extent of a high-elevation
terrain. The values of precipitation decrease from the southeast to

northwest over the TRHR. This spatial pattern of summer rainfall
reflects that the precipitation over the TRHR is mainly modulated
by the water vapor conveyed by the low-latitudinal atmospheric
flows associated with the Indian and Eastern Asian summer
monsoon (Yao et al., 2013; Pan et al., 2018; Lai et al., 2021).

The corresponding interannual trend of precipitation over the
TRHR is shown in Figure 1C. It is worth noting that a wide range
of the south–southeast TRHR shows a negative trend, indicating
that precipitation over these regions decreased for the past
decades. However, the TRHR shows a general wetting trend,
with the positive values mainly located north of 34°N, particularly
in the northwestern TRHR, illustrating a significant increase in
precipitation. Taking the TRHR as a whole region, the summer
precipitation over the target region is increased due to the
contribution from the northwestern part (as shown in
Figure 1C, black dots). This interannual precipitation trend of
the “south-drier and north-wetter” spatial pattern is consistent
with the wetting trend in the TRHR, which have been
demonstrated in previous studies, for example, by Yi et al.
(2013) and Liu et al. (2019).

The Association of Interannual Trend With
the Precipitation Intensity Anomalies
To further understand the characteristics of interannual trend of
precipitation over the TRHR, we computed the time series of the
extreme precipitation indices for the period of 1980–2017,
together with the corresponding interannual precipitation
(Figure 2). In general, most indices exhibited an increasing
trend during the past decades. There are six indices (SDII,
RX1day, R99Ptot, R10mm, R20mm, and CWD), which agree
with the variation of regional summer precipitation in the TRHR
on an interannual scale, with the correlation coefficient between
each index and regional average precipitation being 0.658, 0.543,
0.628, 0.814, 0.628, and 0.549, respectively. Note that the
variation of consecutive dry days (CDDs), which exhibits a
small decreasing trend, is obviously in contrary to the
variation of summer precipitation. This result is similar to the
work by Xi et al. (2018), in which they argued that the consecutive
dry days in the TRHR have been declining significantly in the past
50 years, with a decadal variability of 4.5 days per 10 years.

It is noteworthy that, on the interannual scale, the daily
intensity index (SDII), precipitation fraction due to extremely

TABLE 1 | Definition of extreme precipitation indices.

Extreme precipitation index Abbreviation Definition Unit

Simple daily intensity index SDII Intensity of daily precipitation (PR) on wet days mm
Highest 1 day precipitation amount RX1day Maximum amount of precipitation on a single day mm
Precipitation fraction due to very wet days R95pTOT Percentage of total precipitation from amount on very wet days when PR> 95th percentile of

precipitation
%

Precipitation fraction due to extremely wet
days

R99pTOT Percentage of total precipitation from amount on extremely wet days when PR> 99th percentile of
precipitation

%

Heavy precipitation days R10 mm Count of days when PR≥ 10 mm days
Very heavy precipitation days R20 mm Count of days when PR≥ 20 mm days
Consecutive dry days CDD Longest number of consecutive days with PR< 1 mm days
Consecutive wet days CWD Longest number of consecutive days with PR≥ 1mm days
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wet days (R99pTOT), and very heavy precipitation days
(R20mm) are closely correlated with the summer rainfall, with
the correlation coefficients being 0.658, 0.628, and 0.628 (Figures
2A,D,F), respectively. In particular, the correlation coefficient
between the heavy precipitation days and the summer mean
precipitation in the TRHR reaches the highest value of 0.814
(Figure 2E). These results indicate that the interannual trend of
summer precipitation over the TRHR may be related to the
variation in the intensity and frequency of heavy and extreme
precipitation events. In other words, the increase in the heavy and
extreme heavy precipitation is potentially playing a critical role in
the increasing summer mean rainfall.

To further demonstrate the impacts of changes in the intensity
of precipitation events on the interannual trend of summer
precipitation, we divided the precipitation events into four
categories based on their daily values, namely, drizzle, little

rain, moderate rain, and heavy rain (Table 2). We calculated
the correlation coefficient, on the interannual scale, between the
precipitation days of each category and the summer mean
precipitation over the TRHR. Note that the annual
precipitation is only positively correlated with days of heavy
rain (PR≥ 9 mm) that occurred with a correlation coefficient
reaching 0.547 but negatively correlated with other categories of

FIGURE 2 | The interannual variation of the eight extreme precipitation indices (A) SDII; (B) RX1 days; (C) R95dTOT; (D) R99pTOT; (E) R10mm; (F) R20mm; (G)
CDD; and (H) CWD; the meaning of abbreviation for the six indices is shown in Table 1, together with the regional mean precipitation over the TRHR. The correlation
coefficient between each index and the regional average precipitation is shown in the left corner, and seven indices have passed the 0.05 significance level except for the
precipitation fraction due to wet days (R95pTOT).

TABLE 2 | Correlation coefficient between precipitation intensity and the four
categories of precipitation events on the interannual scale.

Range of rainfall Precipitation type Correlation coefficient

1 mm < PR < 2 mm Drizzle −0.58
2 mmPR<4 mm Little rain −0.537
4 mmPR<6 mm Moderate rain −0.383
PR≥9mm Heavy rain 0.547
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precipitation events. This result further suggests that the increase
in heavy rainfall may be the main cause for the increasing
interannual trend of precipitation over the TRHR, while light
or moderate precipitation events play a minor role
(Supplementary Figure S1). Combined with the results of the
correlation coefficient of extreme precipitation indices above, the
increase in the summer mean rainfall in the TRHR is largely
dominated by the change of heavy precipitation events, which are
reflected both in the increase of heavy precipitation days and the
enhancement of precipitation intensity. These results would be
further evidenced in the following section.

Summer Seasonal Mean of Evaporative
Moisture Sources and its Long-Term Trend
Figure 3A exhibits the climatology of the summer seasonal mean
moisture uptakes, that is, integrated (E - P)> 0 of days 1–10,
together with the vertically integrated water vapor flux (vector).
This result shows the average of all gains of moisture over the
previous 10 days prior to reaching the TRHR. It can be found that
those regions with the largest values, that is, the most influential
moisture origins are largely located in India and its northwestern
areas. This result partly agrees with previous researches by Sun

and Wang (2014) and Chen et al. (2016), indicating that the
moisture contribution from the adjacent regions could play a
critical role in the water vapor supply and the remote moisture
uptake from oceanic areas could be precipitated out during their
period of transport. The regions over the Arabian Sea, the
northern India, and even the tropical Indian Ocean are ranked
as the second moisture source. It can be deduced that this spatial
pattern of the moisture sources is consistent with the pattern of
water vapor transport (Figure 3A, vector), indicating that the
atmospheric vapor reaching the TRHR is mainly shaped by the
Indian summer monsoon and the westerlies (Yao et al., 2013; Pan
et al., 2018).

Note that the objective of this study was to identify the
moisture sources of external water vapor reaching the TRHR;
thus, only those air parcels penetrating the target region in each
time interval (6 h) during the boreal summer are selected and
then were tracked backward for 10 days to diagnose the moisture
sources, which gave rise to a sharp discontinuity of moisture
sources contribution at the edges of the target region box.
However, a fraction of selected air parcels could return and
reside in the target region by backward tracking, due to the
influence of complicated local atmospheric circulations. These
multi-boundary–crossing air parcels with increased humidity will

FIGURE 3 | (A) Horizontal spatial distribution of the climatological (1980–2017) integrated moisture source contribution, that is, the Lagrangian E-P diagnosed (E -
P)> 0 of days 1–10 for the TRHR (units: millimeter per day). The vector indicates the vertically integrated water vapor flux derived from the ERA-Interim (JJA, 1980–2017,
vector, in kgm−1 s−1). The target region for the water sources diagnosis is defined as the continental areas within the red rectangular box (32.5°N–36°N and
80.5°E–92.5°E. (B) The interannual trend of the moisture contribution in the THRR for the period of 1980–2017. The dotted areas indicated the regions that
exceeded the 0.05 significance level with the Student’s t test. (C) Time series of interannual regional average moisture sources (red) and the regional average summer
mean precipitation (black) in the TRHR. The dot lines indicate the long-term trend, respectively.
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result in the target region itself as a contributor, but with less
significance.

The variation of the regional summer precipitation and
moisture contribution represents a good consistency on the
interannual scale (Figure 3C). Both the precipitation and
moisture contribution show a similar trend, with turning
points from decreasing to increasing occurring in the middle
and late 1990s (1995). The Pearson correlation coefficient is 0.46,
with a significance level above 0.05. This result shows that the
moisture contribution for the precipitation could capture the
variation of precipitation, which in turn indicates that the
exploration on the variability of moisture sources could reveal
the underlying mechanism of the regional precipitation
evolution.

The interannual trend of moisture sources over the TRHR is
illustrated in Figure 3B, with the dotted areas indicating the
regions with a trend exceeding the 0.05 significance level with the
Student’s t test. The areas with positive values cover vast regions,
including but not limited to southern Asia, the Arabian Sea, the
Bay of Bengal, the northern India, and the vast areas of the Indian
Ocean. However, the region that exhibits a significant increase in
the trend is mainly centered on the adjacent regions to the TRHR
itself, where contributions from the targeted west–northeastern
TRHR increased the most in intensity.

Above results emphasize the importance of the local water
vapor recycling, particularly in the surrounding area on the
northwest side of the TRHR and the Tibetan Plateau. It has
been evidenced that the strengthening of the local water vapor
recycling process may correlate with the evapotranspiration over
the TRHR, which in turn facilitated the growth of vegetation (Gan
et al., 2020). Studies have further pointed out that the
enhancement of the westerlies over the mid-latitude may be
one reason for the continuous increase in moisture around the
northwestern side of the plateau ( Liao et al., 2018). Thus, we can
deduce that the neighboring west–northeastern region supplies a
large amount of extra moisture for increased precipitation, with
the increased moisture contribution from the ocean playing a
secondary role, although the water vapor from this region has a
strong correlation with the interannual variation of precipitation
in the TRHR (Chen et al., 2012; Zhang et al., 2019).

Interannual Trend Comparison for Different
Categories of Precipitation Events
We have demonstrated that the interannual trend of summer
rainfall over the TRHR could be largely attributed to the
enhancement of the heavy and extreme precipitation events,
both in frequency and intensity. However, a question remains
to be elucidated: Do the areas with larger values of the interannual
trend for the moisture contribution for summer mean

precipitation coincide spatially with that for the heavy
precipitation events?

To address this question, we utilized different percentiles as
thresholds to categorize the precipitation events based on the
daily observed regional precipitation. The details on the threshold
selection and their corresponding magnitude of daily rainfall are
listed in Table 3. The moisture sources for the different category
precipitation events are calculated individually (Figure not
shown). The moisture sources for the different category
precipitation events show a similar spatial pattern, which is
analogous to that for the summer mean precipitation, with a
large amount of moisture originating from the vaster regions,
such as the Central Asia, Indian Peninsula, the Bay of Bengal, and
to the northwest of target region. However, differences exist
among the different types of precipitation events. For example,
the cross-equatorial moisture transport from the Indian Ocean is
getting more significant for the heavy and extreme, comparing to
the light and moderate (shown in Supplementary Figure S2).
Further examination of the differences in the moisture sources for
five categories of precipitation is beyond the scope of the
present study.

Figure 4 shows the interannual trend of the moisture
contribution, which is the same as Figure 3B, but corresponds
to the five predefined category precipitation events. Obviously,
the spatial distributions of the interannual trend for the moisture
uptake vary significantly among the five categories of
precipitation events. For the dry days, the long-term trend is
less significant. For other types of precipitation events (i.e., the
light, moderate, heavy, and extremely heavy), the interannual
trend gets higher and higher. With the strength of precipitation
intensity, the moisture contribution from the remote moisture
sources originating from the tropical to subtropical Arabian Sea
corridor gets more significant, which means that the external
regions as the moisture uptake fields play an important role in the
enhancement of rainfall. However, when we compare the results
shown in Figure 3B to that in Figure 4, it is easy to find that the
spatial pattern of the interannual trend in the moisture
contribution by the heavy rainfall events coincides roughly
with that for the overall moisture contribution, with the
majority of the positive high-value areas centered over the
areas neighboring the TRHR, including the northeastern and
western parts of the Tibetan Plateau. This result affirms again that
the heavy but not the extreme rainfall events play a first leading
role in the increased interannual trend in the summer mean
precipitation in the target region.

For a specific region, the trend of the moisture uptakes
contribution to the rainfall events could be impacted by two
factors: 1) the increases in large-scale water vapor transport and
2) the enhancement of local evaporation over the source origins
(Gimeno et al., 2012). As shown in Figure 4, except for the relatively

TABLE 3 | Determination of five precipitation types.

Threshold <5th (10th, 30th) (40th, 60th) (70th,95th) >99th

Precipitation PR < 0.44 mm (0.64 mm,1.65 mm) (2.26 mm,3.58 mm) (4.36 mm,7.29 mm) PR > 9.25 mm
Type Dry Light Moderate Heavy Extremely heavy
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small contribution from the remote moisture sources, the increase of
water vapor for the heavy rainfall events from the adjacent
northwestern land areas are particularly significant, indicating the
importance of the local recycling process of the plateau itself to the
interannual trend of heavy precipitation over the TRHR.

CONCLUSION

During the recent decades, the Three-Rivers Headwater Region
(TRHR) experiences an overall wetting trend, whereas the
reasons it behind remain elusive. In order to shed some light
on this issue, we examined the association of interannual trend of
the summer mean precipitation with the anomalies in the
intensity of precipitation. We also identified the remote
evaporative moisture uptakes contributed to the rainfall over
the TRHR during a summer period of 38 years (1980–2017), with
focus particularly on the association of moisture sources with the
variability in precipitation intensity. The main results of the
present study could be summarized as follows:

1) The results show that the TRHR has been getting wetter
during the recent decades, especially with the obvious
increasing precipitation in the northwest of the TRHR. The
interannual variation of the observed summer precipitation
agrees well with the integrated diagnosed moisture sources,

indicating that the changes of precipitation could be well
captured by the moisture sources.

2) The moisture sources for the TRHR cover vast regions,
including but not limited to the west and northwest of the
Tibetan Plateau by the westerlies, and that from the southwest
by the Indian summer monsoon. Compared to the
contribution of oceanic moisture sources, the terrestrial
moisture supply is more important. Also, the increased
interannual precipitation trend over the TRHR could be
largely attributed to the enhanced moisture sources from
the neighboring northeastern areas of the target region.

3) Further analysis shows that enhanced moisture
contribution highly resemble the heavy precipitation
events. Thus, the enhanced water vapor transport
conveyed by the heavy precipitation events from the
neighboring areas of the TRHR, which is largely
associated with the intensified land surface evaporation
or local hydrological recycling over these regions, in
combination with enhanced transport from low-latitude
oceanic regions, play a critical role in supplying vapor for
the recent summer rainfall increase over the TRHR.

The results of this research shed some light on the
characteristics of the rainfall and underlying mechanisms
associated with its interannual trend. However, due to the
complexity of the land surface conditions and atmospheric

FIGURE 4 |Distribution for the interannual trend of the Lagrangian E-P diagnosedmoisture sources contribution of the five category precipitation events for (A) dry,
(B) light, (C) moderate, (D) heavy, and (E) extremely heavy, respectively. The dotted regions are significant at the 95% confidence level.
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circulations over the target area, the relationship between the
changes in the atmospheric moisture uptakes and atmospheric
circulations over the TRHR is elusive, which invites further
studies.
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