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Abstract Rapid warming over the Tibetan Plateau (TP) has been associated with an increasing trend
in atmospheric water vapor content, which is critical for recharging the Asian water tower. However, the
mechanism associated with the wetting phenomenon remains unclear. Long-term changes in moisture
balance and precipitation (PRE) recycling processes are investigated using the ERAS5 reanalysis from 1979
to 2019. The increasing trend over TP is mainly due to the summer water vapor trend with significantly
increases over the western TP. Based on the moisture balance analysis, it is found that PRE, evaporation,
and the convergence of moisture are all increasing over the western TP but decreasing over the eastern TP.
Based on the dynamical PRE recycling model, the results suggest that both internal and external cycles
contributes to the wetting over TP, with 63.87% and 36.13% contributions respectively. Further analysis
found that the atmospheric heating source is also increasing over the western TP, which could shift

the moisture transportation from east to west at the southern boundary of TP. The increasing moisture
convergence could enhance PRE, and the enhanced latent heating in the mid-atmosphere can further
induced moisture convergence, which forms a positive feedback. However, an opposite situation occurred
over the eastern TP. The internal and external cycle of the water cycle can stimulate (suppress) each other
through PRE over the western (eastern) TP. This mechanism linked the changes in the PRE recycling and
atmospheric circulation, and induced the increasing trend over TP in summer.

1. Introduction

The Tibetan Plateau (TP) is one of the highest plateaus globally, with an average altitude of over 4,000 me-
ters, and is known as the Asian water tower. Large amounts of terrestrial water are stored in this “Asian
water towers” in glaciers, snow, lakes, and rivers. It's the source of over 12 important Asian rivers, includ-
ing the Indus, Ganges, Brahmaputra, Yangtze, and Yellow Rivers, which provide essential water resources
for more than two billion people (Cuo & Zhang, 2017; Curio & Scherer, 2016; Gao et al., 2018; Immerzeel
et al., 2019; Yao et al., 2012). In summer, the humidity in the overlying atmosphere over TP is much higher
than its surround regions (X. Xu et al., 2008). X. Xu et al. (2008) proposed that the TP is a global atmospheric
“water tower” due to its heating pump affect and found a great relevance with trans-hemispheric transport
of water vapor and energy. The water vapor from Indian and Pacific oceans converges over TP and produces
precipitation (PRE) to recharge its underlying Asian water tower. However, studies have shown evidences
that the water storage in the Asian water tower is decreasing significantly due to the global warming (Im-
merzeel et al., 2019; Yao et al., 2012, 2019), which may threaten the life of billions of people. The sustainable
recharges of the Asian water tower are increasingly recognized as a serious, worldwide public environmen-
tal concern. Therefore, many researchers have attempted to explore the variation of the Asian water tower
and its risk in the future under climate change (Immerzeel et al., 2010, 2019; Yao et al., 2019). However, the
variations of the atmospheric water tower, which is the only source of supply for the Asian water tower, and
the mechanisms causing these variations have not been comprehensively investigated, which is critical in
understanding the response of the Asian water tower under global warming.

TP is one of the most sensitive regions to climate change (Bibi et al., 2018; Yang et al., 2014). Since the sec-
ond half of the twentieth century, TP has experienced more significant warming with twice of the global
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mean warming rate (Duan & Xiao, 2015). The enhanced warming has led to a series of changes in the
hydrological cycles, including vegetation greening (W. Zhang et al, 2017; Zhong et al., 2019), glacier deg-
radation, permafrost melting, runoff increasing (Sun et al., 2020) and lake expansion (Song et al., 2014;
Yang et al., 2017; G. Zhang et al., 2020). Although the overall terrestrial water storage over TP is decreasing
dramatically, the moisture storage in the atmosphere (quantified as total column water vapor (TCWV)) and
PRE show increasing trends (Bibi et al., 2018; Sun et al., 2020; Yang et al., 2011; Zhao & Zhou, 2019). For
instance, Sun et al. (2020) pointed out that the PRE over the Inner TP (also called the Qiangtang Plateau)
has increased since the mid-1990s. How the changes observed in the terrestrial water branch can affect the
variation of atmospheric water vapor over TP through evaporation (ET) and PRE remains unclear.

Generally, the atmospheric water vapor comes from local ET within the region (PRE recycling or inter-
nal cycle) and externally advected moisture (external cycle) (Dirmeyer & Brubaker, 2007; Dominguez
et al., 2019, 2006; Eltahir & Bras, 1996; Gimeno et al., 2012). For a monthly or longer time scale, the at-
mospheric moisture budget is balanced by PRE, ET, and moisture convergence. The PRE recycling ratio
indicates the ratio of the PRE evaporated from local (internal cycle), with the remaining portion coming
from remote moisture sources (external cycle). In summer time, solar radiation can efficiently heat the air
column over the TP that is of smaller total mass than neighboring regions due to its high altitude, and it
can induce large-scale near-surface cyclonic circulation (Wu et al., 2019). As a result, the TP becomes an
immensely sensible-heat-driven air pump with large amounts of moisture converging from the surrounding
region toward the TP. Therefore, the moisture from outside of TP contributes 70% of total PRE for summer-
time TP, with the remaining 30% coming from local ET (Hua et al., 2015; Wu et al., 2019; Xu & Gao, 2019).
However, the enhanced warming is affecting this balance between the internal and external cycles. For
example, the lakes located in the inner TP region have significantly expanded due to the melting of glacier
or permafrost (G. Zhang et al., 2020), which could increase the ET and strengthen the internal cycle. On the
other hand, the moisture convergence associated with the external cycle can also be affected by the variation
of heating source. Such heating can be induced by latent heating (associated with PRE) and greenhouse
warming effect, which can trigger positive feedbacks to enhance moisture convergence over TP and there-
fore rainfall (Duan et al., 2018).

Given the fact of the increasing atmospheric water storage over TP that are of great social-economic rele-
vance, and the possible pathways that can affect moisture storages over TP, the questions we want to address
are: What is the dominant mechanism for the wetting of atmospheric water vapor over TP? How do the local
recycling and moisture convergence from remote moisture sources contribute to the wetting, and what is
the role of atmospheric heating source (AHT)? Answers to these questions are critical for understanding
the variations of atmospheric water vapor over TP and predicting future hydrological changes, including
glaciers, lakes, and runoffs over TP.

This study aims to understand the mechanism of increasing water vapor over TP by investigating the mois-
ture recycling and transport processes for the years 1979-2019. The rest of this study is arranged as follows.
Section 2 describes the data and methodology used in this study, including the Dynamical Recycling Model
(DRM) and heating source calculation. Section 3 examines the monthly climatology and trend of atmos-
pheric water vapor over the TP, the variations of moisture budget and recycling processes and their quan-
tified contributions. We further investigate the interaction between the internal and external cycles through
the influence of heating source. Section 4 discusses the linkage between those processes, and Section 5
presents a summary of this study.

2. Data
2.1. Reanalysis Data Set and In Situ Data

Lack of in-situ observational data is one of the most important factors limiting research on the TP due to
high altitude and complex terrain (B. Wang et al., 2020; Y. Wang et al., 2020). To overcome this difficul-
ty, satellite and reanalysis data sets are widely used in recent studies (e.g., Z. Wang et al., 2017; Zhao &
Zhou, 2019), while extra caution should be taken when interpreting reanalysis-based results due to the lack
of assimilating observation data over the TP. In this study, we use the ERA5 reanalysis data-set, which is the
latest state-of-the-art reanalysis produced by the European Center for Medium-Range Weather Forecasts
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Figure 1. (a) The distribution of the climatology of summer precipitation from CMA stations over TP during
1979-2018. (b) Time series of mean precipitation anomaly over the TP relative to the period of 2004-2018 from
different data sets. Reanalysis data sets were first interpolated to the stations by bilinear method. The correlations with
station observations are shown as Pearson correlation coefficient and exceed the 95% confidence level. CMA, China
Meteorological Administration; TP, Tibetan Plateau.

(ECMWF) (Hersbach et al., 2020). It represents a significant improvement and performs better in captur-
ing the spatial pattern of the annual cycle of TCWV over the TP than other reanalysis data sets (Zhao &
Zhou, 2019).

To analyze the water balance in the atmosphere and to explain its changes in recent decades, we used the
monthly TCWYV, PRE, ET, and vertically integrated moisture divergence (VIMD) from the ERAS reanalysis
data set (Hersbach et al., 2020). The resolution is 0.25 X 0.25 horizontally, with 37 levels in the vertical di-
rection. It covers the period from January 1979 to December 2019. The climatology was calculated from the
mean values from 1979 to 2019. To further attribute the increasing of atmospheric vapor over TP to local and
remote moisture contributions, we drive the DRM with daily precipitable water, PRE and ET, and hourly
specific humidity and wind field.

To evaluate the quality of ERAS5 over the TP, other three PRE data sets were used. One is monthly PRE
observations during 1979-2018 from the China Meteorological Administration (CMA). There are 143
stations over the TP, which have the continued observations since 1979 as shown in Figure 1a. Second
is the annual PRE data from the High Asia Refined analysis version 2(HARv2), which is generated by
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dynamical downscaling of global ERA5 using the Weather Research and Forecasting (WRF) model (X.
Wang et al., 2021). HARv2 covers the period of 2004-2018, and has a high spatial resolution of 10 km.
Third is the monthly PRE data from the Modern-Era Retrospective Analysis for Research and Applications,
version 2 (MERRAZ2; Gelaro et al., 2017) produced by NASA's Global Modeling and Assimilation Office.
MERRAZ2 has a spatial resolution of 0.5° X 0.625° in near real-time since from 1980.

2.2. The Analysis of Water Balance Budget

Based on previous studies (Dominguez et al., 2006; Trenberth et al., 2011; Z. Wang et al., 2017), the changes
of TCWYV is associated with PRE, ET, and moisture convergence through the balance of moisture as shown
in below equation:

%—“’+V.Q=E—P+res, 1)
t

where w represents TCWV, —V - Q represents moisture convergence, E represents ET, P represents PRE, and
res represents the residual term. The non-closure of water moisture is mainly induced by the data assimila-
tion methods in the Reanalysis data set.

2.3. The Description of the DRM

Many methods to quantify moisture contributions from local and remote sources to local PRE exit, including
isotopic tracer methods (Kurita & Yamada, 2008; Yang et al., 2006), PRE recycling models (Budyko, 1974;
Eltahir & Bras, 1994; Hua et al., 2015; van der Ent et al., 2010; Xu & Gao, 2019) and Lagrangian models
(Sodemann et al., 2008; Stohl et al., 2008; Sun & Wang, 2014). Due to the nature of question to investigate
long-term variability of the PRE recycling process and the limitations of some methods for such application
(e.g., isotopic tracer methods that are often limited to short-term and smaller-scale applications), we use the
Dynamic recycling model, which is a semi-Lagrangian analytical model and suitable for long-term studies
due to its computational efficiency. DRM is derived from the conservation equation of atmospheric water
vapor (Equation 1; see Dominguez et al., 2006 for more details) and can be used to calculate the PRE recy-
cling ratio (the contribution from local evapotranspiration to total PRE) measuring the relative contribution
of local water vapor to regional PRE.

The DRM assumes that water vapor from different sources in the atmosphere's vertical direction can mix
sufficiently well, which is one of the simplifications used in many PRE recycling models (Goessling & Re-
ick, 2011). Based on this assumption, the ratio of advected to evaporated water vapor in the atmospheric
column is equal to the ratio of advected PRE to recycled PRE as shown in Equation 2. Where the subscripts
a and m refer to the advected and recycled components, respectively (Dominguez et al., 2006).

P W, P W,

—a = Zagem o Tm
P w P w @

m

Using the vertical integration of the conservation of water vapor equation, the recycling equation in grid i
could be derived as below (the subscription i is omitted for convenient):

% gy, 1ZPE )
ot w

where E and W indicate ET and precipitable water, respectively. V is the water vapor velocity, which is ob-
tained by calculating the average of each layer's wind velocity in the vertical direction weighted by specific
humidity. Integrating Equation 3 along the trajectory of water vapor in Lagrangian coordinates derive the

local PRE recycling rate p(s) as below:
s E
=1- —||—=lds |, 4
p(s) exr{ I[Wj s} )

s0
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where s, is the starting point of the moisture trajectory, and p(s) can be approximated by performing a nu-
merical integration along the moisture trajectory. For any given area, the regional PRE recycling rate can be
calculated as below:

B
p=2 : (5)

where AA, represents the area of the grid i (Hua et al., 2015, 2016; Dominguez et al., 2006, 2019). Differing
from previous analysis models that usually assume negligible storage changes, DRM takes account for the
water vapor storage term and thus is suitable for calculating PRE recycling rates on daily time scales. It has
been a useful tool for linking weather processes with PRE recycling (Hu & Dominguez, 2015; Martinez &
Dominguez, 2014). Therefore, a few recent studies have applied DRM in TP to investigate the PRE recycling
ratio (Hua et al., 2015, 2016).

2.4. Heating Source

In the 1950s, Flohn (1957) proposed that the summer TP become a heat source due to the enhanced sensible
and latent heating over the high-altitude terrain, and the atmospheric heat source is a physical quantity that
reflects the heat budget of the air column. Positive values of heat sources indicate net heat income to the
air column. The gained heat needs to be dissipated through dynamic processes such as cold advection and
ascending cooling. Yanai et al. (1992) and M. Wang et al. (2011) used the indirect and direct algorithm to
verify this conclusion. Here, we used the indirect algorithm proposed by Yanai et al. (1992), the equation is
as below:

k
0 =c,,[£] [%+\7'V0+w%} 6)
Po ot op

where ¢, (=1,005 J/Kg/K) is the constant volume specific heat, p, (=1,013.25 hPa) is the sea level pressure,
k =0.286, L (=2.5 x 10°J/ kg) is the constant associated with latent heat, p is the barometric pressure, @ is
the potential temperature, w is the vertical velocity (hPa / s), Ot is a partial differentiation of time, and Visa
vector of horizontal velocities. Note that we vertically integrate the right-hand terms to obtain Q;.

3. Results
3.1. The Evaluation of ERA5 Over the TP

The applicability of ERA5 over the TP was evaluated before investigating the increasing trend of water va-
por using this data set. Zhao and Zhou (2019) have evaluated the quality of the TCWV over the TP among
multiple satellite and reanalysis data sets. They found that ERA reanalysis data set performs well in repro-
ducing the climatology and interannual variability of the water vapor over the TP. To evaluate the PRE, Fig-
ure 1 shows the climatology of observed PRE in the stations from the CMA. The PRE from ERAS5, HARv2
and MERRA-2 were first interpolated to the stations by using bilinear interpolation method. The time series
of annual PRE from four data sets were compared in Figure 1b. Consistent with previous study (Hamm
et al., 2020), the climatology of PRE from the ERAS5 is much higher than that of the station observations
from CMA. However, for the period of 1980-2018, the correlation coefficient between the ERA5 and sta-
tion observations reach 0.752 with 99% confidence level, which is higher than that between MERRA-2 and
station observations. For the period of 2004-2018, the ERAS has a considerable ability to capture the inter-
annual variability compared with HARv2. Therefore, the PRE in the ERAS is able to capture the long-term
trends and help with identifying climate change features.

3.2. The Long-Term Trend of Summer Water Vapor Over TP

Figure 2 shows the monthly climatology and trends of TCWV over TP, showing evident increasing trends
of the atmospheric moisture from 1979 to 2019. The atmospheric water tower was recharged from Janu-
ary to July and was discharged from August to December (Figure 2). Due to the heating pump effect, the
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Figure 2. Monthly climatology (lines) and trends (bars) of averaged total column water during 1979-2018.

climatology of TCWV have peak values in summer months, when maximum increasing trends also occur.
Comparing the trend of TCWV in summer and winter, the results suggest that the increasing TCWV was
mainly caused by the summer recharge period, especially in June-September. Therefore, we focus on the
mechanism of increasing TCWV in the summer season. The results from June to September are similar to

that from June to August.

Figure 3 shows the time series of mean summer TCWV on the TP during 1979-2019 and the distribu-
tion of climatology and trend of summer TCWV on the TP during 1979-2019. The results suggest that the

(a) total column water in summer(JJA) TP
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Figure 3. (a) The time series of mean total column water in summer (June-August) on the Tibetan Plateau (TP) during 1979-2019; the distribution of
climatology (b) and trend (c) of summer total column water on the TP during 1979-2019; (d) is similar to (c), but for the changes of total column water. The
dotted areas indicate statistical significance exceeding 95%.
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(a) Precipitation recycling ratio in summer TP
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Figure 4. (a) The time series of summer (June-July) precipitation recycling ratio over TP during 1979-2019. The time series of total column water vapor
associated with the external (b) and internal (c) cycles of water cycle during 1979-2019. The trend map of TCWV is associated with the external (d) and internal
(e) cycles during 1979-2019. * indicates significance at the 90% level. TCWYV, total column water vapor.

increasing TCWV in summer is dominated by the increasing trend over the western of TP and Qaidam basin
(Figure 3c). Previous studies (Feng & Zhou, 2012; K. Xu et al., 2020) have found that there are two summer
moisture transport pathways: One is a southwesterly route from the Arabian Sea and Bay of Bengal to the
southeast of the TP by the Indian summer monsoon, and the other is a south branch route from the mid-lat-
itude westerly winds to the south of the TP. Feng and Zhou (2012) suggest that the first route is an essential
source of water vapor that influences the interannual variability of summer PRE on the southeastern part
of the TP. However, the increasing trend of TCWV is mainly in the western part of the TP and the Qaidam
Basin; there is no significant increasing trend in the southeast of TP. To investigate the variation of TCWV
in summer, we examine the terms in the moisture balance equation in the next section.

3.3. The Contribution of the Internal and External Cycles to the Trend of TCWV

Given the changes in different terms in the water balance terms, we now examine how these components
affect the changes in moisture contributions from local evapotranspiration and remote sources to TP using
DRM. We calculate the PRE recycling ratio in summer from 1979 to 2019 from the ERAS5 database. Figure 4
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shows that the climatology of PRE recycling ratio over TP is 24.24%. Such estimation is consistent with
previous studies: Hua et al. (2016) estimated it to be about 25% for the annual mean and approaching 30%
in summer by using DRM based on the Japanese 55-years Reanalysis data-set; Gao et al. (2020) used the
water tracer method coupled with the WVT-WRF and got a higher estimation (~40%) possibly related with
the overestimated summer PRE in their simulation. These demonstrated that DRM can capture the PRE
recycling process.

During the past four decades, PRE recycling ratio (contribution from TP's evapotranspiration) significant-
ly increased with a trend of 0.07%/yr, which has passed the significance test with 90% confidence level.
Further dividing the TCWYV into those produced by the external and internal cycle of water cycle, it can
be seen that they are both increasing, with trends of 0.00875 mm/yr and 0.01546 mm/yr, respectively (Fig-
ures 4b and 4c). Therefore, the increasing trend over TP is mainly contributed by the internal cycle, reaching
63.87%, which is higher than the external cycle (36.13%). Comparing the distribution of their trends, the
internal cycle has significant increases over western TP and Qaidam basin, which is consistent with the
increasing local ET and PRE (Figure 4c). The increasing TCWV associated with the external cycle mainly
occurred in the southern TP, especially to the west of 92°E, which is induced by the strengthening of local
moisture convergence and PRE (Figure 4d). The TCWV produced by the external cycle over eastern TP
has a decreasing trend, which contributes to the difference of the trend of TCWV between the eastern and
western TP. This finding is consistent with that of Xu & Gao (2019), who found that the decreasing ET in
the Indian Ocean is responsible for the decreasing PRE over southeastern TP.

3.4. The Variation of Atmospheric Moisture Budget Over TP

To investigate the mechanism of variation of summer TCWV, we examine the variation of PRE, ET, and
moisture convergence from the perspective of the atmospheric moisture budget. First, we investigate the
trend and climatology of summer PRE on the TP (Figure 5). Based on the climatology distribution, maxi-
mum values of summer PRE occurred in the southeastern part of TP and decreases from the southeastern to
the northwestern TP (Figure 5b). Consistent with previous studies (Feng & Zhou, 2012; K. Xu et al., 2020),
the primary source of moisture on the TP is the Arabian Sea and the Bay of Bengal, which brings warm and
wet moisture from the Indian summer monsoon into the southeastern TP. In terms of PRE trends, the mean
PRE over TP shows an increasing trend of 0.762 mm/yr (p < 0.05), with a significant increasing trend in the
western and a decreasing trend in the southeastern part of TP, which is the opposite with the climatology
distribution (Figure 5c). Their trends have passed the Student's t-test with 95% confidence.

Consistent with the PRE pattern, ET maximizes in the southeast part of TP. But, we see the most significant
increasing trend of ET in the western part of the Plateau (Figure 6). We note that the fluctuation of ET in
2009-2015 with lower-than-climatology values is related to the interdecadal variation of circulation associ-
ated with the Atlantic multidecadal oscillation (AMO) (Sun et al., 2020). However, the long-term increasing
trend is evident and significant. Under the significant warming over TP, the melting of glaciers and snow
cover (G. Zhang et al., 2020), and the expansion of lakes over the inner TP (Yang et al., 2017), contribute to
the increasing ET (B. Wang et al., 2020). Besides, the increasing PRE over western TP also contributes to the
increased ET. The consistently increasing PRE and ET over western TP suggest that the internal cycle may
be strengthening.

We also examine the trend of moisture convergence (Figure 7). The distribution of climatology of moisture
convergence is highly consistent with that of PRE, showing maximum values in the southeast boundary. In
terms of trends, similar dipole pattern in TCWV and PRE are also found for the trend of moisture conver-
gence: A decreasing trend over the eastern TP and an increasing trend over the western TP. The contrasting
trends between the western and eastern TP we find in TWV, PRE and moisture convergence suggest that
their hydrological cycle may respond to global warming in a different way.

3.5. The Influence of Heating Source on the Moisture Transportation

The changes of hydrological recycle process is related to the moisture transport. In the following, we further
investigate the moisture convergence changes by the variations of water vapor transportation over the TP.
Figure 8 shows the climatology and trend of water vapor flux of the TP in four boundaries. From the water
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Figure 5. (a) Time series of total precipitation in summer (June and July) on the Tibetan Plateau (TP); the distribution

of climatology (b) and trend (c) of summer total precipitation on the TP. The dotted areas indicate statistical

significance exceeding 95%.

vapor flux in four directions, the water vapor fluxes in the west and south boundaries are inflow stream,
representing inputs of water vapor and primary moisture sources. The water vapor fluxes in the east and
north boundaries are outflow streams representing the output channel of water vapor. To understand the
changes in water vapor transportation, the interannual variation and trend of water vapor fluxes in four
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Figure 6. Same as Figure 5, but for evaporation. The dotted areas indicate statistical significance exceeding 95%.

boundaries are investigated in Figures 8b and 8c. The results suggest that the water vapor fluxes in the
west and south boundaries do not change significantly. There is a significant decreasing trend in the water
vapor flux of the north boundary with interannual fluctuations. However, the water vapor flux in the north
boundary did not contribute to the increase of TCWV due to the positive trend. The changes in water vapor
flux are most pronounced in the east boundary, showing a clear decreasing trend of outward flow, which
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Figure 7. Same as Figure 5, but for vertically integrated moisture divergence (VIMD). Here, the values of VIMD have
been multiplied —1 indicating convergence. The dotted areas indicate statistical significance exceeding 95%.

is associated with the decreasing water vapor transport from Indian Ocean (K. Xu et al., 2020). Therefore,
the decreasing outflow of moisture from the east, with insignificant changes to the west, south, and north,
explains the increase in the summer TCWV and PRE over TP. It is noted that although the higher TCWV
is due to the reduction of the moisture fluxes at the eastern boundary, it only demonstrates the increase in
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Figure 8. (a) The climatology of vertically integrated summer moisture transport based on the ERA5 data-set for
1979-2019. The arrows and associated values represent the direction and intensity of moisture flux transport at each
boundary. Positive (negative) fluxes indicated the inflow (outflow) water vapor flux. The time series (b) and trend (c) of
water vapor fluxes in four boundaries of Tibetan Plateau in the summer season.

moisture convergence averaged over TP, which does not contradict the pattern with most wetting trends
located at western TP.

Given the fact that the moisture convergence over the eastern TP has a slightly decreasing trend, the in-
creasing water vapor flux on the east boundary is possibly induced by the decrease in water vapor, which
is related with water vapor transportation. Therefore, we investigate the trend of water vapor flux at the
southern boundary of TP along longitude (Figure 9a). The results show that the trend of water vapor flux
on the south boundary is found to be positive to the west of 92°E and be negative to the east of 92°E.
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Figure 9. (a) The distribution of trend of water vapor flux at the southern boundary of Tibetan Plateau (TP) along longitude; (b) time-longitude evolution of
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Figure 9b shows the time-longitude evolution of the water vapor flux at
the southern boundary of TP. To the west of longitude 92°E, there is a
gradual increase from negative to positive, while to the east, there is a
corresponding decreasing trend (Figure 9b). These results suggest that
the water vapor transportation at the southern boundary has weakened
in the east and strengthened in the west. To investigate the influence of
the variation of heating source on the shift of water vapor transportation,
we analyzed their relationship between the water vapor flux and the heat-
ing source over the eastern and western TP. The result suggests that they
have a significant relationship, with their correlation coefficients of 0.464
and 0.543, respectively (Figures 9c and 9d). To further confirm the above
analysis, Figure 10 shows the regression patterns of moisture transport
against the eastern and western TP heating source. Similarly, the water
vapor flux to the west of longitude 92°E is mainly influenced by the west-
ern heating source, whereas the eastern heating source dominates the
water vapor flux to the east. Therefore, the contrast changes of heating
sources between the west and east TP induce a westward shift of water
vapor transportation from the Indian Ocean and then reduce the water
vapor flux at the east boundary.

With the significant warming in the TP in recent decades, along with the
increasing trend of PRE and water vapor convergence in the west and a
decreasing trend in the east, what is the role of heating source in inducing
these changes? To answer this question, we investigate the AHT over TP
(Figure 11). During 1979-2019, the AHT over TP shows a significant in-
creasing trend with 0.648 W/m?/yr. In climatology, the AHT's maximum
values occur in the eastern TP, which is consistent with PRE and moisture
convergence (Figures 11b). However, there is a significant strengthening
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Figure 12. Schematic illustration of the couple between the internal and external cycle of water cycle on the Tibetan
Plateau. Subscript w and o represent the water vapor that evaporates within the region and outside the region,
respectively.

trend in the western TP in terms of trends and no significant strengthening or even a decrease trend in the
eastern TP, especially in the Brahmaputra river (Figures 11c). Atmospheric heat sources can reflect the en-
ergy budget of the air column and have an essential effect on PRE, ET, and moisture convergence by altering
the transportation of water vapor. The most pronounced trend in reducing heat sources may be induced by
a decrease in the latent heating release from PRE, which is associated with water vapor transportation from
the Indian Ocean.

4. Discussion

4.1. The Linkage Between the Shift of Water Vapor Transportation and the Precipitation
Recycling Process

We have demonstrated that the increasing trend of TCWV is mainly caused by the increasing trend over
the western TP in summer, which is mainly associated with the strengthening of the internal cycle (i.e.,
PRE recycling). The following provides a preliminary physical picture on how the PRE recycling affects the
increasing (decreasing) trend of TCWV over the western (eastern) TP.

The mechanism explaining the changes in the internal and external cycle has been summarized as the sche-
matic diagram (Figure 12). For the western TP, the enhanced warming and the expansion of lakes induced
by the glacier's melting could significantly enhance the internal cycle of water cycle by increasing the ET
and then the PRE. The latent heating from PRE caused by the internal cycle can also enhance the external
cycle by increasing the heating source and moisture convergence. Therefore, the hydrological cycle over the
western TP is accelerating, driven by the enhanced warming and the expansion of lakes. For the eastern TP,
the external cycle of the hydrological cycle is decelerating under global warming. In response to the increas-
ing heating source over the western TP, the original water vapor transportation in the eastern TP weakens,
especially over the Brahmaputra river. When the Indian Ocean's moisture transportation decreases, the
heating source would also decrease due to weakened latent heating from PRE, then the external cycle de-
celerates. The decreasing PRE induced by the weakened external cycle can then reduce the ET and weaken
the internal cycle. The interaction between the internal and external cycles of atmospheric moisture could
induce positive feedbacks to enhance the hydrological cycle's response to rapid warming over TP. The re-
sultant changes in PRE have induced increasing heating source over the western TP and decreasing heating
source over the eastern TP, which could shift the water vapor transportation at the southern boundary of
TP. Therefore, the changes in water vapor transportation can also contribute to the increasing trend over
TP. It should be pointed out that water vapor could transport from the Arabian Sea to the Inner TP. Dong
et al. (2016) proposed that water vapor was first lifted to the mid-troposphere by enhanced convection over
the Indian subcontinent and was then advected into the Inner TP by enhanced southwest winds. However,
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the shift of water vapor transportation has a considerable uncertainty due to the reanalysis data set's quality.
Therefore, additional work will be required to investigate this phenomenon.

4.2. Driver of the Long-Term Trend of the Precipitation Recycling Process

The above mechanism explains the contrast responses of PRE recycling to global warming over the western
and eastern TP; however, their drivers were different. The increased ET triggered the strengthening internal
cycle of water cycle over western TP due to the enhanced warming, the expansion of lakes and so on. Sun
et al. (2020) found that the lake's expansion is mainly induced by PRE, which is significantly correlated with
the AMO on interdecadal time scales. They point out that the AMO during the positive phase could induce
an anomalous anticyclone to the east of the Inner TP, weakening the westerly winds and traps water vapor.
However, the mechanism they proposed may not explain the long-term increasing trend over TP. The long-
term trend of PRE over TP is possibly related to the rapid warming, although the interannual and decadal
variation of summer PRE was significantly correlated with north Atlantic oscillation (Z. Wang et al., 2017)
and AMO (Sun et al., 2020). On the other hand, the decelerated external moisture cycle over the eastern
TP was caused by the decreased water vapor transportation from the Indian Ocean. This phenomenon was
not only associated with the increasing heating source over western TP, but it was also influenced by the
variation of ET over the Indian Ocean (Xu & Gao, 2019).

5. Conclusions

The increasing trend of TCWV over TP has an important effect on the Asian water tower; however, its mech-
anism remains unclear. Based on the ERAS5 reanalysis data set from the ECMWEF, the variation of summer
TCWYV over TP and its mechanism was investigated. We found that the annual TCWYV shows a significant
increasing trend, which is mainly contributed by the summer season, especially from June to August. Fur-
ther investigation suggests that summer TCWV shows contrast changes between the western and eastern
TP. PRE, ET, and moisture convergence all show increasing trends in the western TP but decreasing trends
in the eastern TP. These changes are associated with the response of the hydrological cycle's internal and
external cycle (i.e., local recycling and moisture convergence) to the enhanced warming over TP. Based on
the DRM simulation, the TCWV contributed by the external cycle is increasing in the western and decreas-
ing in the eastern, which is consistent with the analysis of terms in the water-balance equation. However,
the TCWYV associated with the internal cycle increases over the western and eastern TP due to the increasing
local ET. The result suggests that the increasing trend of summer TCWYV is contributed by the internal cycle
(63.87%) and external cycle (36.13%). The PRE recycling process accelerated (decelerated) over the western
(eastern) TP, which is mainly related to the heating source. Due to the increased heating source over the
western TP, the water vapor transportation from the Indian Ocean also shift to the west of longitude 92°E.

However, it is a fact that the ERAS5 reanalysis data-set overestimates the PRE and wind speed in summer
due to the influence of complex terrain (Z. Wang et al., 2017). The simulation could significantly reduce the
error of wind speed and PRE when the resolution reach 3 km (Y. Wang, et al., 2020). However, the cost of
simulation with high resolution is too expensive to simulate the long-term hydrological variation over TP.
Therefore, the response of the internal and external cycles of the hydrological cycle to global warming over
TP remains uncertain based on the reanalysis data set and additional verifications in the model simulations
are needed in the future.

Data Availability Statement

The ERAS5 data are available from https://cds.climate.copernicus.eu.
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