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Abstract The rapid warming and consequent retreat of glaciers across the Tibetan Plateau (TP) have
given rise to the debate on the ability of the atmospheric water supply to alleviate the depletion of

surface water storage. We investigate long-term changes in atmospheric water vapor balance across the TP
using 40-year fifth generation European Centre for Medium-Range Weather Forecasts (ECMWF) (ERA5)
reanalysis. Precipitation, water vapor convergence, and evaporation generally maintain an equilibrium but
with different long-term variation trends: 0.68, —0.18, and 0.69 mm/a, respectively. Results suggest the
inability of the water vapor arriving from outside the TP to effectively replenish the surface water storage.
Despite of huge changes in atmospheric water vapor balance during summer, the risk of water storage
depletion is brought by other three seasons, especially the autumn. The climatology and long-term trends of
water vapor balance exhibit strong variation across the regions of TP. The surrounding areas of Yarlung
Zangbo Grand Canyon experience sharp decrease in water vapor convergence, thus reducing precipitation.
Moreover, increasing evaporation is expected to severely loss of surface water storage. For the Three
Rivers Source Region with no significant changes in total precipitations, decrease in water transported from
outside of TP overlaps increase in evaporation results in the possible depletion of surface water storage.
Brahmaputra basin, inner TP, and Qilian Mountain exhibit significant wetting trends due to increases in
both convergence of water vapor flux and evaporation. Above regional and seasonal characteristics of water
vapor, balances across the TP are attributed by inhomogeneous variation of atmospheric heat source

and complex changes of atmospheric circulations.

Plain Language Summary We aim to determine whether the increase in atmospheric water
vapor is able to replenish the surface water storage depletion across the Tibetan Plateau (TP) by analyzing
long-term trends in precipitation, water vapor convergence, and evaporation. Results suggest that

surface water storage will not be overall replenished by precipitation for the whole year, as despite the
increase in water vapor from local evaporation, transportation from outside of the TP is reduced.
Furthermore, long-term trends in the water vapor balance and their impacts on surface water storage vary
from place to place across the TP.

1. Introduction

The Tibetan Plateau (TP), which has an area of 2.5 X 10° km? and average elevation of over 4,000 m, is the
highest and most extensive plateau in the world. It serves as the “world water tower” storing large amounts
of water as glaciers, lakes, and rivers (Lu et al., 2005; Yao et al., 2012). Seasonal melting of snowpack and
mountain glaciers over the TP feeds seven major rivers in Asia, providing abundant fresh water to this region
and its downstream areas, compromising approximately 40% of the world's population. Due to its unique
terrain and specific underlying surfaces, the TP exerts a dramatic influence on regional and even global
climate (Ma et al., 2017; Wu et al., 2012). Therefore, investigating the atmospheric water over the TP is
critical in climate research and adaptation policy.

Due to the Plateau “heat pump effect” (Wu & Zhang, 1998), the TP can attract water vapor from surrounding
oceans or seas (An et al., 2001; Boos & Kuang, 2010; Molnar et al., 1993; Wu et al., 2007, 2012), thus becom-
ing an isolated region of humidity in the atmosphere (Xu, Lu, et al., 2008; Xu, Shi, et al., 2008). The TP plays a
significant role in adjusting the atmospheric circulation and hydrological cycle. Moreover, it is often consid-
ered as the “wet pool” and “transfer station” of the East Asian moisture during summer (Wang et al., 2011),
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exerting a great influence on the precipitation over downstream regions (Wan et al., 2017; Xu, Lu, et al., 2008;
Xu, Shi, et al., 2008) via the transportation of water vapor by the westerly winds and southwest monsoons
(Ding & Chan, 2005). Meanwhile, the TP snow cover associated with moisture anomaly has a great impact
on East Asian atmospheric circulation (Li et al., 2018, 2019). Therefore, TP is one of the most active global
hydrological cycle centers, and thus, understanding the water vapor transport from the TP and its subse-
quent impact on the regional weather and climate is crucial.

It was reported that TP is a climatologically moisture sink during summer, with a net moisture convergence
of 4 mm/day (Feng & Zhou, 2012). On a diurnal scale, Ueno et al. (2008) determined a strong daytime wind
speed accompanied by increasing relative humidity to prevail along deep valleys in the Himalayas. However,
the weak southerly wind results in the stagnation of the water vapor in front of the Himalayas (Ueno
et al., 2008). On the seasonal scale, a synoptic trough is expected to have a strong impact on the water vapor
transport from the Indian Ocean to the TP during the monsoon season (Sugimoto et al., 2008). In terms of a
long-term trends, the precipitable water in the 680- to 310-hPa layer of the atmosphere has been reported to
increase significantly since the 1990s, with an upward trend of 6.45 cm per decade and a particularly sharp
rise during summer (Zhang et al., 2013).

The TP has experienced a rapid warming over the past 50 years, with warming rates reported to be double
those of the global equivalent (e.g., Guo & Wang, 2012; Liu & Chen, 2000). Along with changes in the cli-
mate, atmospheric circulation and hydrological cycles are also altered and local environments are reshaped.
The warming is accompanied by the moistening of air over the TP (Xu, Lu, et al., 2008; Xu, Shi, et al., 2008), a
significant increase in surface pressure (Moore, 2012), the weakening of surface and atmospheric heating
(Duan & Wu, 2008, 2009; Yang et al., 2011, 2011; Zhu et al., 2008), and a decline in wind speed (Lin
et al., 2013). Furthermore, the surface warming depends on elevation (Liu & Chen, 2000) and leads to glacier
retreat, permafrost degradation (Cheng & Wu, 2007), lake expansion (Zhu et al., 2010), runoff increase (Lutz
et al., 2014), and associated disaster risks aggravation (Yao, 2019; Yao et al., 2012). Deng et al. (2018) demon-
strated an increase in the TP terrestrial water storage by 0.20 mm/month during 2002-2012, with a subse-
quent decrease of —0.68 mm/month since 2012. In addition, Immerzeel et al. (2010) projected that the
warming may lead to less water resources for the downstream regions in the future.

The aforementioned observations and predictions from the previous research give rise to the following ques-
tions: How do each of the atmospheric water vapor budget components vary over the past 40 years across the
TP? What factors are responsible for such long-term variations? Could the increasing in atmospheric water
resources alleviate the depletion of terrestrial water storage caused by the melting of glaciers and the
increase in runoff? Answering these questions can enhance our understanding of the long-term variability
of water vapor budget over the TP in recent decades and the corresponding underlying mechanisms and
as well as allowing us to determine the significance of the atmospheric water tower (AWT) in the hydrolo-
gical cycle on regional and global scales.

In this study, we focus on the aforementioned questions in order to present a complete comprehensive
understanding of the atmospheric water resources over the TP. In particular, we analyze the climatology
of atmospheric water vapor over the TP based on fifth generation European Centre for Medium-Range
Weather Forecasts (ECMWF) (ERAS) reanalysis data. We then examine the climatology and long-term var-
iations of each component of the water vapor budget (water vapor transportation, evaporation, and precipi-
tation). Finally, we discuss the atmospheric water balance over the TP. The rest of the paper is organized as
follows. Section 2 describes the data and accuracy of each parameters, as well as all methods and formulas
used in this study. Section 3 presents and discusses the results, and section 4 concludes the atmospheric
water budget and its long-term trends over the TP.

2. Data and Methods
2.1. Data Set

ERAS5 is the fifth generation European Centre for Medium-Range Weather Forecasts (ECMWF) atmospheric
reanalysis for the global climate and weather for the past four to seven decades, which is a replacement of
ERA-Interim reanalysis. It has published a detailed record of the evolution of the global atmosphere from
1979 to update and will be from 1950 onward when complete (Berrisford et al., 2009; Dee et al., 2011).
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Based on the 4D-Var assimilation method, ERAS5 provides hourly global estimates. The native resolution of
the ERAS atmosphere and land reanalysis is 31 km on a reduced Gaussian grid (T1639) and 63 km (TL319)
for the ensemble members. The atmospheric component consists of 137 vertical levels from the surface up to
1 Pa (approximately 80 km), spanning the troposphere, stratosphere, and mesosphere. Data have been
regridded to a regular lat-lon grid of 0.25° for the reanalysis. The data set consists of two principle subsets:
pressure level and single level data. The former contains 16 atmospheric quantities on 37 pressure levels
from 1,000 hPa (surface) to 1 hPa (around the top of the stratosphere), while the latter is available for a num-
ber of atmospheric, ocean wave, and land surface quantities. Information on the current status of the ERAS
production, availability of data online, and near-real-time updates of various climate indicators derived from
ERAS5 data can be found online (http://www.ecmwf.int/research/era). We employed following parameters
from ERAS monthly data sets to investigate the AWT over the TP: total column water (TCW), specific
humidity, vertical integral water vapor flux, vertical integral moisture divergence, evaporation, snow eva-
poration, and precipitation.

Caution must be applied when using reanalysis data set to investigate trends in water vapor, precipitation,
and evaporation due to their qualities over the TP. Wang et al. (2017) and Zhao & Zhou (2019) demonstrated
that TCW vapor from ERAS5 performs well over TP. In the current study, we evaluate the quality of evapora-
tion and precipitation in ERAS5 data sets via comparisons with the satellite retrievals and other reanalysis
data sets. In particular, we compare the ERA5 evaporation with the relatively accurate evaporation data
developed by Chen et al. (2019), which revised the Surface Energy Balance System (SEBS) parameterization
of bare soil to correct the biases of excess resistance to heat transfer. This satellite-based product has been
demonstrated to perform well. The 2001-2016 ERA5 monthly mean evaporation is highly correlated with
the satellite observations, with a correlation coefficient of 0.84 and mean absolute deviation of 13.0 mm
(Figure S2 in the supporting information). Furthermore, we also compared the precipitation from ERAS5,
ERA-interim, the Global Precipitation Climatology Project (GPCP v. 2.3, Adler et al., 2003), and the
Climatic Research Unit (CRU, TS v. 4.03, Harris et al., 2020) with that from the High Asia Reanalysis
(HAR, Maussion et al., 2014), which recognized good performance over the TP (Li et al., 2020). Among those
data sets, the ERAS5 monthly precipitation exhibited the lowest bias of —5.4 mm and highest correlation coef-
ficient of 0.97 (Figure S1).

2.2. Methods

2.2.1. Atmospheric Water Resources Over the TP

We employ specific humidity vertically integrated from 500 to 300 hPa to represent the atmospheric water
resources over the TP. This allows for the investigation of atmospheric water resources over the TP. The ver-
tically integrated specific humidity (kg/mz, equivalent to mm) is determined as follows:

1.1
w = ——5q dp,
gleOO

where g is gravitational acceleration of 9.8 m s™', q is the specific humidity (kg kg "), and p is pressure
level (Pa). Figure 1 indicates that the altitudes over the TP are greater than 4,000 km.The climatological
surface pressure over the TP ranges from 500 to 700 hPa, while the water vapor is generally concentrated
in the lower troposphere; thus, we integrated the water vapor between 500 and 300 hPa.

2.2.2. Atmospheric Water Balance Over the TP

The atmospheric water vapor budget equation (Chou & Neelin, 2004; Zhou et al., 2019) is expressed as
follows:

%:—V-Q—Q—E—P—Q—res (1)

where w is vertically integrated atmospheric water vapor, P and E are precipitation and evaporation,
ow
ot
gence of water vapor, and res is a residual term, which is possibly related to the assimilation in the reana-

respectively, — is the time derivative of the vertically integrated moisture, —V - Q is the horizontal diver-

0
lysis data set. Note that although a—v: is much smaller than other terms in Equation 1 and is typically
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Figure 1. Topography of the TP and four subregions.

neglected, it also determines the atmospheric water vapor trends over the TP. In order to investigate the
mechanism underlying the long-term variation of AWT over the TP under global warming, we individu-
ally examine the horizontal net water vapor flux, evaporation, and precipitation (section 3.2).

2.2.3. Horizontal Net Water Vapor Flux Over the TP

Based on Green's theorem (sum of fluid outflowing from a volume is equal to the total outflow summed
about an enclosing area), we use the following two independent methods (Equations 5 and 6) to compute
the horizontal net water vapor flux over the TP.

1QU = [y % dp @)
Qv = [ < dp 3)
b 6IaQU | o1V @

X ay
N = §,,IQUdy + IQVidx (5)
N =4,Ddo (6)

where q is specific humidity; u and v are eastward and northward wind speeds, respectively; IQU and IQV
are the eastward and northward water vapor fluxes, respectively; D is vertical integrated water vapor flux
divergence, where positive values indicate the moisture spreading out and negative values indicate moist-
ure concentrating or converging; o is the area of grid (km®); and N is the net income of the atmospheric
water resource for the entire TP area (Gt).

3. Results
3.1. Climatology/Feature of AWT

Figure 2 presents the zonal deviation of the annual mean vertically integral specific humidity. The long-term
annual mean and seasonal means of vertically integral specific humidity above 500 hPa over the TP can
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Figure 2. Horizontal distribution of 40-year (1979-2018) averaged water vapor content vertically integrated from 500 to 300 hPa over the TP. (a) Annual,
(b) spring, (c) summer, (d) autumn, and (e) winter values. The black thick line denotes the outline of the TP.

generally be considered as wet in southern and southeastern TP and dry in northwestern and northeastern
TP. The peak moisture is located above southern TP and south of the Himalayan region in the middle and
upper stratosphere. This long-term wet pool in the high atmospheric layer indicates an AWT. The
formation of this AWT is attributed to the elevated terrain of the TP, which acts as a heat source and
pumps water vapor from the low levels of the Arabian Sea and Indian Ocean to the high levels of TP.
Higher altitudes facilitate the transport of water vapor across larger distances and present a “rechannel
function” at the planetary scale (Xu, Lu, et al., 2008; Xu, Shi, et al., 2008). The Yarlung Zangbo Grand
Canyon and the relatively lower elevation in southeastern TP allow the warm and humid airflow from the
oceans or seas to travel up the south slope of the TP and enter the inner land. Furthermore, the polar dry
air is blocked on the north side of the TP, while the water vapor from the south cannot be easily
transported to the north. These processes lead to the extreme dry climate in the north side of the TP.
Central location exhibits significant annual variation in the maximum moisture. In winter, the wettest
center is located in the southeast of TP, with a vertically integral specific humidity peak value less than
1 kg/m>. As spring approaches, the maximum center spreads to the north and west, with the peak value
reaching 3 kg/m? In summer, wet regions occupy the entire southern TP region, with a maximum value
close to 7 kg/m?>. These wet regions subsequently shrink back to the southeast of the TP with the arrival
of autumn. This annual variation indicates the strong influence of the South and East Asian monsoons on
atmospheric water resource over the TP. In particular, wet areas expand and moisture in atmosphere
increases with the outbreak of the summer Asian monsoon.

Over the past few decades, the increase rate of air temperature in the TP is almost 2 times higher than that in
the global (Chen et al., 2015). This enhanced rate may have accelerated the melting of glaciers and snow. As
atmospheric water resource is key for the supply of surface water resources, long-term trends of atmospheric
water resources over the TP are of interest. Figure 3 depicts the horizontal distribution of the long-term
trends for vertically integral specific humidity above 500 hPa over the TP. From 1979 to 2018, the atmo-
spheric water resources across the main body of the TP exhibit significant growth trends, with the exception
of the wettest region in southeastern TP. The distribution trend during summer agrees with the overall
long-term trends, yet the values are larger for the former. The remaining three seasons exhibit increasing
long-term trends that are consistently smaller than that of summer. These upward trends may be a result
of the variations in atmospheric circulation and heat sources during summer. The inner TP, where condi-
tions are relatively dry, is observed as the wettest region, while the southeastern TP, the wettest climate,
becomes slightly dryer. Xu and Gao (2019) associate the decreasing trends in southeastern TP with the lower
water vapor transportation from the Indian Ocean.
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Figure 3. Long-term (1979-2018) horizontal distribution trends of 500- to 300-hPa vertical integral water vapor content over the TP. (a) Annual, (b) spring,
(c) summer, (d) autumn, and (e) winter values. Black dot denotes the trends in the corresponding grid at the 95% confidence level..

3.2. Atmospheric Water Balance Over TP

Previous researches have attributed the variations in water vapor over TP to multiple factors, including
atmospheric circulation, temperature, elevation, and land surface process (e.g., Duan et al., 2018; Xu &
Gao, 2019; Zhou et al., 2019). Thus, we analyze the water vapor budget to investigate long-term trends in
water vapor convergence, evaporation, and precipitation across the TP (Figure 6), following previous studies
(Chou & Neelin, 2004; Zhou et al., 2019). We calculate the moisture budget equation using Equation 1.
3.2.1. Horizontal Net Water Vapor Flux Over the TP

Figure 4 presents the vertical integral of the water vapor flux within the four boundaries over the TP deter-
mined using Equation 5 and the ERA data set for 1979-2018.The results demonstrate that the water vapor

Vertical integral of water vapour flux from ERA5(1979-2018)
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Figure 4. Vertical integral of water vapourvapor flux from ERAS (1979-2018) over the Qinghai-Tibet Plateau, whose
western, southern, eastern, and northern boundaries are denoted in red, light blue, yellow, and navy blue, respectively.
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Figure 5. Seasonal and annual long-term (1979-2018) net water vapor flux for the north (deep blue), south
(light blue), east (yellow), and west boundaries (red) of the Qinghai-Tibet Plateau and net flux (black). * denotes a
significant trend is significant at the 0.05 probability level.

over the TP was transported from the western and southern boundaries with water vapor flux of 1,328 and
2,195 Gt/a, respectively. The water vapor then flows out of the eastern and northern boundaries with fluxes
of —2,225 and —252 Gt/a, respectively. This is consistent with previous study based on ERA-Interim (Zhou
et al., 2019). Therefore, the AWT is mainly influenced by the water vapor transported from the west and
south of the TP, which is associated with the interaction between westerly and monsoon system
(Yao, 2019). Xu et al. (2002, 2019) presented a conceptual model of the key influence area of water vapor
transport, denoted as the “large triangle sector”, in the TP and low-latitude ocean monsoon region. This
model considers the TP as a transfer station drawing water vapor from the Indian Ocean and transfers it
downstream. The transport of water vapor into the TP results in 1,046 Gt of water vapor left to form preci-
pitation or increase atmospheric water vapor content annually.

Figure 5 presents the long-term trends in the net water vapor flux over the TP region and accumulated water
vapor flux passing through four boundaries. A slight increase is observed for the annual mean of net water

(a) Annual Accumulated Vertically Integrated Moisture Divergence (b) (C)
Spring Summer
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Figure 6. Horizontal distribution of 40-year (1979-2018) averaged vertical integrated divergence of water vapor flux over the TP. (a) Annual, (b) spring,
(c) summer, (d) autumn, and (e) winter values.
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vapor flux over the TP by 1.9 Gt/a, which is dominated by the summer trend. The increasing trend of AWT is
induced by the enhanced inflow transportation from the western boundaries and the decreasing outflow
transportation in the eastern boundary. However, the reduction in the inflow transportation from southern
boundary and the increasing outflow transportation from northern boundary weaken the increasing trend
in the net water vapor flux over the TP. Analysis of the seasonal transportation within four boundaries
reveals the significant increase in the net water flux over the TP during summer, while values decrease
slightly in autumn and winter. Furthermore, there is a dramatic change in the water vapor flux trend in sum-
mer, with limited variations during the three remaining seasons. Although the west and south boundaries
are considered as water vapor channels in the climatology, the water flux trends in these boundaries do
not exceed those of eastern and northern boundaries, especially during summer. The rise in the net water
vapor flux over TP may be not induced by the interaction between the westerly and monsoon systems.
The summer water vapor flux of the northern boundary and the annual mean both exhibit significant
decrease. This may be attributed to the northward shift of subtropical westerly jet (Lin et al., 2013) and cyclo-
nic anomalous near Lake Baikal (Zhou et al., 2019). The decreasing of water flux in the eastern boundary
makes the greatest contribution to the net water vapor flux trend and may be associated with the weakening
of wind speed over the TP (Lin et al., 2013).

Figure 6 depicts the long-term annual and seasonal mean distribution of divergence of vertically integrated
water vapor flux (D) over the TP based on Equation 4. The water vapor flux is observed to converge across
the majority of the TP, with the exception of several locations in northwestern TP. In particular, a weak con-
vergence (less than 100 mm annually) is demonstrated for western and northern TP, with stronger conver-
gences (up to 4,000 mm annually) in the south slope and southeast of the TP. The highest converging
center, which is along with Yarlung Zangbo Grand Canyon, has been recognized as the major entrance pas-
sageway for water vapor into the TP (Xu et al., 2002). The distribution of the water vapor flux divergence exhi-
bits significant seasonal variation. For example, the winter converging center of water vapor flux is located in
Nyingchi, with a maximum value of approximately 300 mm, while the rest of the surrounding area exhibits a
diverging trend. In spring and autumn, the converging center expanded to the southeast of the TP. The
approach of summer is associated with the convergence of water vapor for almost the entire TP, and almost
half of the TP exhibits a diverging water vapor flux exceeding 300 mm. This seasonal variation highlights the
strong impact of the South Asian monsoon and East Asian monsoon as well as the topography of the TP on
the transportation of the atmospheric water vapor. The net income of the atmospheric water vapor for the
entire TP via Equation 6 is determined as 1,103.6 Gt, which is close to that (1,046 Gt) calculated by Equation 5.

The divergence of the vertically integrated water vapor flux decreases dramatically at the highest converging
center located at the Yarlung Zangbo Grand Canyon, while more moderate reductions observed for the
Qaidam Basin and the east of the TP. Areas associated with weak convergence (e.g., the Qilian Mountain
and the inner TP) exhibit long-term upward trends in the divergence of water vapor flux (Figure 7). The
long-term decreasing trend at the Yarlung Zangbo Grand Canyon is consistent across seasons.
Furthermore, similarities are observed for the distribution of long-term water vapor divergence trend
between summer and the annual mean, with much larger trends compared to other seasons. Duan
et al. (2018) identified a weakening trend in the heat of the TP based on site observations since the 1980s,
while the reverse was true in Luo & Xu (2019) for plateau heat sources based on reanalysis data. The obser-
vation sites are mainly distributed in the southeast of the plateau, with a severe lack of the sites in the middle
and northwest of the plateau. This may explain the disagreement between heat source data from the obser-
vations and the reanalysis data. Therefore, the long-term trends in divergence of water vapor flux and heat
sources demonstrate similar patterns; namely, the southeast region exhibits a cooling and drying trend,
while the central and northwestern parts show a warming and wet tendency. This reveals the dominant
influence of atmospheric heat sources on moisture convergence. Ma et al. (2017) attribute the weakening
water vapor transportation in the southeast of TP is due to wind stilling. Lower water vapor transportation
from the Indian Ocean might be another reason of the decrease trend observed for southeastern TP (Xu &
Gao, 2019). However, a greater atmospheric water content may absorb a larger amount of long-wave radia-
tion and intensify the apparent heating source, which could strengthen the convergence of water vapor, thus
forming a positive feedback. In addition, Yang et al. (2011) point out that the water vapor increasing might
lead to solar diming over the TP. Thus, the feedback resulting from increasing water vapor to the heat source
requires further clarification.
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Figure 7. Horizontal distribution of long-term (1979-2018) trends in the vertical integrated divergence of water vapor fluxes over the TP. (a) Annual, (b) spring,
(c) summer, (d) autumn, and (e) winter values.

3.2.2. Evaporation Over the TP

In order to estimate the total evaporation over the TP, we sum the evaporation and snow evaporation
obtained from ERAS (Figure 8). Annual accumulated total evaporations are up to 800 mm/a in southeast
of TP but drop to 100 mm/a in the west and northwest regions. The evaporation ranges are observed to
strongly agree with the divergence of water vapor flux across the majority of the TP. As most of the lakes
in the TP scattered over the inner TP, evaporation is relatively higher in this region. The lowest evaporation
(<100 mmy/a) is located at the Qaidam Basin, which is also the driest area of the TP. The locations of max-
imum and minimum evaporation are consistent across seasons, while the total evaporation exhibits signifi-
cant seasonal variations in magnitude due to the changes of air temperature. For example, during summer,
areas with evaporation over 200 mm compromise approximately 80% of the TP, while the evaporation values
for spring and summer are about two thirds of that in summer and double that in winter.
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Figure 8. Horizontal distribution of 40-year (1979-2018) averaged evaporation over the TP. (a) Annual, (b) spring, (c) summer, (d) autumn, and (e) winter values.

YAN ET AL. 90of 17



A .
N\I Journal of Geophysical Research: Atmospheres 10.1029/2020JD033297

ADVANCING EARTH
AND SPACE SCIENCE

(a) Trends of Total Evaporation (1979-2018)
45N — p — L

! L

45N

40N i
40N 3N

30N

25N

35N

S e -- on $ Y
70E 75E 8OE 85E 90E 95E 100E 105E 110E 70E 75E 80E 85E 90E 95E 100E 105E 110E

(d) Autumn (e) Winter

45N

45N

30N

40N 40N

35N 35N

25N

30N 30N

E 25N
20N L =
70E 75E 80E 85E 90E 95 100E  105E  110F 20N Tl B ¢

! ! Jon SAE sl e
70E 75E 8O 8SE 90E 95E 100E 105E 110E 70E 7SE 8OE 8SE O0E 9SE 100E 10SE 110E
T I I I [ T —
-100 -50 -3.0 -20 -10 O 1.0 20 30 50 100 — L L L L

-20 -1.5 -1.0 -05 -0.25 0 0.25 05 1.0 1.5 20

mm/a mm/a

Figure 9. Horizontal distribution of long-term (1979-2018) trends in evaporation over the TP. (a) Annual, (b) spring, (c) summer, (d) autumn, and (e) winter
values.

The total evaporation generally exhibits a significant increasing trends over the TP, with the exception of a
few of places, including the Qaidam Basin and Karakorum Mountains (Figure 9). This generally agrees with
an independent modeling study (Yin et al., 2013) and site observations (Yang et al., 2014; Zhang et al., 2007).
The TP has experienced enhanced temperature increase, glaciers melting, and lake expansion over the past
few decades (Yao, 2019), hence an increase in evaporation expected. Regions exhibiting increasing evapora-
tion can be divided into two categories based on the observed seasonal variation. The first category is located
in the western and inner TP and demonstrates significant seasonal variation with a notable increase during
summer and autumn, a slight increase in spring, and a reduction in winter. The second category is located in
the southeastern TP, where evaporation increases consistently during the entire year with limited small sea-
sonal variations. Impacts on actual evaporation include the surface water availability, the temperature gra-
dient between the air and surface, and wind speed. The latter two factors dominate the evaporation in wet
areas, and thus, an increase in evaporation in the southeast of the TP is generally attributed to a rise in air
temperature. However, the elevated evaporation in the western and inner TP is the result of an increase
in both temperature and water availability at the surface. Based on the Gravity Recovery and Climate
Experiment (GRACE), Deng et al. (2018) found a reduction in terrestrial water storages in the southern
TP, with the reverse true for the Inner TP from 2002 to 2016. Moreover, Wan et al. (2016) employed ground
surveying and high spatial resolution satellite images to establish a lake data set from 2004 to 2015 for the TP,
identifying an increase in the lake area and a decrease in the Brahmaputra basin. This suggests a consistent
trend between the evaporation and water availability at the surface.

3.2.3. Precipitation Over the TP

Water vapor flux divergence and total evaporation form atmospheric water vapor resources and result in
precipitation. Figure 10 presents the horizontal distribution of the 40-year (1979-2018) annual accumulated
total precipitation . The precipitation distribution integrates characteristics from both the divergence of
water vapor flux and evaporation. The maximum precipitation (>1,500 mm/a) coincides with the largest
converging center and is located close to the Yarlung Zangbo Grand Canyon. The minimum precipitation
(<150 mm/a) is observed in the Qaidam Basin, which is also the location of the lowest evaporation. The
relatively low water vapor convergences (approximately 300 mm/a) combined with plentiful evaporations
(approximately 500 mm/a) lead to considerable precipitation (approximately 600 mm/a). The seasonal dis-
tributions of precipitation are similar to that of the annual mean, while significant differences are observed
in the magnitude. The total precipitation is largest in summer, followed by spring and autumn, and lowest
in winter.

Key characteristics of long-term trends in total precipitation also combine those of water vapor convergence
and evaporation (Figure 11). Total precipitations exhibit an overall long-term increasing trends across the
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Figure 10. Horizontal distribution of 40-year (1979-2018) averaged total precipitation over the TP. (a) Annual, (b) spring, (c) summer, (d) autumn, and (e) winter

values.

majority of the TP, with the exception of the Yarlung Zangbo Grand Canyon, which is also associated with
the maximum of water vapor convergence and steepest decrease in water vapor convergence. As with the
long-term trends in vertical integrated divergence of water vapor flux, the total precipitation consistently
decreases around Yarlung Zangbo Grand Canyon during the entire year. This suggests that the dominant
role of the water vapor convergence related to atmospheric circulation dominates in the precipitation
variations for this area. Generally, the locations associated with increasing precipitation vary with season.
The long-term trends in summer follow that of the annual mean. In spring, precipitation increases
(decrease) in south (north) of the TP, while the reverse is observed in autumn. The long-term winter
trends of precipitation are generally stable. The Brahmaputra basin, inner TP, and south of Qilian
Mountain exhibit increases in both water vapor flux convergence and total evaporation, resulting in an
obvious rise in total precipitation. The long-term trends indicate that evaporation plays a relatively
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Figure 11. Horizontal distribution of long-term (1979-2018) trends in total precipitation over the TP. (a) Annual, (b) spring, (c) summer, (d) autumn,
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Figure 12. Time series (1979-2018) of annual vertical integrated divergence of water vapor flux (blue), total precipitation
(red), and total evaporation (black) over the TP.

important role in the increasing the precipitation in the inner TP, while water vapor convergence dominates
the Brahmaputra basin and south of Qilian Mountain. For the source region of the Yangtze River, Yellow
River and Lancang River are located in the central zone of eastern TP, and thus, a reduction in water
vapor convergence combined with an increase in evaporations does not give rise to significant changes in
total precipitations. The mechanisms about how different climate systems influence the precipitation in
this region are very complex. Sun and Wang (2018, 2019) found that both Eurasian spring circulation and
El Nifio-Southern Oscillation (ENSO) affect the spring precipitation, while North Atlantic Oscillation
(NAO), East Asian summer monsoon, and El Nifio can affect summer precipitation. As this source region
supplies adequate freshwater to downstream areas and feeds approximately 40% of the world's population,
constant precipitation combined with an increase in evaporation will decrease the surface water storage,
possibly having a dramatic effect on those relying on this water supply.

3.2.4. Discussion of Atmospheric Water Balance Over the TP

In order to further investigate the long-term variation of moisture balance over the TP, the time series of
annual total evaporation, precipitation, and convergence of water vapor are depicted in Figure 12.
Variations of annual total precipitation are in close agreement with those of the convergence of water vapor
over the TP, while their long-term trends are different. Correlation coefficient between precipitation and
convergence of water vapor is 0.88 and that between precipitation and evaporation is 0.28. This implies
the dominance of water vapor convergence in the precipitation process across the TP, while evaporation
plays an assisting role. However, evaporation makes great contributions in the increasing trend of precipita-
tion, as both precipitation and evaporation over the TP are increasing at the rate of 0.68 and 0.69 mm/a.
Convergence of water vapor showed slightly decreasing trends, and influence by more complex changes
of atmospheric circulations, such as transportation from Indian Ocean (Xu & Gao, 2019) and cyclonic anom-
aly near Lake Baikal (Zhou et al., 2019).

Tables 1 and 2 report the long-term means and trends of all the terms in Equation 1 for the entire TP and four
subregions in Figure 1, respectively. Values are averaged (accumulated) during the corresponding periods
for the status (accumulation) parameters. The area total values in the bottom line of Table 1 are summed
by the area weighted values for the total Tibet Plateau via Equation 6. The annual vertically integrated moist-
ure over the TP is determined as 16.1 Gt, which is much less than the equivalent values for precipitation,
evaporation, and vertical integrated water vapor convergence. This result suggests that the moisture conver-
ging from surrounding regions and/or evaporating from surface generally leaves the atmosphere through
precipitation, with only very small percentage of water remaining in the atmosphere. Whether it is for the
entire year or each season, atmospheric water budget almost maintains an approximate equilibrium. The
annual accumulated precipitation is determined as 2,220.0 Gt, which is slightly less than the sum of the con-
vergence of moisture (1,103.6 Gt) and evaporation (1,245.5 Gt). This indicates that more water vapors might
left the atmosphere. Coincidently, TCW is observed to rise steadily at the rate of 0.011 mm/a.

Checking trends of water vapor convergence in different seasons (Table 1), it only increased in summer but
decreased in other three seasons. During summer, both water vapor convergence and evaporation bring
about increase in precipitation; convergence of water vapor (0.3 mm/a) contributes more than
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Table 1
Atmospheric Water Budgets Over the TP
TCW oW _v (qt_/’) E P
Mean/trend Mean/trend Mean/trend Mean/trend Mean/trend
Property Status Accumulated Accumulated Accumulated Accumulated
Spring 3.8/0.00 6.3/0.02 82.4/—0.04 93.5/0.14" 154.6/0.04
(mm)/(mm/a)
Summer 10.4/0.03 —0.6/0.00 196.4/0.30 207.6/0.18% 390.7/0.76*
(mm)/(mm/a)
Autumn 4.9/0.01 —6.3/—0.03 55.9/—0.31% 97.2/0.28% 153.7/-0.01
(mm)/(mm/a)
Winter 1.8/0.00 0.7/0.00 40.2/-0.12 34.3/0.08% 62.9/—0.12
(mm)/(mm/a)
Annual 5.2/0.01 0.0/0.00 375.0/—0.18 432.7/0.69% 761.9/0.68%
(mm)/(mm/a)
Annual of area total 16.1/0.03 0.0/0.00 1,103.6/—0.54 1,245.5/1.996l 2,220.0/1.896l
(G)/(Gt/a)

Table 2

Note. All terms are described in Equation 1.
“Denotes significant trend at the 95% confident level.

evaporation (0.18 mm/a). We can speculate that the long-term trends of water storage in the TP are
increasing in summer, which is the largest atmospheric water obtain season. Although the water vapors
obtained in relatively cold seasons were relative small, precipitation is usually in solid form, which is very
important to surface water storage. However, water vapor transported from outside keeps decreasing in
relatively cold seasons, particularly in autumn.

Generally, changes in convergence of water vapor are attributed to the changes in the atmospheric circu-
lation, while the enhanced evaporation is a result of expansion of the lake area and the melting of glaciers
over the TP. Therefore, evaporation acts as a local source for atmospheric water vapor, while the diver-
gence of water vapor flux is linked principally to the water transported from outside of the TP. A contin-
uous and significant decrease in water vapor convergence, the water storage of TP will be further
depleted. For different subregions over the TP, the long-term variations of water storage show different
trends (Table 2). Surface water storage at the region around Yarlung Zangbo Grand Canyon experienced
tremendous lost. For the source region of the Three Rivers, water storage is also under a risk of depletion.
It is due to the water vapor convergence were decreasing and precipitation was only maintained by locally
evaporation. For both Brahmaputra basin and inner TP, there are significant wetting tendencies because
the increases in both convergence of water vapor flux and evaporation bring about obvious increase in
total precipitation. As Brahmaputra basin is much wetter than inner TP, the increasing trends of TCW
in inner TP are more significant.

Figure 13 presents the monthly climatology of the precipitation, evaporation, and convergence of water
vapor. Divergence of water vapor flux, evaporation, and precipitation exhibit a single-peak seasonal varia-

Annual Atmospheric Water Budgets Over Four Subregions of the TP

_,
TCW -V (qv) E P
Mean/trend (mm)/(mm/a) Mean/trend (mm)/(mm/a) Mean/trend (mm)/(mm/a) Mean/trend (mm)/(mm/a)
Inner TP 3.43/0.013% 49.26/1.707% 425.51/1.217% 409.60/2.894%
Three rivers source region 4.797/0.010% 302.65/—0.598 475.5/0.898% 698.92/0.862°
Brahmaputra Basin 5.55/0.014% 449.49/2.72 346.90/0.191 911.78/3.924%
Yarlung Zangbo Grand Canyon 17.22/0.008 3,428.35/—22.292% 606.60/0.597" 3,939.35/—24.815"

Note. Regions are displayed in Figure 1.
“Denotes significant trend at the 95% confident level.
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tion that is stronger in summer and weaker in winter. Precipitation overwhelms evaporation during the war-
mer months of the year, while the colder months exhibit the same trend but with a slightly lower difference
between the two variables. This suggests a gain in the gross surface water budget in the TP. The residuals of
the water vapor balance should include the phase transformation of water vapor and the cross-tropopause
mass exchange, both of which are theoretically minimal (Tian et al., 2017). Negative residual implies an
excess of water vapor resources left in the atmosphere, with positive values indicating that more moisture
is removed from the atmosphere by precipitation. Thus, the monthly accumulated residual term with small
negative number can be neglected.

4. Conclusions

The TP, considered as the “Asian Water Tower” (Yao et al., 2012), acts as a “heat pump” that acquires water
vapor from the surrounding oceans to the plateau region. Combined with the local evaporation, TP forms an
isolated region of atmospheric humidity (Wu et al., 2007; Xu, Lu, et al., 2008) known as the “AWT” of the
plateau. We employed ERAS reanalysis data from 1979 to 2018 to determine a minor drying trend for the
general characteristics of the AWT in southern and southeastern TP, where it is the wettest region of
the TP, but marked wetting trends in the northwest, northeast, and surrounding zones of the TP, where
there are relatively dryer regions of the TP.

In order to determine whether water vapor supply can alleviate the depletion of the surface water storage
caused by the melting of glaciers and the increase in runoff under rapid warming, we analyzed the
long-term trends in the water vapor budget components, including water vapor transportation, evaporation,
and precipitation over the TP. Annual accumulated precipitation (2,220.0 Gt) across the TP is almost equiva-
lent to the sum of convergence of moisture (1,103.6 Gt) and evaporation (1,245.5 Gt). Despite the increase in
the long-term trend in total precipitation at the rate of 0.68 mm/a, the surface water storage is not fully
replenished because the evaporation increases at the rate of 0.69 mm/a, while the net gain of water vapor
transportation does not exhibit significant long-term changes. These observations are based on two indepen-
dent methods: (i) the integration of the water vapor flux along the boundary of the TP and (ii) the integration
of the divergence of water vapor flux within the enclosed area of the TP. Note that the the largest amount of
water is obtained during summer, and the trend in convergence of water vapor flux increases significantly at
the rate of 0.3 mm/a, which was induced by the increase in the inflow transportation from the western
boundaries and the reduced outflow transportation in the eastern boundary. Zhou et al. (2019) report that
the occurrence of a cyclonic (an anticyclonic) anomaly near Lake Baikal reduces (increases) the water vapor
over the TP and subsequently attributes the decreasing outflow in the eastern boundary to a summer atmo-
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spheric circulation anomaly near Lake Baikal. Despite of huge changes in atmospheric water vapor balance
during summer, the risk of water storage depletion is brought by other three seasons, especially the autumn.

The water vapor balance characteristic and their long-term trends vary spatially across the TP. Regions close
to Yarlung Zangbo Grand Canyon, where it is the major passageway of water vapor transported from south-
ern oceans to the TP, exhibit a sharp decrease in water vapor convergence that reduces precipitation.
Furthermore, the evaporation is enhanced due to the rise in temperatures and the melting of glaciers, caus-
ing a marked loss in the surface water storage in this area. In the Three Rivers Source Region, the reduced
water vapor convergence outbalances the increase in evaporations such that no significant changes in total
precipitations are observed. As the evaporations provide the water vapor locally while water vapor conver-
gence transports water resources from the outside of the TP, thus, the possible depilation of the water storage
in this area should be noted with caution. The Brahmaputra basin, inner TP, and south of Qilian Mountain
exhibit significant wetting tendencies attributed to the enhanced precipitation resulting from both conver-
gence of water vapor flux and evaporation.

The regional feature of water vapor balance across the TP is the result of complex interactions between atmo-
spheric heat sources (Yang et al., 2014), atmospheric circulation from high-latitude regions, such as cyclone
near the Lake Baikal (Zhou et al., 2019), and/or low-latitude regions, such as monsoon from the Indian
Ocean (Xu & Gao, 2019). Meanwhile, Liu et al. (2019) found that the slow increasing of precipitation may
be affected by the increasing dust aerosol transported from central Asian or Taklamakan desert. In the cur-
rent study, we describe the AWT and detail the impacts of the long-term changes in the atmospheric water
vapor balance on surface water storage across the TP. The results can improve our understanding on the
“Asia Water Tower” in climate research and adaptation policy.

Data Availability Statement

The ERAS data are available online (https://cds.climate.copernicus.eu/).
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