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Human-induced warming accelerates
local evapotranspiration and precipitation
recycling over the Tibetan Plateau

M| Check for updates
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The Tibetan Plateau faces changing precipitation and environmental conditions affecting alpine
ecosystems and downstream freshwater sustainability. While aerosol influence has been highlighted,
how human-induced greenhouse warming impacts the plateau’s moisture recycling remains unclear.
Here we show that the Tibetan Plateau’s recent precipitation changes result from enhanced
precipitation recycling and moisture convergence that offset the decline in monsoon- and westerly-
associated moisture transport based on 40-year Lagrangian simulations and water budget analyses.
Local evapotranspiration is observed to increase faster in percentage than precipitation, a trend
expected to continue in future warming scenarios according to climate projections. Greenhouse gas
emission causes widespread wetting while weakening the southerly monsoons across the Himalayas,
heightening the sensitivity of precipitation to evapotranspiration and thereby local land surface
changes. This trend exacerbates vulnerability in the water cycle of high mountain Asia, calling for
proactive management to address potential risks and ensure future water and food security in Asia.

Earning the grand title of Asian water tower, the Tibetan Plateau (TP) serves
as the backbone of the region’s freshwater supply, food security, and
socioeconomic development'™. It gives birth to twelve major river systems
in Asia (Fig. la) and profoundly influences the health and livelihood of
almost two billion people-—a quarter of the global population today™’. Most
water tower-dependent countries downstream are developing nations with
a high vulnerability to water supply disturbance™*. The TP is home to the
world’s most biologically rich but fragile ecosystems, housing over 14,000
alpine plants and 1700 mountain animal species, with a tenth of which are
currently endangered or vulnerable’.

Like many other water towers worldwide, the TP is highly
sensitive to climate change®’. With anthropogenic greenhouse gas
(GHG) forcing and elevation-dependent warming at work®, the TP
has warmed at over 0.3 K per decade over the past 60 years, far
exceeding the global average rate®’. A cascade of environmental
upheaval has taken place on the TP, including glacial retreat and
shrinkage'’, rapid lake expansion''"", elevated streamflow'*, perma-
frost degradation”"’, and greening'®"”. Acute drying has been
observed along the southeast and northwest Himalayas, impacting
the upstream areas of the Indus, Brahmaputra, Irrawaddy, and
Mekong basins (Fig. 1b). Meanwhile, conspicuous wetting is observed
in a vast part of the inner TP, encompassing the headwater regions of

the Tarim and Yangtze River basins as well as the two endorheic
basins where new or expanded water bodies were found' ™.

Previous studies conjectured the role of the weakening Indian
monsoon’* in causing the spatial contrast of precipitation change on the
TP. The weakening of the Asian westerly jet was argued to result from
uneven emission of anthropogenic aerosol that caused the TP’s precipitation
change™. However, it remains an open question how a weakening westerly
jet triggers the inner wetting, for it could disfavor instability and pre-
cipitation formation®*, Further, there lacks concrete, quantitative evidence
on how the large-scale circulation changes modified upwind moisture
sources and gave rise to the precipitation changes in high mountain Asia.
From the moisture recycling standpoint, the warming-induced environ-
mental changes, as mentioned earlier, could give rise to stronger local
evapotranspiration flux (Fig. 1c) and feedback to atmospheric conditions
and precipitation through land-atmosphere interactions™™'°—a process
known as precipitation recycling”>*. The latest climate projection indicates
that the TP will become increasingly warmer and wetter throughout the 21
century™”. However, how changes in nonlocal and local moisture recycling
impact the present and future climate sensitivity of the Asian water tower
remains mostly obscure. This impedes the development of optimized water
use management and climate resilience strategies for downstream societies
in future high mountain Asia.
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Fig. 1 | Moisture recycling, hydrological regimes, and precipitation changes in
the Tibetan Plateau (TP). a The TP (outlined by an altitude of 3000 m) and its river
basins. The downstream areas of the basins are shown in grey. ECCS: east coast of the
Caspian Sea, NITP: northern inner TP, SITP: southern inner TP. Based on the
Lagrangian approach for moisture tracking and regime classification, the ratio con-
tributions (mean + S.D., unit: %) of precipitation recycling and external moisture
conveyors to the summer (June-July-August, JJA) and non-summer precipitation on
the TP are shown in blue and orange, respectively. Contributions from other conveyors
are listed on the bottom right. The donut chart on the bottom left displays the total
moisture traceability and the contributions from the oceans and land by the Lagran-
gian approach. On the TP, colors of the 1°x 1° grid cells show the summertime

dominant moisture conveyors (i.e., hydrological regimes) for the local precipitation.
The pie chart shows the fractional coverage (unit: %) of the hydrological regimes with
respect to the TP’s total surface area. The inset on the top right shows the non-
summertime hydrological regimes. b A spatial pattern of the trend of the TP pre-
cipitation (unit: mm yr"' dec™') over 1971-2010 based on CERA-20C reanalysis.
Stippling denotes the statistically significant trends at the 0.1 level (Mann-Kendall test).
¢ Similar to (b), but for the evapotranspiration trends. d Bar plot showing the inner
wetting based on the anomalous precipitation over the NITP and SITP with respect to
the climatological mean (1971-2010). The trend and the corresponding p-value
(Mann-Kendall test) are shown at the bottom. e Similar to (d), but for the Himalayan
Drying based on precipitation in the Yarlung Tsangpo basin.

Here we seek to untangle the complex interplay of precipitation
recycling and moisture advection in the origin of the TP’s hydrological
changes using a three-dimensional (3D) Lagrangian approach for moisture
tracking. We demonstrate that the observed inner wetting is a product of
intensified precipitation recycling propelled by stronger evapotranspiration
plus enhanced moisture convergence. Drawing from the Coupled Model
Intercomparison Project Phase 6 (CMIP6) multi-model single-forcing
experiments” and climate projections”, we propose a dual effect of man-
made GHG warming on the TP’s future hydroclimate: it bolsters pre-
cipitation recycling and wetting while concurrently impairing the southerly
monsoons across the Himalayas. The TP evapotranspiration is projected to

scale effectively faster than precipitation with respect to the GHG-induced
rising temperature. These lines of evidence bespeak a burgeoning likelihood
that the hydrological cycle over the Asian water tower becomes increasingly
self-constrained in a warming climate, with rising sensitivity and vulner-
ability to local land surface change.

Results

Moisture sources and hydrological regimes of the TP

While considerable attention has been paid to the interaction between
local moisture recycling, monsoonal flows, and westerly winds"**, there
is limited research disentangling the relative significance of these
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Table 1 | Precipitation recycling ratio of the Tibetan Plateau (TP) reported in previous studies

No. Study Method Framework Consider Data Time Region Precipitation
cascading effect? recycling ratio
Annual Summer
1 Yang et al.*® Isotopic analysis - - Water isotope 1997 Three sites in - 46.86%
Central TP
2 Kurita and Isotopic analysis - - Water isotope 2004 Naqu, Central TP - 30-80%
Yamada®®
3 An et al.”’ Isotopic analysis - - Ice-core 1979-2012 Chongce, 53.2% -
isotope, ERA-I Central TP +18%
4 Curio et al.”® Budget analysis 2D No HAR 2001-2012 TP 63.2% 42.2-46.4%
Eulerian
5 Zhang et al.”® WAM-2layers® 2D No ERA-I 1979-2013  Central TP 18% -
Eulerian
6 Xu and Gao® QIBT model® 2D No ERA-I 1982-2011  Southeast TP - 35%
Eulerian
7 Guo et al.” WAM-2layers 2D No ERA-I 1979-2015 Central TP 26% 24%
Eulerian
8 Zhang® WAM-2layers 2D No ERA-I 1998-2018 TP 23.6% 22.1%
Eulerian +2.3%
9 Zhao et al.*® Bulk model 2D No RCM' 2009 TP - 21-27%
Eulerian
10 Zhao and Bulk model 2D No ERA5 1979-2018 TP - 23%
Zhou** Eulerian
11 He et al.*® DRM° 2D Lagrangian  No ERA5 1979-2019 TP o 24%
12 Li X. et al.* Bulk model 2D No ERA5 1979-2018 TP 12.2% 26.3%
Eulerian
13 LiY.etal” WAM-2layers 2D No ERA-I, 1979-2015 TP basins ~10-20% -
Eulerian MERRA-2,
JRA-55
14 Sun and FLEXPART- 3D Lagrangian  Yes NCEP-CFSR 2000-2009  Atiny box in 6-8% ~8%
Wang*® ASRA® Northeast TP
15 Gao et al.*® WRF-WVT® 3D No ERA-I 2001 TP 10-40% 40%
Eulerian
16 Ma et al.*’ WRF-WVT 3D No ERA5 2005-2019 TP 18.9% 23.3%
Eulerian
17 This study FLEXPART- 3D Lagrangian  Yes CERA-20C 1971-2010 TP 46.5% 52.2%
WaterSip +2.2% +2.7%

Missing or inapplicable information is denoted with a hyphen.
“Water accounting model-2 layers.

Quasi-isentropic backward trajectory model.

‘Dynamical recycling model.

9ASRA: Areal source-receptor attribution method.

“Weather Research and Forecasting model with water vapor tracers.
fOutput from two regional climate model simulations.

factors”. Here, we dissect the annual precipitation cycle into summer
(June-July-August, JJA) and non-summer seasons (Fig. 1a). In virtue of
a 3D Lagrangian tracking model* coupled with the WaterSip moisture-
source diagnostics® (see “Methods” section), we have attributed the
source of up to 94.5+2.0% of the TP precipitation year-round. In the
summer season, plateau-wide precipitation recycling sustains approxi-
mately half (52.2+2.7%) of the total TP precipitation, while its sig-
nificance noticeably drops to 41.0 + 2.5% during the non-summer season
(Fig. 1a). The uncertainties represent the interannual variabilities of the
moisture contributions based on one standard deviation. Throughout the
year, precipitation recycling accounts for 46.5+2.2% of the TP pre-
cipitation. Our Lagrangian estimate of precipitation recycling ratio aligns
well with those based on water and ice-core isotopes (46.9-53.2%)*>*’ but
surpasses the estimation range based on 2D/Eulerian tracking, which
typically falls between 10% and 40%”°*****” (see Table 1 and “Discussion”
section). The dominant role of precipitation recycling bespeaks an
increasingly sensitive hydrological cycle to land surface fluxes and
properties over the TP.

The Himalayan precipitation variability is prone to the seasonal
interplay between the Indian monsoon and westerlies. By classifying global
circulation regimes (see “Methods” section), we determine that the Indian
summer monsoon plays aleading role in transporting tropical moisture into
the TP, accounting for 24.6 + 2.7% of the TP summer precipitation (Fig. 1a).
The mid-latitude westerlies, on the other hand, contribute as a secondary
factor (7.0 £0.6%) in summer. Further, our grid-scale moisture tracking
experiments confirm that the southern and southeastern Himalayas belong
to an Indian monsoon-dominated regime. Driven by the southwesterly
monsoons and the cross-equatorial Somali Jet'**’, the summertime Hima-
layan precipitation is noticeably fed by a large-scale, meandering aerial
waterway through the Yarlung Zangbo Grand Canyon, as revealed by
precipitation footprints™' (i.e., the moisture-source field; see “Methods”
section; Supplementary Fig. 1).

Contrastingly, during the non-summer months when the subtropical
westerly jet restores its intensity and migrates southward following the
maximum meridional temperature gradient in the upper troposphere™, it
becomes the leading conveyor of external moisture to the TP (29.0 + 2.0%)
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Fig. 2 | Long-term trends of temperature and water budgets in the TP. a Global
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HadCRUTS5 datasets (purple curves). Blue curves with hollow diamonds denote the
T, anomaly over the TP. The base period for the HadCRUT5 T, anomaly is
1961-1990, while the base period for T, for CERA-20C and ERA5 is 1981-2010 due
to data availability. A solid line indicates a statistically significant trend at the 0.1 level
(Mann-Kendall test), otherwise the trend lines are dashed. Various significance
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levels (*: 0.1, ¥*: 0.05, ¥**: 0.01) are shown in the legend. b The TP evapo-
transpiration anomaly from various observational products and multi-product
ensemble over the common period of 1983-2019. ¢ Similar to (b), but for the TP
precipitation. d Similar to (b), but for the TP evapotranspiration-precipitation (E-P)
ratio. Shading in (b-d) denotes the inter-product uncertainty ranging from the 25th
to the 75th percentile of the values. All values of the trends are tabulated in Sup-
plementary Table 2.

(Fig. la). Meanwhile, the importance of the Indian Monsoon halves to
11.6 + 1.4% as the hemispheric land-sea thermal contrast overturns™. For
this reason, the hydrological regime along the entire Himalayas and the
western TP turns westerly-dominated, accounting for 32.4% of the TP’s
surface area (see inset in Fig. la). As a side note, the role of the East Asian
monsoon was likely overrated™'****>*, given its contribution of less than 5%
of the plateau-wide precipitation due to the western North Pacific sub-
tropical high at work’* . Nevertheless, grid cells in the far east of the TP are
governed by the East Asian monsoon.

The inner TP precipitation strongly hinges on local land-atmosphere
interactions. Terrestrial sources directly provide 85.2 + 1.7% of the moisture
supply to the Asian water tower, while direct contributions from the oceans
account for approximately one-tenth or less (Fig. 1a). Since the oceans are
the ultimate reservoirs for moisture over land, moisture must have under-
gone more than one precipitation-evaporation cycle before fueling pre-
cipitation high up the TP--a process known as cascading moisture
recycling’**'. This process is supported by our grid-scale tracking out-
come, showing that up to 62.6-74.3% of the TP’s surface area is TP-

dominated--meaning that these areas receive the most moisture evaporated
nonlocally from within the TP (Fig. 1a). The above results underscore the
importance of cascading moisture recycling in maintaining the moderately
strong precipitation recycling, illuminating that the TP’s internal water cycle
is considerably terrestrial and self-constrained by climatology.

The TP’s growing dependence on precipitation recycling in
present-day climate

The TP’s climate sensitivity is characterized by rapid surface warming and
notable shifts in its surface water budget and moisture recycling dynamics.
Recent decades have witnessed the TP’s surface warming at a rate of
0.33+0.07Kdec’ (p < 0.01), evidently faster than the global rate
(0.20 £ 0.02 K dec™") by observations (Fig. 2a; Supplementary Table 1).
Accompanying the rapid warming is a surge in evapotranspiration,
increasing at 5.8 + 2.2 mmyr ' dec”' (p < 0.01) based on the multi-product
ensemble (see “Methods” section; Fig. 2b). In commensurate with a recent
report”, the TP’s ensemble evapotranspiration exhibits a super CC-scaling
at8.7 +3.7% K™ (p < 0.01) with respect to global mean surface temperature,
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Fig. 3 | Physical processes in the TP’s changing moisture recycling. a Multi-curve
plot showing changes in relative importance (unit: % dec™") of precipitation (local)
recycling, westerlies, and the Indian and East Asian monsoon in the TP precipitation
using the Lagrangian approach. The changes in the absolute moisture contribution
(unit: mm yr " dec ™) are shown based on the CERA-20C historical mean (1971-2010)
annual total precipitation. The y-axis on the left side refers to precipitation recycling,
while the right refers to the other variables. b Bar chart showing the decomposed
moisture budgets that contribute to the inner wetting, based on the precipitation
change (6P) in the southern and northern inner TP basins between the periods 1991~
2010 and 1971-1990). Error bars denote the range from the 25th to the 75th percentiles
of the bootstrapped values. ¢ Similar to (c), but for the Himalayan Drying based on 6P

in the Yarlung Tsangpo basin. d Colors showing the long-term trends in C;, (unit:
mm season ' dec ') at the 0.1 significance level during summer. Vectors in purple
represent the significant trends in the 500-hPa winds (unit: ms™ dec™), otherwise are
in grey. e Similar to (e), but for the non-summer season. The letter A denotes an
anticyclonic circulation while the letter C denotes a cyclonic circulation. f The TP map
displaying the trends in the seasonal precipitation (unit: mm season™ dec™), g vertically
integrated moisture divergence (é JV - qudp, unit: mm season™ dec™), and h the
volumetric soil moisture content in the top layer (0~7 cm; unit: m’ m ™~ dec™") during
summer. Stippling denotes significant trends at the 0.1 level (Mann-Kendall test).
i-k Similar to (g-i), but for the non-summer season.

more than triple the global continental rate (2.8 +1.2% K™ (Supplemen-
tary Table 2). Likewise, the TP precipitation demonstrates a stronger scaling
rate at 6.5+ 6.0% K ' than the global land rate (Supplementary Table 2).
Given the faster growth in the ensemble evapotranspiration compared to
precipitation by percentage change (Fig. 2b, c), the evapotranspiration-
precipitation (E-P) ratio, which serves as a simple Eulerian indicator for
maximal precipitation recycling ratio, consistently shows an upward trend
of 0.8 + 0.7% dec™" (Fig. 2d). These findings entail a uniquely strong climate
sensitivity of evapotranspiration and precipitation recycling in the Asian
water tower.

To verify the hypothesis of precipitation recycling intensification in
the TP, we conducted a four-decade-long Lagrangian tracking simula-
tion. The simulation results unfold a significant increase in the TP’s
precipitation recycling ratio (i.e., the fractional contribution of local
evapotranspiration to local precipitation through backward tracking’"*)
at0.77 £ 0.54% dec™' (p < 0.05), which corresponds to an absolute rate of

5.7 +4.0mmyr ' dec”' (Fig. 3a), in line with the upward trends in eva-
potranspiration and the E-P ratio (Fig. 2b, d). This tracking-based out-
come highlights two important phenomena occurring in the Asian water
tower: Firstly, its internal water cycle has been intensifying as a result of
present-day warming. Secondly, its precipitation is increasingly influ-
enced by local evapotranspiration. These changes are consistent with a
marked increase in the moisture-source field plateau-wide (Fig. 3d, e).
Warming acts to slow down the atmospheric overturning circulation as
well”. Leveraging the Lagrangian method, we measure a significant
decline in the year-round fractional contributions of the Indian monsoon
at —0.50 + 0.44% dec™" (or —3.7 £ 3.3 mm yr~' dec™') and the westerlies
at —0.45+0.29% dec' (or —3.3+2.1 mmyr 'dec’') (Fig. 3a). The
above findings shed light on a gradual transition in dependence from
nonlocal to local moisture recycling, underscoring a less-known concept
that the Asian water tower is becoming increasingly self-constrained in
response to climate change.
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To further understand the physical processes in the moisture recycling
changes, we consider the atmospheric water balance equation”, which links
precipitation to surface evapotranspiration and horizontal moisture fluxes.
By means of moisture budget decomposition®’ (see “Methods” section),
we show that the inner wetting—-represented by the interdecadal pre-
cipitation change in the two inner TP basins—-is primarily driven by a
plateau-wide surge in evapotranspiration (0E) and, to a lesser extent, by
enhanced moisture convergence. The latter includes both humidity-driven
thermodynamic (6TH) effects and dynamic changes (§DY), which together
outweigh the drying effect of transient eddies (6TE) (Fig. 3b). Albeit with a
considerable residual term of the water budget in the Himalayas due to
complex topography”, this does not deny the significance of moisture
divergence in negating the rising evapotranspiration and inducing the
drying there (Fig. 3c).

Spatially, the decline in external moisture recycling is tied to the
slowdown of the Indian summer monsoon, as evidenced by an increasing
tendency of northeasterlies all over the Indian Ocean coupled with declining
uptake of moisture from the ocean surface (Fig. 3d). In contrast, weakening
westerlies across the TP are discernible from the easterly tendency of the
500-hPa winds during both summer and non-summer seasons (Fig. 3d, e).
Column-integrated moisture convergence in the endorheic basins has been
enhanced over the decades, connoting more moisture to converge from
within the TP to initiate the inner wetting (Fig. 3f, g). Conversely, increasing
moisture divergence along the Himalayas matches well with the increasing
drought there (Fig. 3i, j). Considering the effect of soil moisture memory”
and the TP’s semi-arid climate™, increasing soil moisture availability would
positively feedback onto precipitation through moisture recycling and
further maintain the inner wetting”, and vice versa for the Himalayan
Drying (Fig. 3h, k). In a nutshell, the TP’s water cycle becomes increasingly
self-constrained, driven by increased precipitation recycling due to surging
evapotranspiration and enhanced moisture convergence from within and
waning moisture supply from without.

A dual effect of the greenhouse gas (GHG) forcing

A conundrum remains: what fundamentally causes the TP’s precipitation
and moisture recycling changes? Here we examine single-forcing CMIP6
simulations from the Detection and Attribution Model Intercomparison
Project (DAMIP)” (Supplementary Table 3). Most of the state-of-the-art
CMIP6 climate models still struggled to reproduce the TP’s contrasting
precipitation change” (Supplementary Figs. 2, 3). As such, we carefully
selected the best five models whose historical simulation satisfactorily
reproduced such a pattern (Supplementary Table 4; see “Methods” section).
Based on the best five models’ ensemble (MMES5), we corroborate a recent
argument”’ that the observed inner wetting-Himalayan Drying was mainly
attributed to anthropogenic aerosol forcing due to its cooling effect caused
by reflection (Fig. 4a—d, i). However, such aerosol-induced drying will be
temporary. As the GHG emission continues to soar while the cooling effect
weakens as the result of mitigated anthropogenic aerosol emission (Sup-
plementary Fig. 4), their combined effect will undo the drying and herald an
overall wetting of the TP* (Fig. 4b, e-g).

Further, the dual effect of GHG forcing on the TP’s changing envir-
onments will become increasingly paramount. Based on the historical
single-GHG-forcing (hist-GHG) experiment, we discover that whilst the
potent GHG warming boosts up the lower-level atmospheric moisture
content on the TP (Fig. 4i), it also induces a top-heavy heating in the
atmosphere’®. This secondary effect of the GHG forcing is manifested in the
enhanced alpine dry static stability (defined as — %‘3—2 at 400 hPa). It shows
that the GHG-induced top-heavy heating acts to stabilize the mid-to-upper
troposphere (Fig. 4p), triggering a tendency of anticyclonic circulation over
the TP (Fig. 4w). Accompanied by the anticyclone tendency is a northerly
wind tendency that attenuates the southerly monsoons across the Hima-
layas. This finding underlines the role of GHG forcing in weakening the
Indian monsoon-associated moisture transport to the Asian water tower,
echoing our foregoing results by the Lagrangian method (Fig. 3a). This same
GHG effect on atmospheric stabilization and monsoon slowdown is

consistently projected in all the three future scenarios (Fig. 4s-u, z-ab),
especially when the aerosol effect weakens (Supplementary Fig. 4). The
overall effects of anthropogenic forcings in both summer and non-summer
periods resemble that of the annual pattern (Supplementary Figs. 5 and 6).
Taken together, the dual effect of GHG forcing will continue to heighten the
future sensitivity of the TP to precipitation recycling while diminishing
dependence on external moisture advection, rendering the hydrological
cycle more dependent on local land-atmosphere interaction.

The increasing role of TP evapotranspiration in future scenarios
The observed precipitation recycling intensification over the TP is
just the prelude to its forthcoming trend. The best five climate
models suggest that the TP evapotranspiration exhibits a robust
upward trend in a warming climate, particularly in the high-end
scenario with a rate of 15+ 0.4 mmyr ' dec”' (Fig. 5a). Further, its
relative growth (2.9 +0.07% dec™") is projected to be effectively faster
than that of precipitation (2.6 +0.08% dec™') on the TP under the
SSP5-8.5 run, as likewise seen in the SSP3-7.0 and SSP2-4.5 runs
(Fig. 5a, b). Examining the projected E-P ratio reaffirms the faster
growth of evapotranspiration than precipitation across all five best
models (Fig. 5¢). The clear upward trend in the future E-P ratio is in
tandem with the present-day trend by observations (Figs. 2d and 5c).
Further seasonal analysis reveals that the future surge in the E-P ratio
comes primarily from the non-summer period when the rise in
precipitation is apparently slower than that of evapotranspiration
(Supplementary Fig. 7), which is likely due to the presence of
increased soil moisture content by thawing snows.

The uniqueness of the TP’s pronounced climate sensitivity is con-
sistently projected in future scenarios. Due to the TP’s more rapid warming
in future scenarios (Supplementary Fig. 8), both evapotranspiration and
precipitation in the TP ramp up two to three folds faster than the global rates
(Fig. 5d). Again, the models project an effectively faster rate of change of the
TP’s evapotranspiration with respect to warming (5.1 +0.07% K ') than
that of precipitation (4.1+0.17% K™') in the SSP3-7.0 run (Fig. 5d), as
consistently found in the other two scenarios (Supplementary Fig. 9). In
harmony with the stabilizing effect of GHGs on the atmosphere and the
divergence trend over the plateau, the average 500-hPa meridional wind
velocity across the southern TP is projected to decrease significantly at a rate
of —10+1.1% dec™ in percentage under the SSP5-8.5 pathway (Fig. 5e).
Conversely, the northward moisture transport across the southern TP is
expected to increase steadily at a slower rate (2.7 + 0.2% dec™") throughout
the 21st century. The ever-growing northward moisture transport evidently
results from the enhanced specific humidity (Fig. 4n) that offsets the future
weakening of the southerly monsoon flows, which explains the increase in
the future TP precipitation. Given the foregoing findings alongside the high
correlation coefficient (0.72, p < 0.01) between evapotranspiration and
precipitation recycling ratio derived from the Lagrangian method (Fig. 5f),
we conclude that the TP’s water cycle will continue to be more sensitive to
evapotranspiration and vulnerable to local land-atmosphere interaction in a
warmer world. This pivotal conclusion holds important implications for
water tower management, regional climate modeling, and decision-making,
which will be further discussed in the next section.

Discussion

In concert with a recent work by Jiang et al.” on the impact of reduced
anthropogenic aerosol emission and the moistening effect of the GHG
forcing in the Asian water tower’s recent hydroclimatic change, here we
bring further attention to the lesser-known dual effect of GHG forcing. On
the one hand, the GHG forcing contributes to continuous inner wetting
through warming, enhanced evapotranspiration, and local recycling
intensification. On the other hand, it causes top-heavy heating’ that tends to
stabilize the atmosphere and slows down southwesterly monsoons across
the Himalayas, verified by both the single-forcing hist-GHG experiment
and the SSP2-4.5 and SSP5-8.5 scenarios shown herein. The GHG-induced
anticyclonic circulation (divergence) tendency over the future TP
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Fig. 4 | Long-term trends in the meteorological conditions of high mountain Asia
based on CMIP6 models. Column 1 showing trends in precipitation (P, unit:
mmyr~ dec”') for a historical, b hist-aer, ¢ hist-GHG, d hist-nat, e SSP2-4.5, f SSP3-
7.0, and g SSP5-8.5 simulations based on MMES5. The periods of the four historical
simulations and the two future projections are 1971-2014 and 2015-2100, respec-
tively. Columns 2-4 are similar to Column 1, but for the trends in (h-n), surface air
temperature (shading, unit: K dec™"), and the 500-hPa specific humidity, g,
(contour, unit: 10" kg kg ™' dec™") with green/brown contours indicating positive/
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negative values, o-u the 400-hPa dry static stability (unit: K (100 hPa) ' dec™'), and
v-ab the 500-hPa divergence (unit: 10 *s™" dec™") and winds (unit: ms™* dec™").
Letter A denotes an anticyclonic circulation tendency while letter C denotes a
cyclonic circulation tendency. Contours shown in (h-n) are statistically significant
at the 0.1 level (Mann-Kendall test) while sharding and vector variables are statis-
tically significant only when they are denoted by stippling and purple vectors,

respectively.

foreshadows a reduction in the number or strength of the TP vortices””
under warming, agreeing well with recent observations’. Zhang et al.”’
concluded that the warming-induced terrestrial water storage deficit in the
TP was influenced more prominently by surface water budget deficit from
the North Atlantic Ocean than from the Indian Ocean and local moisture
sources using the same 3D Lagrangian model but a different moisture-
source diagnostic from this study. While their finding is commensurate with
the declining westerly-associated contribution found in this work, we fur-
ther disentangle the countering effect of the precipitation recycling inten-
sification against the attenuating water vapor supply from the mid-latitude

westerlies and Indian summer monsoon, which elucidates the TP’s inner
wetting. In virtue of water vapor transport decomposition along the TP’s
four boundaries, Wang et al.¥ affirmed a pronounced decrease in water
vapor export from the eastern boundary due to anthropogenic aerosol
forcing that modifies meridional temperature gradient™ and thereby incites
an anomalous Rossby wave train. Their outcome harmonizes well with the
weakening mid-latitude westerlies and enhanced precipitation recycling
over the TP based on our Lagrangian tracking method.

Distinguished from the previous endeavors, this work offers compel-
ling evidence from a 40-year 3D Lagrangian tracking simulation and water
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Fig. 5 | The growing importance of evapotranspiration in the TP’s future
water cycle. a The projected change in the TP evapotranspiration (unit:

mm yrf1 dec™") in the SSP2-4.5, SSP3-7.0, and SSP5-8.5 till the year 2100 with
respect to the historical mean (1971-2014) based on the MMES5. Shading
denotes the inter-model spread ranges from the 25th to the 75th percentile. The
relative trends are shown in parentheses. Boxplots on the right show the dis-
tribution in the far-future period of 2081-2100, with bars denoting the 25th,
50th, and 75th percentiles and a red dot indicating the mean. b, ¢ Similar to (a),
but for the projected TP precipitation and the E-P ratio, respectively. d The
projected TP and global evapotranspiration and precipitation scaling with
respect to global mean surface temperature (unit: % K™') over the period of

Year

E (mmyr)

2015-2100 in the SSP3-7.0 run. e Similar to (a), but for the projected 500-hPa
meridional wind (vsy,) and the meridional vertically integrated moisture
transport (Q,) averaged over the southern TP (as outlined in the inset). For
simplicity, only the trends in the SSP5-8.5 run are shown. A 5-year running
mean is applied to the time series in (a—e). f Scatter plot of the Lagrangian
tracking-derived precipitation recycling ratio (unit: %) and the volumetric soil
moisture (SM) content in the top layer (0-7 cm) (unit: m’ m~’) against the TP
evapotranspiration (unit: mmyr ). The solid line represents the regression line
alongside the slope and the Pearson correlation coefficients. All trends shown in
(a—f) are statistically significant at the 0.01 level (Mann-Kendall test).

budget analysis to support the idea that the TP’s recent precipitation changes
are driven by enhanced precipitation recycling and moisture convergence
that offset the steady decline in the Indian monsoon- and westerly-
associated moisture transport. This outcome corroborates fragmented
findings from the existing literature’***>*. Most importantly, we discover
that the TP’s hydrological cycle becomes increasingly self-
constrained--that is, more dependent on its local recycling and less on
external moisture supply. This is evidenced by the prominently faster
growth of evapotranspiration than precipitation on the TP in percentage
change with respect to warming in both present and future climates. The
expected enhancement of the TP’s precipitation recycling ratio under a
warmer climate drawn from the CMIP6 multi-model ensemble agrees with
a recent modeling study using a higher-resolution regional climate model
(Weather Research and Forecasting, WRF) simulation forced by a global
climate model®'. Additionally, we show a different mechanism by backward
Lagrangian tracking that the moisture transport in the southern TP pre-
cipitation is primarily in the form of upslope flows (Supplementary Fig. 10),
challenging the previous claim regarding the dominant role of up-and-over
transport in the region®.

However, the limitations of this study are worth noting”. While the
MMES is based on the top-performing five CMIP6 models in reproducing
the observed precipitation change on the TP, their simulations are not

flawless. This is shown by the notable inter-model spread in the simulated
water budget on the TP (Fig. 5a-d). With approximately 70 models parti-
cipating in CMIP6, only about one-fifth of the models contributed to the
tier-1 DAMIP experiments. More models to join DAMIP may help reduce
further the cross-model uncertainties. Resolving the inherent deficiency in
contemporary climate models* to realistically simulate land-atmosphere
feedback is also essential. A comprehensive review of the past
16 studies™**® (Table 1) reveals a large uncertainty range in the estimates of
the TP’s precipitation recycling ratio during boreal summer (~10-80%) and
throughout the year (~10-63.2%). Dependent on the methodology used,
studies using Eulerian models”™’ generally reported a relatively lower
precipitation recycling ratio (~10-20%), since these simple models ignore
the cascading moisture effect in the real world that the FLEXPART-
WaterSip approach considers*****, Further, 2D models fail to resolve the
full vertical profile of the atmosphere and moisture flows across the complex
topography™ and are subject to well-mixed conditions that are seldom met
in reality”. In contrast, isotopic studies” " and budget analysis™ reported a
higher precipitation recycling ratio of 30-80% for the summer precipitation
and 53.2-63.2% for annual precipitation in the TP (Table 1). However, it is
important to realize that isotopic studies may be subject to sampling issues
while budget analysis may depend on data quality and method. Hence, our
Lagrangian estimates (52.2% for summer precipitation and 46.5% for
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annual precipitation) that fall between the two groups of estimates could be
considered reasonable. It is noteworthy that the precipitation recycling ratio
is scale- and shape-dependent***. Even worse, the boundaries of the TP
were not defined consistently in the literature********, This explains the
exceptionally smaller estimates of the precipitation recycling ratio reported
by Sun and Wang®, for their analysis was based on a tiny box region in the
northeast TP. However, the 3D Lagrangian tracking method has its defi-
ciencies as well. The derived trajectories could still suffer from uncertainties
due to convection, turbulence, rainwater evaporation, and numerical
diffusion*>". Future intercomparison studies are needed to reconcile esti-
mates and hopefully reduce uncertainties regarding the TP’s moisture
recycling ratios.

Finally, what are the key implications given the foreglimpse of the TP’s
increasingly vulnerable water cycle under climate change? Firstly, it fore-
shadows a growing role of land-atmosphere interaction in the region’s water
and energy cycle. Soil moisture is positively correlated (0.44, p < 0.01) with
evapotranspiration on the TP (Fig. 5f), suggesting that the TP is essentially a
water-limiting regime where soil moisture controls evapotranspiration”.
Due to human-induced warming, enhanced precipitation and rapid melting
of alpine glaciers result in increased inflow of water into the soils and
lakes'*"*", leading to accelerated evapotranspiration® that feeds back to a
stronger precipitation recycling process. Vegetation migration will play a
part in the TP’s future hydroclimate as well. An observational study"’ sug-
gested an overall greening on the TP in the past decades, manifested in
increasingly more steppe (semi-desert) replaced with meadow (grassland).
This observation could result from faster wetting and precipitation recycling
intensification in the semi-desert environment than elsewhere on the TP
based on our tracking results (Supplementary Fig. 11). Secondly, with the
waning percentage of external moisture supply and stronger precipitation
recycling, runaway droughts could occur during dry years when the
replenishment of terrestrial water storage is slower than depletion by eva-
potranspiration and surface runoff. This will exacerbate water scarcity,
causing ecological imbalances and increased competition over limited
freshwater resources. Other hazards, such as land degradation due to alpine
permafrost collapse'™'” and glacial lake outburst floods*”, will be amplified
as more locally evaporated water vapors fall as warmer raindrops in the
future. Thirdly, the altered water cycle can have broader and cascading
effects on weather patterns and climate Earth-wide’', rendering the TP a
potential but less-understood tipping point in the climate system’>”. This
calls for more extensive gauge observations and field measurements to aid
climate models in better simulating the complex interplay between the
atmosphere, cryosphere, hydrology, and alpine plant physiological response
in the region for decision-making. Lastly, the TP’s increasingly vulnerable
water cycle under climate change requires careful attention and effective,
far-sighted water tower management among different Asian sectors and
countries’ to mitigate the potential risks and ensure sustainable and equi-
table water use and sharing, as well as to safeguard food security, livelihoods,
and long-term economic development in a changing climate.

15,17

Methods

Observational datasets and reanalysis

Pressure-level and surface environmental fields were retrieved from the
3-hourly, 1° x 1° CERA-20C reanalysis product™ for diagnosis, while the
terrain-following, model-level data were adopted to force the Lagrangian
model. We used the hydrologically well-defined, level-3 catchment
boundaries from the hydrologic data and maps of the shuttle elevation
derivatives at multiple scales (HydroSHEDS) database” to benchmark the
estimates of moisture recycling ratios. The shape files of the boundaries of
the TP (outlined by an altitude of 3000 m) and its upstream and down-
stream catchments are accessible from our data availability statement.
Additional sources of reanalysis and observational data were adopted to
evaluate the bias in CERA-20C moisture budgets. Reanalysis products
included the fifth generation European Centre for Medium-Range Weather
Forecast (ECMWF) reanalysis (ERA5)*, high Asia refined analysis version 2
(HARv2)”, and the TP reanalysis (TPR)**”. HARV2 is derived from the

dynamical downscaling of the WRF model, forced by ERAS5 reanalysis and
Japanese 55-year reanalysis (JRA-55) snow depth data”. Similarly, the TPR
is a dynamically downscaled product using the ERA5-forced WRF simu-
lation at 9-km resolution and a different nudging technique, reproducing
precipitation more realistically than HARv2**”. Long-term observation-
based products were adopted in the bias evaluation of CERA-20C, including
the Global Precipitation Climatology Project (GPCP)'”, Global Precipita-
tion Climatology Centre (GPCC)'", precipitation from the Climatic
Research Unit (CRU)'”, evapotranspiration from GLEAM'*'", and near-
surface air temperature from HadCRUT5'”. Other satellite-based pre-
cipitation products, such as IMERG'* and CMOPRH'”, were excluded
from our analysis owing to their limited temporal coverage (~20 years) and
sub-par performance in detecting shallow and warm orographic pre-
cipitation events”'”, Details of the datasets used herein are summarized in
Supplementary Table 1.

Multi-product ensemble

Given the scarcity of ground-based observations on the TP*'”, it is necessary
to construct a multi-product ensemble to understand the status quo of the
alpine atmospheric water cycle. The ensemble-mean evapotranspiration
was constructed using a satellite-based GLEAM product, ERA5 reanalysis,
and two model-based products (HARv2 and TPR) over a common period of
1983-2019 (Fig. 2b). Likewise, the ensemble-mean precipitation is com-
puted by averaging the three long-term observational products (i.e., CRU,
GPCC, and GPCP) and the three reanalysis or model-based products (i.e.,
ERAS5, HARv2, and TPR) (Fig. 2¢). As a simple indicator of precipitation
recycling ratio, the observational E-P ratios were computed by dividing
GLEAM evapotranspiration by the observational precipitation products
(CRU, GPCC, and GPCP), while the reanalysis/model-based E-P ratios
were computed based on the products’ own evapotranspiration and pre-
cipitation fields (Fig. 2d). The two regional, TP-centered HARv2 and TPR
datasets were excluded from the multi-product ensemble when computing
trends regarding the global land region (Supplementary Table 2).

Bias evaluation of CERA-20C reanalysis

The multi-product ensemble (whose fusion excluded CERA-20C) served as
a benchmark to evaluate the quality of CERA-20C used to force the
FLEXPART model. Despite a wet bias of CERA-20C precipitation (and
similarly for ERA5 precipitation), it exhibits a high PCC (>0.8) with the
ensemble-mean precipitation for both the Asia-Pacific domain and the TP
alone (Supplementary Fig. 12a, b, h). Notably, the PCC between CERA-20C
and observational products (e.g., CRU, GPCC, and GPCP) reached 0.9
individually (Supplementary Fig. 12c-e), while CERA-20C generally
showed the lowest PCC and highest RMSE with downscaled products
(Supplementary Fig. 12f, g). In terms of long-term trends, CERA-20C
satisfactorily reproduced the north-south contrast in precipitation trend
over the TP and exhibited the highest PCC with the ensemble-mean product
among all others (Supplementary Fig. 13). Likewise, the spatial pattern and
long-term trend of the mean CERA-20C evapotranspiration were similar to
those of the ensemble-mean product (Supplementary Figs. 14, 15). The
foregoing evaluation justifies the use of CERA-20C in forcing the
FLEXPART model.

CMIP6 data, experiments, and model evaluation

The CMIP6 DAMIP*!" provides state-of-the-art climate change detection
and attribution on how the Earth’s climate system responds to single
anthropogenic and natural forcings. The tier-1 DAMIP experiments include
historical (with all natural and anthropogenic forcings), hist-GHG (with
well-mixed greenhouse gas forcing only), hist-aer (with anthropogenic
forcing only), and hist-nat (with solar, volcanic, and stratospheric aerosol
forcings only) experiments®. Here we assessed 12 CMIP6 models partici-
pating in DAMIP (Supplementary Table 3). These models provided com-
plete simulation results for the tier-1 DAMIP and the ScenarioMIP
experiments, including the mitigated scenario with a radiative forcing at
4.5 W m™* by the year 2100 (SSP2-4.5), the medium-to-high-end scenario
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with high societal vulnerability and a radiative forcing at 7.0 W m™ by the
year 2100 (SSP3-7.0), and the unmitigated, high-end scenario with a
radiative forcing at 8.5 W m > by the year 2100 (SSP5-8.5)"'. While none of
the models can perfectly reproduce the precipitation climatology and trend
(Supplementary Figs. 2, 3), the best five (CNRM-CM6-1, MRI-ESM2-0,
ACCESS-ESM1-5, ACCESS-CM2, and GFDL-ESM4) were selected based
on their fine performance in simulating the observed inner wetting-
Himalayan drying pattern (Supplementary Table 4).

Lagrangian tracking simulation

We performed a four-decade-long (1971-2010) simulation of 3D Lagran-
gian tracking using the FLEXible PARTicle dispersion (FLEXPART) model
version 10.4*°"'"", Compared to 2D models, 3D models typically offer an
improved accuracy of the air parcel trajectory””""*'"*. FLEXPART uses an
offline tracking technique—that is, the model is driven (and therefore
constrained) by reanalysis data without the need to numerically solve the
coupled prognostic equations. For this reason, offline tracking models are
computationally more efficient than numerical weather simulations using
online water-tagging methods'**'”*. The model was driven by CERA-20C
reanalysis that offers up to 91 terrain-following model levels, which allows
more realistic simulations of the motion of air parcels over the complex
topography of the TP'"". The model ran in a domain-filling mode, in which
the global atmosphere was homogeneously divided into 5 million air parcels
with equal masses. The model internally simulated the 3D motion of the
parcels every 15 min and output the results every three hours. Interested
readers are referred to Cheng and Lu™ for details of the moisture tracking
simulation.

Optimized Lagrangian moisture-source diagnostic

Precipitation variability links to changes in local and nonlocal moisture
recycling’**'". Local moisture recycling (or precipitation recycling) refers
to a process in which precipitation is contributed by moisture evaporated
locally'”"". Nonlocal moisture recycling involves moisture contributed
from an external source through wind advection®™”'*. To quantify
moisture recycling, here we adopt a Lagrangian diagnostic called
WaterSip™®". The diagnostic uses the moisture trajectories from the
FLEXPART simulation to compute the relative contributions of the upwind
water uptakes to the TP precipitation. The WaterSip diagnostic takes into
account the cascading effect of the loss of moisture en route that would
discount the contribution of earlier moisture uptake to the target
precipitation event.

One crucial step of the WaterSip diagnostic is to determine pre-
cipitating air parcels, from which the accumulated water loss ought to be
comparable with the surface precipitation. A key parameter here is the
Lagrangian-estimated precipitation P; ,*', whose value at time ¢ is calculated
as:

K
P (x7y7 t):Ai(; y) Z mAgy [x;{(O)],
V) =1

for Ag, [x}.(0)] < Aq. and RH, [x}(—3hr)| >RH(x, y),

(1

where x/(7) is the 3D location [x’(‘r), y'(1),7 (T)} of the parcel, 7 is the
backtracking time, Ag, [x}(0)] is the change in the air parcel ks specific
humidity at the initial position (7 = 0) at time t, A is the grid area, K is
the total number of parcels within the air column at the grid cell (x, ),
my, is the mass of the parcel k, and Aq, (taken as —0.1gkg™' (3h)™") and
RH, are the thresholds of specific humidity and relative humidity (RH)
upon precipitation, respectively. It is worth mentioning that Eq. (1)
assumes a negligible evaporation rate of the moisture of the parcel during
rainout'”'. When tracking air parcels, errors may arise and accumulate
over time due to numerical diffusion and chaos, leading to unrealistic
trajectories. To alleviate this issue, we implemented an optimal-tracking
mode’’ to ensure that the tracking is terminated if over 99% of the source
of precipitation has been traced or when the tracking period exceeds

20 days. Interested readers are referred to Sodemann et al.”* for the
detailed algorithm of the diagnostic.

As P, , is primarily controlled by RH,*"*, we devised a spatially and
seasonally varying scheme for RH, to minimize the biases of P, , from the
surface precipitation P (Supplementary Fig. 16). Compared with the results
based on a fixed RH, of 85%, the scheme produced much-improved pre-
cipitation through lowering RH, in the TP (Supplementary Fig. 17a-c),
where fast recycling of precipitation frequently occurs owing to mechanical
lifting in the mountainous topography™'”. Further, the RH, scheme
minimized the biases caused by seasonal variations in atmospheric circu-
lations, boundary layer mixing, and land surface conditions to an extent
where the Pearson pattern correlation coefficient (PCC) remained >0.9 with
a root-mean-square-error (RMSE) <1 mm day ' (Supplementary Fig. 17d-
). All of the above lends credibility to the result of the WaterSip diagnostic
presented hereafter.

Given the moisture recycling ratio p estimated by the WaterSip diag-
nostic, the backward moisture-source field C, (unit: mm (3 h)™)--also
known as precipitation footprints®'-at time ¢ is computed by:

1 K 0
Colxynt) = A(%J)Z 2

k=1 1= —1y,

X (1) € (x,9)

mypy [xi(1)] Ag, [x,(0)]
@

where the inner summation amasses all the relative contributions of the
water uptakes (ie., effective water uptakes) along the trajectory from
the total backtracking time (7)) to the starting time (7 = 0) at time ¢ in the
column (x, y), and the other parameters follow the same notation as in
Eq. (1). Aggregating the sub-daily C, gives daily values in units of mm day .

Circulation regime classification

To evaluate the relative importance of the monsoons and westerlies in the
TP precipitation in a systematic and objective manner, it is imperative to
determine their spatial regimes in the first place. Here we propose a compact
monsoon-westerly index (MWI), defined as:

MWI = uy - g, 3)

where 3, and ugs, refer to the horizontal winds at 300 and 850 hPa,
respectively, and (-) denotes the dot product operator. A significantly
negative MWT at the 0.01 level (Student’s ¢-test) indicates an overturning
regime, in which the upper- and lower-level winds blow in almost reversed
directions in a baroclinic atmosphere. Conversely, a significantly positive
value denotes a westerly/easterly regime wherein the wind direction is
consistent at both lower and upper levels in a barotropic atmosphere. The
WMI magnitudes and the corresponding confidence interval at the 0.01
level are shown in Supplementary Fig. 18 for the readers’ reference. The
compact WMI can effectively capture the monsoon regimes globally, such as
the North American monsoon'**'*", South American monsoon'**'*,
Australian monsoon'”"'*, Indian monsoon®*°, and the Fast Asian
monsoon domains®**”'*’ (Supplementary Fig. 19a).

Of relevance to the TP precipitation, the Indian monsoon and East
Asian monsoon regimes are defined as the grid cells of the overturning
regime that fall within the pan-Indian monsoon and pan-East Asian
monsoon domains, respectively (Supplementary Fig. 19a). The overturning
regimes outside the above two domains are regarded as other monsoons for
simplicity. We define the Northern Hemisphere mid-latitude and Arctic
westerly regimes within 15-60 °N and 60-90 °N, respectively. The Southern
Hemisphere westerly regime is defined as the westerly regime poleward of
15 °S. The easterly regime is defined within 30° of the equator, except in
North India where the easterly regime is grouped into the Indian monsoon
regime during summer, for it is, in fact, part of the Indian summer
monsoon trough system™. Notice that the MWI developed in this study is
based on both upper and lower levels. Thus, the derived circulation regime
classification must differ from those based on a single level. However, they
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are generally consistent. For example, the westerly regime in the northeast
part of East Asia (Supplementary Fig. 19b) is consistent with the core
location of the westerly jet stream™, also known as the exit region of the jet"*.
Over the annual cycle, the westerly regime captures the seasonal migration
of westerly jets straddling the TP**"*". To account for the seasonal variations
in the regimes, a regime’s annual total moisture contribution to the TP is
calculated by taking the area-weighted sum of the TP’s seasonal total pre-
cipitation multiplied by its corresponding seasonal importance, and simi-
larly for computing the non-JJA contribution.

Moisture budget decomposition

Moisture budget decomposition is useful in disentangling various physical
processes pertinent to the precipitation change. The decomposition origi-
nates from the vertically integrated water balance equation”"*:

1 Ps%

P-E=——
Pw8 Jo ot

d
+ V- (uq) + % (wq)dp, (4)

where p,, is the density of water (ie., 997 kgm™), g is the gravitational
constant (i.e., 9.81 ms™), q is the specific humidity (unit: kgkg™), p is the
pressure (unit: Pa), p, is the surface pressure (unit: Pa), u = (u, v) is the
horizontal wind velocity (unit: ms™), and w is the pressure velocity
(unit: Pas™).

Based on Eq. (4), the change in precipitation between two different
periods (8P) can be decomposed into the contributions owing to evapo-
transpiration (8E), thermodynamic (§TH) and dynamic effects (8DY), and
transient eddies (8TE), nonlinear (ONL), and moisture storage (8ST)
terms®>’”. Namely,

8P = SE + STH + SDY + STE + SNL + 8ST + Res, 5)
where
ST 1/”‘ (5q,)d ©)
H=-— [ V. (5a,)dp, 6
ng 0 q ! p
8 L [Py (3,50)d %)
DY = —— - (g,8u)dp, 7
P& Jo !
ST L "y 5(g'w)d 8)
E=—— -8(g'w)dp, 8
pwg 0
8 L "y (5u57)d, ©)
NL=—— . (81u87)dp, 9
el q)dp
-
ssT=—— [5 (ﬁ) dp, (10)
PwE Jo ot

and 8(-) = (), — (), (11

8(-) denotes the difference in a quantity between periods 2 and 1
(denoted by subscripts 1 and 2), and they were chosen to be 1991-2010 and
1971-1990, respectively. Overbars denote temporal means (e.g., over a
season) and primes are the departures from the means (i.e., Reynolds
averaging). Res denotes the residual term, and V denotes the divergence
operator. The vertical integration was taken from p_ to 10 hPa. Since near-
surface specific humidity is absent in both CERA-20C and ERAS5 reanalysis
products, the surface term is omitted in Eq. (5) and incorporated into the
residual term. It should be noted that while Eq. (6) is termed a thermo-
dynamic effect™”, it is a humidity effect in a strict sense, for the thermo-
dynamic effect is determined by both humidity and temperature.

Statistical analysis

The two-sided non-parametric Mann-Kendall test was adopted to assess
the statistical significance of long-term trends in the variables. The two-
sided Student’s t-test with a null hypothesis of zero was used to determine
statistically significant MWI. The uncertainties in the tracking-based ratio
contributions are based on interannual variability (+one standard devia-
tion). The uncertainties in the regression analysis referred to the 95%
confidence level for the regression coefficient based on standard error. The
lower and upper error bars of the decomposed moisture budget refer to the
25th and 75th percentile of the values from 10,000 bootstrap samples,
respectively. The CMIP6 inter-model spread ranges from the 25th to 75th
percentile of the values.

Data availability

The source data for graphs and charts as well as the 40-year moisture-
source data for the TP precipitation are available from the Zenodo
repository (https://doi.org/10.5281/zenodo.11479499)"*”. The sources of
reanalysis and observational data adopted herein are as follows: CERA-
20C reanalysis™ (https://www.ecmwf.int/en/forecasts/dataset/coupled-
reanalysis-20th-century), ERA5 reanalysis™ (https://doi.org/10.24381/
cds.adbb2d47), HARv2 reanalysis” (https://www.tu.berlin/en/klima/
research/regional-climatology/high-asia/har), TPR™* (http://biggeo.
gvc.gu.se/TPReanalysis/), GPCC precipitation'” (https://opendata.
dwd.de/climate_environment/GPCC/html/fulldata-daily_v2022_doi_
download.html), GPCP precipitation'” (https://www.ncei.noaa.gov/
data/global-precipitation-climatology-project-gpcp-monthly/access/),
CRU precipitation'® (https://crudata.uea.ac.uk/cru/data/hrg/), GLEAM
evapotranspiration data'*'" (https://www.gleam.eu/#downloads), and
HadCRUTS5 near-surface air temperature data' (https://www.metoffice.
gov.uk/hadobs/hadcrut5/). Global watershed boundaries were retrieved
from the HydroSHEDS database™ at https://hydrosheds.org/downloads.
CMIP6 DAMIP model simulation output was available at https://esgf-
node.llnl.gov/projects/cmip6/.

Code availability

The source code of FLEXPART version 10.4* is available at https://www.
flexpart.eu/downloads. The flex_extract version 7.1.2 software'' designed
for preparing the input for the FLEXPART model is available for download
at https://www.flexpart.eu/flex_extract/. Geographic figures were generated
using a Matlab package M_Map'”, available at www.eoas.ubc.ca/~rich/
map.html.
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