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Water resources sustainability in High Mountain Asia (HMA) surrounding the Tibetan
Plateau (TP)—known as Asia’s water tower—has triggered widespread concerns
because HMA protects millions of people against water stress'?. However, the
mechanisms behind the heterogeneous trends observed in terrestrial water storage

(TWS) over the TP remain poorly understood. Here we use a Lagrangian particle
dispersion model and satellite observations to attribute about 1 Gt of monthly

TWS declinein the southern TP during 2003-2016 to westerlies-carried deficit in
precipitation minus evaporation (PME) from the southeast North Atlantic. We further
show that HMA blocks the propagation of PME deficit into the central TP, causing a
monthly TWSincrease by about 0.5 Gt. Furthermore, warming-induced snow and
glacial melt as well as drying-induced TWS depletion in HMA weaken the blocking of
HMA’s mountains, causing persistent northward expansion of the TP’s TWS deficit
since 2009. Future projections under two emissions scenarios verified by satellite
observations during 2020-2021 indicate that, by the end of the twenty-first century,
up to 84% (for scenario SSP245) and 97% (for scenario SSP585) of the TP could be
afflicted by TWS deficits. Our findings indicate a trajectory towards unsustainable
water systems in HMA that could exacerbate downstream water stress.

Asavital source of meltwater from seasonal snowpack and thousands
of glaciers, HMA surrounding the TP, also known as Asia’s water tower,
protects approximately 800 million people against water stress"?.
Rapidly growing Asian economies that house the largest populations
of the world, particularly China, India and Pakistan, rely heavily on
the meltwater from HMA and are hence particularly vulnerable to
increasing water stress owing to changing freshwater availability
across the region’. Past decades witnessed exacerbated water stress in
these countries by virtue of declining regional TWS®>” and rising water
demands'®’. These supply-demand imbalances have been increas-
ingly undermining regional food security and sociopolitical stability,
which are expected to deteriorate under awarming climate’® ™. Asa
drought-resilient source of water, meltwater from glaciers help miti-
gate water stress for downstream areas'. However, this water source
is not sustainable and accelerating glacier mass loss may leadto a
cascade of unintended and detrimental environmental and ecologi-
cal consequences™?°,

Under a warming climate, water availability in HMA is increas-
ingly being affected by accelerating ice mass loss**'**° and warming-
induced variationsin water availability exhibit high spatial variability®.
During2000-2019, HMA’s glacier loss accounted for about 19% of the
global glacier mass loss of 267 + 16 Gt per year (ref.*®). Thisresulted in
adeclinein TWSinHMA, reducing water availability and exacerbating

water stressin the Indus and Brahmaputrariver basins>*%. Meanwhile,

concurrent droughts have been observed in the Aral, Chu-Issyk-Kul
and Balkhash basins' owing to PME deficit from the North Atlantic’.
By contrast, increased precipitation in the Sanjiangyuan—the headwa-
ters of the Yellow, Yangtze and Lancang rivers—has caused increased
TWS over the central TP*%,

The unprecedented changes in HMA’s water systems have been
reported in numerous studies**"*?°, However, the atmospheric mecha-
nisms causing the distinct and regionally varying TWS changes are
notwellunderstood®. Westerlies and the Indian monsoon bring water
vapour recharge for precipitation® 2?3, and decreasing precipitation
inthe Himalayas and increasing precipitation in the Pamirs observed
during 1979-2010 were attributed to a weakened Indian monsoon®*
and enhanced westerlies?®?, respectively. Atmospheric circulations
also transmit meteorological droughts from the source regions of
water vapour’??, and mid-latitude westerlies have also been identi-
fied as potential drivers for HMA'’s glacier shrinkage?. At the same
time, the PME deficit transmitted by the westerlies caused TWS deficits
across mid-latitude Eurasia but not in the central TP”. Given that only
limited water vapour reaches the central TP?*, we hypothesize that
the TWSincrease over the central TP can be attributed to a blocking
of the propagation of PME deficits by HMA’s high elevations. Because
glacier melting dominated TWS changes in HMA™*, we argue that
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Fig.1|Analysis of water vapour into the TP. a, The clustered trajectories from
sourceregionstothe TP during2003-2017. b, Particle-scale water vapour
relative contributions fromall source regions to the TP. Intermediate current
denotesthe current connecting westerlies and the Indian monsoon. ¢, Relative
contributions of water vapour from the first to the fourth source regions.

d,e Combined relative contributions (RC_main) for Asia, India Ocean, North
Africaand North Atlantic as compared with the total relative contribution of all
considered sourceregions (RC_full). The month count denotes the number of
monthswhenRC_main/RC_fullisin eachinterval. For panels c-e, blue colour

shrinking glaciers and changes in snow cover might have modulated
the thermodynamic conditions in HMA and resulted in a damping of
HMA'’s blocking.

Analysis of water vapour into the TP

By backtracking water vapour using the FLEXPART model (see Meth-
ods), we identify the North Atlantic and the Indian Ocean as the main
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RC_main/RC_full (%)

denotesaccounting foron-route changes and pink colour denotes disregarding
on-route changes, in which‘on-route’means the areabetween source regions
and the TP. The continental map data hereafter are based on country-scale
world map data*. The TP map data hereafter are acquired from the National
Tibetan Plateau Data Center, China. The figure is plotted usingR (ref. >%). The
resultsused to generate the figure are available through Zenodo*. AS, Asia
(except TP); BS, Black Sea; CS, Caspian Sea; EU, Europe (including Russia); 10,
Indian Ocean; MS, Mediterranean Sea; NA, North America; NAF, North Africa;
NATO, North Atlantic Ocean; NPO, North Pacific Ocean.

oceanic water vapour sources for the TP (Fig. 1). When accounting
for on-route changes (see Methods), we find long-term average rela-
tive contributions of about 42% from Asia, about 7% from the Indian
Ocean, about 4% from North Africaand about 3% fromthe North Atlan-
tic (Fig. 1c). Disregarding on-route changes does not markedly alter
the outcomes (Fig. 1c). Crucially, during 98% of the study period (77%
when disregarding on-route changes), the above four source regions
account for more than 75% of the total water vapour input to the TP



(Fig.1d,e). Distance to the TP has a negative influence on the contri-
butions from source regions to the TP, even though the ocean is the
primary continental water source region fromalarge-scale circulation
standpoint. The oceans (for example, the Indian Ocean and the North
Atlantic) recharge the water vapour of air particles over the lands (for
example, Asia and Africa) that further transit water vapour into the
TP (Supplementary Fig. 1) by means of two main trajectories: the first
is from the North Atlantic to the western TP and is mediated by the
westerlies (Fig.1a,b), whereas the second is an intermediate current
(see Fig.1a,b) that brings water vapour from the North Atlantic and
the Indian Ocean into the southern TP. Relative contributions from
Asia are generally the highest owing to the geographical proximity to
the TP. When on-route changes are disregarded, relative contributions
from the North Atlantic are larger than those from the Indian Ocean
(Fig.1c), raising the question as towhether the TWS in the southern TP
mountainsis primarily influenced by variations in water vapour input
from the Indian Ocean or the North Atlantic.

Our results indicate that the TWS changes along the above trajec-
tories are influenced more prominently by the PME deficits in the
North Atlantic than by PME variations in the Indian Ocean and local
PME variations. On the basis of monthly relative contributions, we
find the water vapour input from the Indian Ocean to be dominant
duringJune-October, whereas that from the North Atlantic dominates
mainly during November-May (Supplementary Figs. 2 and 3). Seasonal
shifts within the source regions complicate the PME pattern along the
routes. Poor correlations are detected between (1) PME across three
large-scale subregions (SR1-SR3; see Supplementary Fig. 4a-c) along
the trajectories and (2) PME in regions of the North Atlantic and the
Indian Ocean (Supplementary Fig.4d-f). The TWS changes caninturn
be attributed to the PME deficit transmitted from the water vapour
sourceregionsto the TP”. The TWSin SR1-SR3, for example, is strongly
related to the PME deficit over the northwest and southeast North
Atlantic (correlation coefficients of 0.47-0.60, P < 0.01; Supplementary
Fig.4g-i). By contrast, TWS variationsin SR1-SR3 are poorly correlated
with PME over the Indian Ocean and local PME variations (correlation
coefficients between-0.07 and 0.40; Supplementary Figs. 4g-iand 5).
Furthermore, relationships between TWS over SR1-SR3 and PME over
the Indian Ocean are becoming weaker with decreasing distance to
the TP (Supplementary Fig. 4g-i). Instead, PME over the northwest
and southeast North Atlantic have persistently notable correlations
with TWS over SR1-SR3 (Supplementary Fig. 4g-i). Thus, for further
analysis, we focus primarily ontheimpact on TWS over the TPinduced
by PME deficit over the North Atlantic.

Anomalous TWS increase in the central TP

Covariance analysis suggests a distinct water vapour route that trans-
mits PME deficits from the southeast North Atlantic to the TP. This route
ischaracterized by asynchronous decreasein TWS and spatial overlap
with eastward water vapour trajectories (Extended DataFig.1). The PME
deficit from the low-latitude North Atlantic causes asynchronous TWS
deficit over mid-latitude (30 °N-60° N) Eurasia’. Focusing on regions
within 20° N-50° N and considering optimum lags (see Methods), we
show high cross-correlations between the PME deficit over the south-
east North Atlantic and the TWS changes in 12 out of 14 subregions
discerned along the water vapour propagation routes (Fig. 2a-d and
Supplementary Fig. 6). This finding is further corroborated by the
leading mode of the maximum covariance analysis between (1) the
PME deficit over the North Atlantic and the Indian Oceanand (2) TWS
across Eurasia, with an explained covariance ratio of 27% (Extended
DataFig.1a).

Drying over the North Atlantic induced a TWS decrease between
mid-latitude Eurasia (20° N-50° N) and the southern TP mountains, but
not in the central TP. We detect a decrease in monthly TWS by about
1 Gt (approximately 47%) over the southern TP mountains during

2003-2016, which we attribute to the propagation of a PME deficit from
the southeast North Atlantic (Fig. 2e,f), but a synchronous increase
in monthly TWS by about 0.5 Gt (approximately 41%) in the central
TP (Fig. 2e,f). The latter has been attributed to the TWS gain caused
by increased precipitation after a prolonged dry period®. Our linear
attribution analysis suggests that theincreased TWS over the central TP
might berelated to decreased TWS across the southern TP mountains
instead of localincreased PME (Extended DataFig. 2). Furthermore, the
cross-correlation analysis suggests that the decreased TWS over the
southern TP mountains canbe primarily attributed to the propagation
of a PME deficit from the southeast North Atlantic (Extended Data
Fig.3m,n). We also detect a notable relation between TWS depletion
(for example, glacier mass loss) and the reductions in snow-cover area
over the southern TP mountains (Supplementary Fig. 7). In contrast
to TWS declines, the reduction in snow-cover area is mainly caused
by regional warming (Supplementary Fig. 8). Although glacier and
snow meltwater from the southern TP mountains could increase TWS
in the central TP*, such meltwater also replenishes TWS in the basins
surrounding the TP. The endorheic character of the central TP differs
from the exorheic nature of the basins situated in the south of the TP
(for example, the Indus basin in HSR11; Fig. 2b). This difference could
potentially allow for the central TP to accumulate meltwater fromthe
southern TP mountains, thus explaining the observedincreasein TWS.
However, the fact that the TWS over the largest endorheic basinin China
(the Tarim basinin HSR12; Fig. 2b) declines despite the same meltwater
supply from the southern TP mountains as for the central TP seems to
rule outthis hypothesis. Moreover, acomparative analysis for the basins
surrounding the central TP (HSR8-HSR12) shows that the surrounding
regions are directly exposed to the westerlies and intermediate cur-
rents that largely terminate at the southern margin of the central TP
(Fig. 2b). This means that the TWS changes in the surrounding basins
(Extended DataFig. 3i-1) are consistent with a propagation of the PME
deficit by the westerlies from the southeast North Atlantic, whereas this
is not the case for the TWS in the central TP (Extended Data Fig. 30).
Because the southern TP mountains belong to HMA, we suggest that the
abnormalincreasein TWSinthe central TP could be linked to changes
in blocking effects caused by HMA'’s high topography. In particular,
this topography dampens the propagation of the PME deficit that
emerges in the southeast North Atlantic and we hypothesize that a
reductionin the propagation of the PME deficit could have resulted in
the observed increase in TWS over the central TP. We investigate this
hypothesis further in the next section.

Blocking effects of HMA

FLEXPART simulations suggest that the propagation routes of the
PME deficit from the southeast North Atlantic towards the central TP
are blocked by HMA's high elevations, causing the routes to split into
three trajectories (Figs. 1-3 and Extended Data Fig. 4a). The northern
trajectory atmospherically connects the northern TP and southwest TP
mountains. The middle trajectory is mainly blocked by the Karakoram
and Himalaya mountains, and terminates in the southern parts of the
central TP (Fig. 3d and Extended Data Fig. 4a). Finally, the southern
trajectory is the intermediate current (Fig. 3d) that runs along the
southern side of the Himalaya mountains and moves northward into
the TP, along with air currents from the Indian Ocean. It is blocked
by the Himalaya and Nyenchen Tanglha mountains and ends in the
southeast TP mountains.

The TWS deficits in the southern TP mountains, together with the
warming-induced glacier and snow-cover reduction, modulate the
thermodynamic conditions of HMA®***, Particularly, we detect marked
teleconnectionsbetween (1) air temperatures in the southwest TP moun-
tains and the southern North Atlantic and (2) air temperatures in the
southeast TP mountainsand the northwestIndian Ocean (Extended Data
Fig.5). These two teleconnections are connected by westerlies and the
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Fig.2|Anomalous TWS increase over the central TP. a,b, Spatial pattern of
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Indian monsoon, respectively (Fig. 1b). Regional warming in the south-
ern TP has led to areduction in glacier and snow-cover areas. Studies
dedicated to atmospheric flows in mountainous terrain®** indicate that
the solar radiation affecting snow-free areas leads to convective
thermalinternal boundary layers, which in turn give rise to positive
buoyancy and thus upslope wind. By contrast, negative buoyancy is
promoted over snow-covered and ice-covered areas, inducing kataba-
tic, downslope winds. Here we suggest that the increased occurrence
of upslope winds resulting from a reduction of the snow-cover area
could have assisted air flow across the HMA main mountain ridges, thus
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TWSacrossthe HSRs. e, Temporal variations in PME over NATO3 and TWSinthe
TPMsand the central TP.f, Variation in TWS amplitude during 2003-2016.
Hereafter, TPM1and TPM2 refer to southwest and southeast TP mountains,
respectively, whereas TPSrefers to the central TP surface. The continental map
data®*and the map data of the TP* in panelsaandb are from public data
sourcesand plotted using R (ref. *). The results used to generate the figure are
available through Zenodo®.

weakening their blocking effect. This weakening of the blocking effect
couldinturnhaveresultedinanincreased propagation of PME deficits
into the northern TP, thus contributing to explaining the observed TWS
declineinthe northern TP (Supplementary Fig. 9). Such amechanism
would also help explainthe correlationidentified between TWS changes
inthe northern TP and the variations in temperature and snow-cover
areain the southwest TP mountains (Supplementary Fig. 9b,c).
Furthermore, we detect an annual TWS decrease by about 11 Gt
(approximately 66% or roughly 13 kg m™) and about 12 Gt (approxi-
mately 55% or roughly 12 kg m3) in the southwest and southeast TP



a 8 b Declining period
%,x\ .
—_ 6 T >
[
< Water vapour ]
s 4 1 trajectory § 8 o
g 2
g 21 ]
0 o M PosTWS_Area: —-62.3%
NA NATO Eurasia HM [ EAS W TWS_TPMT: -65.5%
B TWS_TPM2: -54.5%
T T T T T T
100° W 0° 100° E 2004 2008 2012 2016
Longitude Year
c Corridor opens
e[ 40°N7q
60° N
30° N
L}
°
2
§
30° N - f oaNT
30°N4 [
0° 1 <
el
2
®
d Longitude g —'400 N
45° N4 48 2 = —~
i e
AN S J’ti = = = Intermediate current
" 'Uzbekistan Kyrgyzstan > P
{ 30° N
o Boundary of area
h 40°N % under negative TWS
— 2012
— 2016
R ‘{h., T wol y 30° N \
By & Banaade -
/ { ; Bangladesh s L o y =T \
: X . & 1 Z = . ) . — u,,rl X
60° E 80°E ) 100° E 70°E 80°E 90°E 100° E
Longitude Longitude

¢ Annual sum of monthly mean PME (2003-2016)

B 1,750, -1,550] [0 (-952, 752 (152,00 [ -1,650, ~100] | (=30, -20]
B 1,550, -1,350] [ (=752, -552] M 100, -50] (~20, -10]
[ 1,350, -1,150] | (-552, -352] [ (50, -40] (10, 0]
[ (1,150, -952] (-352, -152] (-40, -30] ©, 10]

Fig.3|Northward expansion of TWS deficitin the TP. a, Elevation profile
across the mid-latitude Northern Hemisphere and eastward and northward
water vapour trajectories. b, Annual sum of the standardized trend items of
TWSinthe southwest and southeast TP mountainsand TWS non-deficitarea
(PosTWS_Area) inthe TP during2003-2016. ¢,d Spatial patterns of annual sums
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mountains during 2005-2016, respectively (Fig. 3b). This is partially
attributed to snow-cover reduction (Supplementary Fig. 7). Indeed,
the annual average snow-cover areas decline by about 11 x 10* km?
(approximately 70%) and about 7 x 10* km? (approximately 64%) in
these two regions, respectively (Extended Data Fig. 6). We suggest
that the reductions in snow-cover area and TWS increased upslope
winds, thus weakening the blocking effects by assisting air flows (that
is, westerlies) to cross HMA. The resulting increase in the propagation
of PME deficits into the central TP potentially affects the sustainability
of Asia’s water tower (Extended DataFig. 4a).Indeed, the areaof the TP

d-h Annual sum of monthly mean TWS (2003-2016)

b Annual variations in indices

(10, 20] .(50‘ 100] —— TWSin TPM1 (TWS_TPM1)
20, 30] . (100, 150] —— TWSin TPM2 (T\_NS?TPMQ)
—— Area under positive TWS (PosTWS_Area)
30, 401
. 0, 50] e-h Corridor: transition path for area under negative TWS

—> Corridor @ Negative TWS centre

during2003-2004,2005,2006-2008 and 2009-2016, respectively. The
continental map data®* and the map data of the TP* in panels c-h are from
public datasources and plotted usingR (ref.>®). The background terrain map is
from Google Maps acquired using ggmap®inR. The results used to generate
thefigureare available through Zenodo®. EAS, East Asia; HM, Himalayan
Mountain.

affected by a TWS deficit (that is, the area with TWS < 0) increases by
approximately 167 x 10* km? (about 62%) (Fig. 3b) during 2005-2016.

Wealso find corridors that actas paths for the areawith negative TWS
totransit fromthe southern TP mountains to the central TP (Fig. 3e-h).
These corridors roughly align with the westerlies or the Indianmonsoon
(Fig. 3e-h) and open when there is TWS deficit over the southern TP
mountains. During 2003-2016, the propagation of the PME deficit
along these corridors caused a TWS deficit expansion across the TP of
roughly 224 x10* km? (about 73% of the TP) (Fig. 3e-h and Extended
DataFig.7).Inyearswhenthe corridor closes (for example, in the year
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2005; see Fig. 3f), the related propagation is successfully blocked,
preventing a TWS deficit across the central TP. The weakening of the
blocking is also visible by the persistent northward expansion of the
TWS deficit since 2009—an expansion mediated though middle and
southern trajectories (Fig. 3 and Extended Data Figs. 6 and 7). Previ-
ous studies have shown that the TWS began to decrease over the cen-
tral TP in 2013 (refs. >*°); however, the cause of such an abrupt TWS
decline has not been sufficiently explained. Here we suggest that the
persistent northward expansion of the TWS deficit, observed for the
TPsince 2009, is mainly driven by the westerlies and directly related to
the abruptdecreasein 2013 (Figs.2-3 and Extended Data Figs. 6 and 7).
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dataofthe TP*in panels cand e are from public datasources and plotted using
R (ref.>®). The background terrain dataare from Google Maps acquired using
ggmap®inR. Theresults used to generate the figure are available through
Zenodo®.
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Future expansion of the TWS deficit

Influenced by a projected warming of air temperatures over oceans
by about1.8-3.9 °C (Supplementary Fig.10) and by projected climatic
drying over the southeast North Atlantic, continued melting of gla-
ciers and snow might contribute to further enhancing upslope winds
and thus to further decreasing the blocking effects of the mountains
during the period 2020-2098. Our results indicate that, by the end of
the century, this evolution could cause a northward expansion of the
area affected by a TWS deficit by up t0 258.5 x 10* km? (84% of the TP)
under SSP245 and by up t0298.6 x 10* km?(97% of the TP) under SSP585



(Fig.4a, band Extended Data Fig. 8). Note that the average area of the
TP that is not affected by TWS deficits during 2020-2051 is greater
than the historical average of 137.8 x 10* km? (45% of the TP) but then
sharply reduces during 2051-2082 (Fig. 4a and Extended Data Fig. 8).
The reduction is even more pronounced for the period 2082-2098,
in which areas not affected by a TWS deficit are projected to drop to
between 27% (SSP245) and 18% (SSP585). This underscores the critical
need for reducing carbon emission and for slowing climate warming,
otherwise the short-term positive TWS changes in the central TP® could
reverse. Projected TWS deficits in the southern TP mountains, as well
as continuous northward expansion of the TWS deficit over the TP,
will probably exacerbate water stressin headwater regions of the main
rivers in Asia (Fig. 4c,d). By the end of the century, more than 80% of
the Sanjiangyuan will be afflicted by TWS deficit (Fig. 4d,f). These find-
ingsimply that the expansion of the area affected by TWS deficit could
threaten the sustainability of water supplies from Asia’s water tower,
exacerbating water stress in the surroundings and affecting millions
of people downstream.
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Methods

Environment input data

All data used in this study are accessible from public databases. For
the simulation of water vapour transport (see next section) by the
FLEXPART v10.4 model***°, ERA-Interim atmospheric files cover-
ing 61 vertical levels from 0.1 to 1,000 hPa were downloaded and
pre-processed by the flex_extract software (https://www.flexpart.eu/
downloads). The spatial and temporal resolutions were 0.75° x 0.75°
and 6 h, respectively. Monthly precipitation reanalysis datafor2003-
2017 were sourced separately from ECMWF Reanalysis 5th Generation
(ERA5)*and from the Global Precipitation Climatology Centre (GPCC)*.
These have a spatial resolution of 0.25° x 0.25°. Reanalysis of monthly
evaporation and air temperature for 2003-2017 were sourced from
ERAS. Monthly multimodel Coupled Model Intercomparison Project
Phase 6 (CMIP6)-based precipitation, evaporation and air temperature
datafor2003-2099 were acquired from the Center for Environmental
Analysis. The considered CMIP6 models included ACCESS-ESML1.5,
BCC-CSM2-MR, CanESMS5, GFDL-ESM4, IPSL-CM6A-LR, MIROC6,
MRI-ESM2.0 and NorESM2-LM under the rlilp1fl format. They were
coded as CMIP6 models1to 8. The TWS anomaly for 2003-2017 was
obtained from the GRACE RLO5 Mascon dataset* (0.5° x 0.5°), whereas
the TWS anomaly during 2020-2021 was taken from the GRACE-FO
RLO6 Mascon dataset** (0.25° x 0.25°). The GRACE RLOS data were
interpolated to 0.25° x 0.25° using bilinear interpolation*. Monthly
mean ocean current data for1993-2019 were acquired from the Ocean
Surface Current Analysis Real-time (OSCAR) dataset*® and have aspatial
resolution of 0.33° x 0.33°. The snow-cover data (0.05° x 0.05°) were
acquired from the National Snow and Ice Data Center*. The continental
map data used in the study have been generated on the basis of the
continental region groupsin the country-scale world map data*. There
is no conflict on the country boundaries because the map shownin
thesstudy is continental. The map data for the TP* were acquired from
the National Tibetan Plateau Data Center, China.

Backward simulation of water vapour source regions for the TP
The Lagrangian particle dispersion model FLEXPART v10.4 simu-
lates forward or backward trajectories of air masses (including their
water vapour content) by representing a given air mass as a series of
small-scale particles®. At the particle scale, the balance between evapo-
ration (e) and precipitation (p) determines the variation in specific
humidity (equation (1)). When e —p > 0, a particle recharges its water
content by evaporation from the surface; when e - p <0, a particle
loses its water through precipitation. For a given area, variation in
water vapour (£ - P; uppercase letters denote aggregated quantities)
can then be determined as the sum of e — p for all particles in the area
(equation (2)),

e—p:m% 0
E-P=Y) (e-p) 2

i=1

inwhich ?1_? denotes the temporal variation in the specific humidity of
aparticle, misthe mass of the particle and nis the number of particles
over the considered area.

We used FLEXPART v10.4 and ERA-Interim climate reanalysis data to
perform backward simulations of water vapour trajectories to the TP.
This allows us to determine water vapour source regions. The model
was then used to perform monthly simulations of trajectories forup to
500,000 particles. The number of the particles depends on the scale
of the target region and computational resources**8, Individual simu-
lations were performed at 6-h time steps for the period 2003-2017,
enabling the determination of water vapour trajectory from source

regions to the TP. Given that the residence time of the water vapour
in the atmosphere is approximately 10 days (refs. ***°), we performed
backward simulations from day 1to day 10 of each month. A k-means
method® was then used to categorize all particle trajectories into 19
outof20 mainwater vapour trajectories based on the spatial locations
of particles in individual simulations. For the determination of the
number of cluster trajectories, see Supplementary Note 1.

Because FLEXPART v10.4 is driven by ERA-Interim and does not adapt
to the more recent ERAS (this choice is due to the fact that ERAS data
supportingthe run of FLEXPART v10.4 is not yet accessible to the pub-
lic user; for details, see https://www.flexpart.eu/flex_extract/Ecmwf/
access.html), acomparison was performed between the simulated
total water vapour release and ERA5 and GPCC precipitation over the
TPtoinvestigate the sensitivity of simulation results®. The total water
vapour release for particles residing over the TP was calculated by
equation (2) when E - P< 0 (ref. ) and compared with the standardized
regional average precipitation obtained from ERA5 and the GPCC. In
both cases, comparisons were performed using correlation analysis.
It should be noted that the total water vapour release is not equal to
precipitation theoretically but it has the positive effect on the forma-
tion of the precipitation®*%°2, The total released water vapour over the
TPis highly correlated to both the GPCC and ERAS precipitation, with
correlation coefficients between 0.85 and 0.86 (P-value < 0.01; see
Supplementary Fig.11). We consider this to be anacceptable accuracy
for the FLEXPART results (Supplementary Fig. 11).

Onthebasis of the initial simulation, 13 primary water vapour source
regions were identified: Asia, Indian Ocean, North Africa, North Atlan-
tic, Mediterranean Sea, Europe, Pacific Ocean, Red Sea, Tibet, North
America, Caspian Sea, Black Sea and Arctic Ocean. However, because
particles can lose or gain water vapour along their track, the water
vapour released in the TP can reflect the contribution from both the
source regions and the on-route transitions. Thus we calculated the
relative contributionsin two ways: (1) accounting for or (2) disregard-
ing the on-route changes in water vapour. When accounting for water
vapour variations (that is, recharge or loss) along the transitional
routes, the considered air particles show positive variations in water
vapour inside the source region (equation (4)), because the negative
variationsinside the sourceregionindicate that the air particles release
water vapour instead of acquiring and transporting water vapour from
source regions to the TP. Meanwhile, the considered air particles should
also be positive variations in water vapour before reaching the TP when
accounting for on-route changes (equation (5)).

(E- P)route = Zl (e _p) (3)
(E=P)source = Zj(e-p) >0 4)
(E- P)source —abs((E-P) route) >0 (5)

inwhich (£ = P),oue and (E = P)ource refer to the water vapour variations
along the transition routes and over the source regions, respectively.
Similarly, rand s refer to the number of particles along the transition
routes (r) and over the source regions (s). Because the air particles might
gainorlose water vapour, the absolute variations in water vapour along
the transition route should be calculated according to equation (5).
For particles originating within the TP, (E — P),... Should be less than
zero, thus recharging water vapour in the TP.

After the selection of particles reaching the TP (equations (3)-(5)),
relative water vapour contributions from individual source regions
were calculated as follows (equations (6) and (7)).

k
(E—P),-=Zl (e-p) (e-p) <0, i=1to 13 (6)
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in which (E - P); refers to the total water vapour released over the TP
from particles originating from the ith source region, (£ — P),. refers
tothetotal water vapour released in the TP and RC; is the relative water
vapour contribution obtained by the TP from the ith source region.
When accounting for the on-route variation in water vapour, k;is the
number of selected particles (see equations (3)-(5)) fromthe ith source
region. When disregarding water vapour on-route variations, k;refers
to the number of all particles from the ith source region.

However, there is another method* that determines the relative
contribution by dividing the total water vapour release over the target
region by the moisture gains over the source regions. To avoid impacts
induced by the differences between methods on the results, we also
calculated the relative contribution using this method. It suggested
that both methods come to the same conclusion that Asia, the Indian
Ocean, North Africa and the North Atlantic are the four main water
vapour source regions for the TP (Supplementary Fig. 12 and Fig. 1c).
However, given that the moisture gains over the source regions are
far larger than the total water vapour release in the target region, we
applied the first method in this study.

Standardized trend item of the index

To avoid the impact of periodicity on correlations between variables,
atimeseries of the variable duringJanuary 2003 to June 2017 was first
smoothed using a moving average as implemented in the R function
decompose. The derived trend series of the variable covers the period
July2003 to December 2016. Then, to ensure that differentindices can
be compared, the trend series of every variable was standardized over
the period 2003-2016 by equation (8).

AW s
X= X.S X, (8)
T(X)’ x=TWS

inwhichxdenotesthe trend series of the variable, X denotes the stand-
ardized version ofindex x, mean(x) and sd(x) are the arithmetic average
and standard deviation, respectively, of x over the period 2003-2016
and irefers to the ith month during 2003-2016. Here the variables
include PME, TWS, T or Snowcover, in which Snowcover and T denote
the snow-covered area of the southern TP mountains and the air tem-
perature, respectively. The relative variation for a standardized index
was calculated by dividing the index variation by the maximum ampli-
tude of all standardized indices (see equation (9)). Furthermore, we also
provide mass/area change accordingly for every standardized index.
_ Xn—Xa

———x100% 9
m

RVin,n axV

in which X, and X,, denote the values at moments mand nin a time
series X, RV,, , is the relative variation between X, and X,, and maxV
denotes the maximum amplitude of all standardized indices in this
study. Because the maximum scale for all standardized indices is in
therange -3to 3, we applied maxVas 6 here.

Furthermore, to determine the spatial patterns of the trends, we
used the modified Mann-Kendall trend analysis as implemented in
the R package modifiedmk. This analysis was conducted at the scale
of individual grid cells and covers the period 2003-2016.

Correlation analysis and maximum covariance analysis

Pearson’s correlation analysis was used to quantify the relation between
standardized indices during 2003-2016. Cross-correlation analysis®*
was applied to evaluate the relation between (1) PME over the North

Atlanticand (2) TWSin the 14 small-scale subregions across mid-latitude
Eurasia with consideration of the optimum lags. The optimum lag is
defined asthe lag when the maximum correlations betweentwo indices
aredetected. Both the Pearson and the cross-correlation analyses were
performed using the R package stats.

Maximum covariance analysis was performed to further verify the
covariation between spatial matrixes for any pair of indices. The spatial
and temporal coefficients were calculated as follows:

L,(1) L,(N) |
L=| : : (10)
L) - LyN)|
R(1) R(N) |
R=| : ~ (11)
Rq(l) o Rq(N)_
C,= %LRT =yrv’ (12)
PC,,=UrL (13)
PC,,= VR (14)

inwhich L and R refer to the spatial matrixes of (1) PME over both the
North Atlantic and the Indian Ocean and (2) TWS across Eurasia, respec-
tively, and indices m and g refer to a given cell in the considered field,
whereas theindex krefers to the time step. C, . is the covariance matrix
betweenLandR.Uand V are the spatial modes, respectively, for Land
R.PC,,,and PC, ,are the temporal coefficients for cellsminLand gin
R.Thesuperscript Tinequations (10)-(14) denotes the transpose and
X in equation (12) denotes the diagonal matrix. When the maximum
correlation analysis is applied to evaluate the relation between T over
ocean and land, L and R also refer to the spatial matrixes of (1) T over
therelated oceans and (2) Tacross Eurasia, respectively.

Attribution analysis of TWS variation in the central TP

Previous studies reported that bothsnowmeltin the southern TP moun-
tains and increased precipitation over the central TP contributed to
increased TWS in the central TP>*'. However, the balance between pre-
cipitation and evaporation was notincludedin those studies. Here we
applied two linear regression models to quantify the contributions of
both snowmeltin the southern TP mountains and PME changesin the
central TP to TWS changesin the central TP. The models are of the form:

TWS ps = @, X PMEqps + B, X TWS, @15)

in which TWS, refers to the TWSin agiven region r, whichis either the
southwest TP mountains (TPM1) or the southeast TP mountains (TPM2),
TWS;ps and PME,s denote the TWS and PME in the central TP (TPS),
respectively, and a,and b, are the regression coefficients determined
by linear regression.

Projections of the TWS non-deficit and deficit areasin the TP
The change in area not affected by TWS deficits (hereafter “TWS
non-deficitarea’) inthe TP was determined by identifying grid cells with
annual TWS > 0. On the basis of approximately synchronous variations
inthe TWS non-deficitareaand (1) TWS (Fig. 3b) and (2) snow-covered
area (Extended Data Fig. 6) in the southwest and southeast TP moun-
tains, afurther linear regression model was developed:

A= Z’ (a, x TWS, + b, x Snowcover,) + & (16)
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in which A is the TWS non-deficit area in the TP, Snowcover, is the
snow-covered area over regionr, a,and b, are the regression coeffi-
cientsand gis the model residual.

As there are only very few CMIP6 models that simulate TWS, and
Snowcover, explicitly, three random forest models (equation (17),
m=1,2,3)weredeveloped for TWS,and Snowcover, projections. The
models were first trained and validated on the basis of the GRACE-based
TWSorthe ERAS-based snow-cover area over region rduring 2003-2016
and have the form:

D, n=RF(Y,) 17)

inwhich Y, denotes the ERA5-based PME (index k =1) over the southeast
North Atlantic, ERAS-based T (index k = 2) over the southwest TP moun-
tains or ERA5-based T (index k = 3) over the southeast TP mountains
during 2003-2016. RF denotes the random forest model. The first
random forest model was formed by the dependent variable TWS, (D,,)
and independent variable ¥; when m =1. The second random forest
model was formed by the dependentvariable TWS, (D, ,) and independ-
ent variables ¥, and Y, in southwest TP mountains or Y; and Y; in the
southeast TP mountains when m = 2. The third random forest model
was formed by the dependent variable Snowcover, (D, ;) and independ-
entvariableY,inthe southwest TP mountains or ¥;in the southeast TP
mountains when m = 3. The variable TWS, was projected with (m=1)
and without (m =2) considering T, because TWS, is partially attributed
to snow-cover reduction (Supplementary Fig. 7) resulting from local
warming (Supplementary Fig. 8).

Equations (16) and (17) were both trained and validated using his-
torical data, reflecting the actual relations between variables (Sup-
plementary Figs. 13-15). These relations were based on the global
atmospheric circulation systems (Figs. 1-4) including the westerlies
and the Indian monsoon that are generated by the rotation of the
Earth and its energy-balance system®. Here we project future varia-
tions in the TWS non-deficit area in the TP, TWS and snow-covered
areain the southern TP mountains using equations (16) and (17) with
the CMIP6-modelled data as input.

The distributions of the CMIP6 climatic variables agree well with
distributions of the ERAS climatic variables when P < 0.05 (Supplemen-
tary Fig. 16). However, given the poor relationships between CMIP6
climate projections from individual model-scenario combinations
and ERAS climatic variables (Supplementary Figs.17 and 18), (1) aver-
age (equation (18)) and (2) weighting sum (equations (19) and (20)) of
climatic indices of CMIP6 models were first determined. These can
strongly reduce the uncertainties® of CMIP6 projections (Supplemen-
tary Figs.19 and 20) and the average and weighting sum of the climatic
indices are obtained as follows:

8
7 = Qe (Veis) @18)
k,s™ 8
Ye=f WisrZiis) (19)
l/Vk,s = zi (wk,i,s x yk,i,s + Ck,i,s X Zk,i,s) + ek,s (20)

inwhich s denotes the scenario (either SSP245 or SSP585),Y, (denotes
the average index for all Y, ;, W, ;is the weighting sum of ¥, ; ;and Z, ;
denoteseither thegroup of T (index k = 2) over the southwest (NATO1)
and southeast (NATO3) North Atlantic or the group of T (index k=3)
over the four regions in the Indian Ocean (101-104) derived from the
CMIP6 model i under scenario s because air temperature variations
over oceans are related to the air temperature over the southern TP
mountains (Extended Data Fig. 5). Equation (19) denotes the linear
regression model with Y, (see equation (17)) as the dependent variable
andY,;,and 7, astheindependentvariables. The weightw, ;. for Y, ,

the weight ¢, for Z; ;,and model residuals ¢, ; in equation (20) are
determined by equation (19). For the selection of the index i in equa-
tion (19), see Supplementary Note 2. Furthermore, the (1) average and
(2) weighting sum of TWS, or Snowcover, during 2020-2098 under
scenario s are projected by equation (17) with ¥, ; (equation (18)) and
W, (equation (20)) asinput, and are defined as (1) D, ,,, ;and (2) WD, .,
respectively.

The annual A during 2020-2098 under scenario s is projected by
equation (16) with four combinations of D, ,, ;and WD, ,, (Supplemen-
tary Fig. 21). The average A (see equation (16)) of these projections
(Amean,s) is determined by equation (21), which has the form:

,m,s

4
A _ znzl An,s

mean,s — 4

(21)

NegAmeanys :ATP - Amean,s (22)

inwhich A, ;denotes A, ;projected by equation (16) with D, ; ;and D, 5
asinputs, A, ;projected by equation (16) with D, , ;and D, 5 ;asinputs,
A, projected by equation (16) with WD, ,and WD, asinputsor A,
projected by equation (16) with WD, , ,and WD, 5 ;as inputs. NegA cans
isthe average area affected by TWS deficit (hereafter TWS deficitarea’)
during 2020-2098 under scenarios s, computed as the difference
between the A, and the total area of the TP (4).

Evolution of the areaunder TWS deficitin the TP

Previous studies suggested that the TWSin the central TPis unpredict-
able owing to the strong interannual variability>*. By contrast, the TWS
in the southwest TP and southeast TP are predictable based on the
relation proposed in equation (17). Grid-scale TWS in the southern TP
mountainsis projected by equation (17) when m = 1. The centre points of
grid cells, at which the annual sum of the monthly average TWS during
2020-2098is negative (Fig.4), on the northmargin of the southern TP
mountains forms the initial northern border of the TWS deficit areain
the TP. Because we only study the spatial variation in the TWS deficit
areainside the TP, the southern border of the TP is fixed and the area
surrounded by the initial northern border and the southern border
ofthe TPis defined asiniA (Extended Data Fig. 9). The variationin the
TWS deficit area (AA) was determined by calculating the difference
between NegA can,,sand iniA:

AA, s=iniA- NegAmean’y's (23)
in which NegA,c.n,,s is the TWS deficit areain the TP in year y under
scenarios. WheniniA > NegA ,can,,»» the areawith TWS < O shrinks south-
ward by area |AA, |. By contrast, when iniA < NegA ..., the area with
TWS <0 expands northward by area |AA,, .

However, AA alone is not enough to determine the areal evolution
of the northern border of the TWS < 0 area. Given the stable radial
expansion pattern of the TWS < 0 area with two negative centres under
the minimum annual TWS sums in the southwest and southeast TP
mountains since 2009 (Fig. 3 and Extended Data Fig. 6), future nega-
tive centres in these regions are first identified as the cells with the
minimum annual sum of the monthly average TWS during 2020-2098
(see Fig.4c,e) under SSP245 and SSP585 scenarios.

Withthe aforementioned centres as starting points, we determine the
evolving paths as lines between the points forming the initial northern
border and the centres in the southern TP mountains (Extended Data
Fig.9). Alongthe evolving paths, the evolving directions of points form-
ingtheinitial northernborder are thus determined as either northward
(foriniA < NegAeany,) Or southward (for inid > NegA,.,,,,s) inside the TP.
Furthermore, by setting the expansion steps Ad as 0°,0.25°,0.5°,0.75°,
1°,2°,3°,4°,5°, 6°and 7°, afitted line between the pairs of Ad and AA
isidentified in the scatter plot (Extended DataFig.9).ForagivenAA,,



determined by equation (23), a specific Ad could be derived by look-
ing up the scatter plot (Extended Data Fig. 9) using the interpolation
method. Once Ad was determined, by moving all of the points forming
theinitial northernborder alongthe evolving directions, the northern
border of the TWS deficit area inside the TP for a specific year and a
specific scenario could be determined (Extended Data Fig. 9). We verify
this area expansion model by the observed TWS deficit areas during
2009-2016 and find overlapping ratios of 75-91% (Supplementary
Fig.22).Performing the same test for 2020-2021resultsin overlapping
ratios of 75-86% (Supplementary Fig. 23). We considered these results
to be sufficiently accurate for our analysis.
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Extended DataFig.1|Maximum covariance analysisbetween oceanic PME
and TWSinlands. a, Denotes time coefficients of PME over oceanand TWS
across Eurasiaunder the first leading mode with the explained variance ratio as
26.68%. ‘cor.” quantifies the relation between time coefficients PME over
oceans and TWS across Eurasia with the P-value of 7.78 x 10" b, Depicts spatial
coefficients of PME over oceans and TWS across Eurasia under the first leading

mode.c,e, Same as panel bbut for the North Atlantic (c) and the Indian Ocean (e).
d, Presents the modified Mann-Kendall trends in oceanic PMEand TWSin
lands. The continental world map data** in panels b-e and map data of the TP*
in paneld are acquired from public datasources and plotted usingR (ref. >¢).
Theresults used to generate the figure are available through Zenodo®. MCA,
maximum covariance analysis.
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(b) Variation in the interception of the eastward propagation of PME deficit in NATO by TPM 1-2
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Extended DataFig. 4 |Illustration of the blocking effect by HMA. southernHMA. Theterraintexturein panelaisacquired from Google and the
a,Mechanismoftheinterception of the eastward propagation of the PME deficit ~ Tangram Heightmapper (https://tangrams.github.io/heightmapper/) andis
inthe North Atlantic by the southern HMA. b, Variation in the interception of plotted using the authorized Adobe Photoshop 2021 plug-innamed ‘3D Map

the eastward propagation of the PME deficitin the North Atlanticby thesouthern ~ Generator - Terrain’. Panel bis plotted using the authorized Adobe Illustrator
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(a) Calculation of AA
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Determine the initial area with negative TWS (iniA)

Projected NegA ...,
by Egs. 32-36
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AA = iniA - NegA

AA = NegA - iniA

'mean,y
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direction: southward direction: northward

(b) Derive Ad based on AA
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A Points on the initial northern border

Extended DataFig. 9 |lllustration for the projection of bordersinthe
future. Determination of the projected northward expansion or southward
shrinkage area AA (a) and movement distance Ad (b). NegA ..., refers to the
averaged projected TWS deficitareaby four datainputsinyeary(see Methods).

® Points on the projected northern border

For the definition of the initial northern border of the TWS deficit area,

see Methods. The map of the TP**in panel bis acquired from a public data
source and plotted usingR (ref. *¢). The results used to generate the figure are
available through Zenodo¥.
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