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Mountains are the water towers of the world, supplying a substantial part of both
natural and anthropogenic water demands™2. They are highly sensitive and prone to
climate change®*, yet theirimportance and vulnerability have not been quantified at
the global scale. Here we present a global water tower index (WTI), which ranks all
water towers in terms of their water-supplying role and the downstream dependence
of ecosystems and society. For each water tower, we assess its vulnerability related to
water stress, governance, hydropolitical tension and future climatic and socio-
economic changes. We conclude that the most important (highest WTI) water towers
are also among the most vulnerable, and that climatic and socio-economic changes

will affect them profoundly. This could negatively impact 1.9 billion people living in
(0.3 billion) or directly downstream of (1.6 billion) mountainous areas. Immediate
actionis required to safeguard the future of the world’s most important and
vulnerable water towers.

The term ‘water tower’ is used to describe the water storage and supply
that mountain ranges provide to sustain environmental and human
water demands downstream’?. Compared to its downstream area, a
water tower (seasonally) generates higher runoff fromrain as aresult
of orographic precipitation and delays the release of water by storing
itinsnow and glaciers (because of lower temperatures at high altitude)
and lake reserves. Because of their buffering capacity, for instance by
supplying glacier melt water during the hot and dry season, water tow-
ers provide arelatively constant water supply to downstream areas. We
define awater tower unit (WTU; see Methods, Extended DataFig.1) as
theintersection between major river basins®and a topographic moun-
tain classification based on elevation and surface roughness®. Since
water supply and demand are linked at the river basin scale, the basin
isthe basis for the WTU. One WTU can therefore contain multiple topo-
graphically different mountain ranges and we assume that it provides
water to the areas in the downstreamriver basin that are hydrologically
connectedtothe WTU (Extended DataFig. 1, Extended Data Table1and
2). Subsequently, we consider only cryospheric WTUs by imposing
thresholds on satellite-derived snow-cover data’ and a glacier inven-
tory®, because the buffering role of glaciers and snow and the delayed

supply of melt water is a defining feature of water towers. Consequently,
thereareregions (for example, in Africa), which do contain mountain
ranges, but because of their small snow and ice reserves they do not
meet the WTU criteria. In total, we define 78 WTUs globally (see Meth-
ods), whichare home to more than 250 million people. However, more
than 1.6 billion people live in areas receiving water from WTUs, which
is about 22% of the global population® (Fig. 1).

Water towers have an essential role in the Earth system and are par-
ticularlyimportantin the global water cycle'”. Inaddition to their water
supply role, they provide a range of other services'". About 50% of
the global biodiversity hotspots on the planet are located in mountain
regions®, they containathird of the entire terrestrial species diversity',
and are extraordinarily rich in plant diversity™. Moreover, mountain
ecosystems provide key resources for human livelihoods, hostimpor-
tant cultural and religious sites, and attract millions of tourists glob-
ally®. Economically, 4% and 18% of the global gross domestic product
(GDP)isgeneratedin WTUs and WTU-dependent basins respectively®.
Furthermore, mountains are highly sensitive to climate change** and
arewarming faster than low-lying areas owing to elevation-dependent
warming'. Climate change therefore threatens the entire mountain
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Fig.1|The WTI, the populationin WTUs and their downstream basins. The
WTI, derived from the Sland the DI, is shown for all 78 WTUs, in combination
withtheshadedtotal populationinall WTU-dependentriver basins. Labels

ecosystem. Worldwide, the vast majority of glaciers are losing mass”,
snow melt dynamics are being perturbed® %, and precipitation and
evapotranspiration patterns are shifting, all leading to future changes
in the timing and magnitude of mountain water availability?. Besides,
the combination of cryosphere degradation and increases in climate
extremes implies changing sediment loads affecting the quality of
water supplied by mountains?,

Not only are the world’s water towers crucial to human and
ecosystem survival, the steep terrain in combination with extreme
climatic conditions, and in some regions seismic or volcanic activ-
ity, frequently triggers landslides, rock fall, debris flows, avalanches,
glacier hazards and floods®*%. Since 2000, over 200,000 people have
died in WTUs as aresult of natural disasters®. Climate change, in com-
bination with population growth, urbanization and economic and
infrastructural developments, is likely to exacerbate the impact of
natural hazards and further increase the vulnerability of these water
towers>¥ 39,

Quantifying importance of water towers

Consequently, thereisastrong need for a consistent framework within
whichtoassess and rank theimportance and vulnerability of individual
WTUs in order to guide global research, as well as conservation and
policy-making efforts. Here we develop such a framework according
to quantifiableindicators for both the water supply and demand ssides
of each WTU. Conceptually,a WTU is deemed to be important when
its water resources (liquid or frozen) are plentiful relative to its down-
stream water availability and when its basin water demand is high and
cannot be met by downstream water availability alone. Ideally, such an
assessment would require a global-scale, high-resolution, fully coupled
atmospheric-cryospheric-hydrological model that can resolve the
interactions between extreme topography and the atmosphere, fully
account for snow and ice dynamics, and incorporate anthropogenic

indicate the five water towers with the highest WTI value per continent. The
insets show the number of peoplelivingin WTUs as a function of elevationand
of the downstream population’s proximity to the WTUs’.

interventions in the hydrological cycle. It would also require models
thatinclude socio-economicimpacts on sectoral water demands and
aspatially explicit attribution of water sources (for example, meltwa-
ter, groundwater, surface runoff) to water use. Although excellent
progress has been made in specific regions and for specific sectors™,
at the global scale this is not yet feasible. We therefore derive indices
covering relevant drivers for both the water supply and demand of
aWTU’s water budget (see Methods), which we combine to derive a
water tower index (WTI).

The supplyindex (SI) is based on the average of four indicators that
are quantified for each WTU: precipitation, snow cover, glaciers and
surface water (Fig. 2a, Extended Data Table 3, Supplementary Table 1
and Methods). Ifthe precipitationin the WTU (Extended Data Fig. 3a)
ishighrelative to the overall basin precipitation and if the inter-annual
andintra-annual variationis low (thatis, the supplyis constant),aWTU
scores highly on the precipitation indicator. If a WTU has persistent
snow cover (Extended Data Fig. 3b) throughout the year and the snow-
pack shows lower inter-annual variation, this will resultin a high snow
indicator. Similarly, if the total glacier ice volume (Extended Data
Fig.4a) and glacier water yield in a WTU are high relative to the basin
precipitation then a WTU has a high glacier indicator value. Finally,
we assess the amount of water stored in lakes and reservoirsinaWTU
(Extended Data Fig. 4b) compared to basin precipitation to derive a
surface water indicator.

There is considerable variability in the power of WTUs to supply
water. In Asia, the Tibetan Plateau has the highest ranking because of
thelarge amounts of water stored in lakes, but alarge part of the Tibetan
Plateauis endorheic and its water resources are disconnected from the
downstream demand. The Indus WTU has animportant water-supply-
ingrole with abalanced mix of precipitation, glaciers, snow and surface
water. InEurope, the Arctic Oceanislands, Iceland and Scandinavia have
extensive stocks of water stored in their WTUs. Iceland stands out with
some of the thickest glaciersin the world and aglacierice storage (about
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Fig.2|TheSlandDlI. a,b, The Sl (a) and the DI (b) of each WTU grouped by
continentand ordered by Slor Dl value, respectively. The stacked bars show the
fourindicator values for surface water (L), glacier (G), snow (S) and
precipitation (P).Inb, the stacked bars show the four indicator values for

1,027 km?®) thatis15 times as large as its total annual WTU precipitation
(about 67 km?). In South America, the mountain ranges (Extended
Data Tables1, 2) supplying the Southern Chilean Pacific coast regions
and La Puna Region are the most prominent water towers, because of
large glacier ice reserves and high orographic precipitation rates and
because of the large amount of water stored in lakes (in the La Puna
region). The Northwest Territories and Nunavut, Fraser and the Pacific
and Arctic coast are the key WTUs in North America. In the Northwest
Territories and Nunavut the relevance of the WTU is primarily driven
by the abundance of glaciers, snow and surface water. However, the
precipitationindicator valueis low, meaning that mountain precipita-
tionis low relative to the overall basin precipitation.

Toderive ademandindex (DI) for each WTU, we quantify the monthly
water requirements to be supplied by the water towers to sustain the
WTU basin’s net sectoral water demand for irrigation, industrial (energy
and manufacturing) and domestic purposes, and monthly natural water
demand, relative to the total annual demand (Fig. 2b, Extended Data
Table 4, Supplementary Table1). Monthly sectoral water requirements
are estimated by subtracting the monthly water availability down-
stream (ERAS precipitation minus natural evapotranspiration®) from
the monthly net demands™®. The Dlis the average of the four indicators
(see Methods). Figure 2b demonstrates considerable variability, glob-
allyand within continents, in the demands that WTUs need to sustain.
Irrigation water demands are the highest of the four demand types,
and this is relatively consistent across the continents. The Asian river
basins, specifically the heavily irrigated and densely populated basins
suchasthelndus, AmuDarya, Tigris, Ganges-Brahmaputraand Tarim,
score more highly on the DI than other basins across the world and
they score highly on each sectoral demand indicator. In those basins,
the water required to close the gap between demand and downstream
supply may also originate from (unsustainable) groundwater use***.

However, inthose cases, when thereis alarge water gap being (partly)
closed by unsustainable groundwater pumping, the WTU water sup-
ply s critical both to meet the demand and to recharge the aquifers.
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natural (Dyag), industrial (Dyyp), domestic (Dpoy) and irrigation demands (Dygg).
Calculation details of theindicators and indices are provided in Extended Data

Tables 3, 4.

In Europe, the Volga and Ural in Russia show the highest DI values,
including high values for the natural demand indicator, whereas the
Negro basin has the highest DI in South America. In North America a
range of basins scores equally highly, but for different reasons. For
example, the Mississippi-Missouri basin scores highly particularly
because of a high natural demand indicator value, whereas the Cali-
fornia basin scores highly on all four demand indicators.

Ultimately, the presence of mountain water resources, either as addi-

tional rain or stored in snow, ice or lakes, in conjunction with a high
demand downstream, determines whether aWTU has anindispensable
role (Extended Data Fig. 2). The WTl is the product of the Sl and the
DI, for which the values are subsequently normalized over the range
of WTl values found for all 78 WTUs (Fig. 1, Supplementary Table 1).
Globally, the upper Indus basin is the most critical water tower unit
(WTI=1.00 + 0.03) with abundant water resources in the Karakoram,
Hindu-Kush, Ladakh and Himalayan mountain ranges in combina-
tion with a densely populated and intensively irrigated downstream
basin®**. In North America, the Fraser and Columbia river basins are
themost critical WTUs (WTI=0.62+0.07 and 0.58 + 0.06, respectively).
The Fraserbasinisrichinsurface water resources, and has a high natu-
ral water demand downstream, whereas the Columbia basinis rich
in snow and glacier resources in combination with a high irrigation
demand. In South America, the Cordillera Principal, the Cordillera
Patagdnica Sur and the Patagonian Andes are key WTUs in the supply
of water tothe South Atlantic and Pacific coastal regions and the Negro
basin. In Europe, the Alps are the most relevant water-supplying moun-
tainrange, meeting the demands of the Rhone (WTI=0.45+ 0.07), Po
(WTI=0.39 +0.07) and Rhine (WTI = 0.32 + 0.11) basins. We note that
several WTUs that score highly on either the Sl or the DI do not rank
highly in the final WTI. For example, the Tibetan Plateau and Arctic
Oceanislands WTUs score highly on the SI, but have the lowest scores on
the DI, owing to low water demands (Fig. 2b). By contrast, the Sabarmati
in Asiawith asmall portion of its water coming from the Himalayas has
the highest DI, but alow SI.
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Vulnerability of the water towers

We assess the vulnerability of each WTU and show this for the
five most important (that is, with highest WTI values) WTUs in Asia
and Oceania, Europe, North America and South America (Fig. 3, Sup-
plementary Table 2). For this analysis, we include the hydro-political
tension®, baseline water stress®, government effectiveness®, pro-
jected climate change*, projected change in GDP*, and projected
population change’® (see Methods). The highest-ranking WTUs of South
Americaand Asiain particular are more vulnerable thanthosein North
America and Europe. Strikingly, the Indus, which is globally the most
important water tower (Fig. 4), is also very vulnerable. The Indus is a
transboundary basinwith considerable hydro-political tensionbetween
its riparian countries Pakistan, India, Chinaand Afghanistan. The popu-
lation of approximately 235 million people in the basin in 2016 is pro-
jectedtoincrease by 50% by 2050, and the basin’s GDP is projected to
encounter a nearly eightfold increase*. The average annual tempera-
tureintheIndus WTU is projected toincrease by 1.9 °C between 2000
and 2050, compared to 1.8 °C in the downstream section*’. The aver-
age annual precipitationin the Indus WTU is projected to increase by
0.2%, compared to 1.4% downstream*. It is evident that, owing to the
expected strong growth in population and economic development,
the demand for fresh water will rise exponentially*?. Combined with
increased climate change pressure on the Indus headwaters, an already
high baseline water stress and limited government effectiveness, it
is uncertain whether the basin can fulfil its water tower role within
its environmental boundaries. It is unlikely that the Indus WTU can
sustain this pressure.
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Socioeconomic Pathway 2 (SSP2)*’; dP**and dT*° are the projected
precipitation and temperature changes between 2000 and 2050 according to
the CMIP5S multi-model ensemble mean for Representative Concentration
Pathway (RCP) 4.5*°. WTUs are ranked by vulnerability (highest vulnerability on
top); colour filling indicates the WTU’s WTI value. See Methods for calculation
details.

Thelndusdoes notstand alone, however. Nearly allimportant WTUs
in Asiaare also highly vulnerable (Fig. 3). Most WTUs are transbound-
ary, densely populated, heavily irrigated basins and their vulnerability
is primarily driven by high population and economic growth rates
and, in most cases, ineffective governance. Moreover, the Syr Darya,
AmuDaryaandIndus, in particular, are characterized by considerable
hydro-political tension®. In most cases, downstream riparian states
are dependent on mountain water resources provided by bordering
upstream states to supply the competing irrigation, hydropower and
domestic demands. In South America, the vulnerability is less than
for the Asian WTUs, and the drivers are variable. On northern Chile’s
Pacific coast, the baseline water stress and a projected decrease in
precipitation (-4.8%) cause the vulnerability, whereas population
and economic growthrender the LaPunaregion’s WTU vulnerable.In
North America, the vulnerabilities are related to population growth
and temperature increase.

Global assets with increasing importance

Planetary boundaries (for example, the CO, concentration, global
freshwater use and biosphere integrity) are defined as thresholds within
which humanity can safely function without abrupt large-scale changes
to the environment*. Climate change and biosphere integrity have
been identified as the core planetary boundaries with the potential
to change the state of the Earth system should they be consistently
transgressed for a prolonged period of time**. The global food system,
inparticular, has beenidentified as a major pressure on the planetary
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Fig.4|WTIand vulnerabilities of the Indus basin. a, The supply and demand
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boundaries®. Without targeted technological changes and mitigation
measures, itisexpected that the adverse environmental effects of the
food system could increase by more than 50% by 2050 relative to 2010,
thus crossing the planetary boundaries®. In relation to the planetary
boundaries, water towers are of particularimportance. They are highly
vulnerable to climate change, akey water supply that sustains the major
global food systems in the world and rich in biodiversity.
Aclearimplicationis that vulnerability can be decreased with conser-
vation, or increased with inefficient water use. This may seem logical
and obvious, but it also means that the priorities for the most urgent
action can be shifted as the nations of WTUs practice conservation or
grow in an unsustainable way. Although irreversible changes in the
buffering capacity of water towers are underway, conservation of the
water towersin the broadest sense starts with the global task to mitigate
further global climate warming leading to cryosphere degradation
and its adverse effects on the water towers’ buffering role. In amore
local or regional context, water conservation is the one part of the
equation that is under the control of an individual nation’s part of a
water tower system, calling for transboundary cooperation. Specific
conservation can, forexample, imply preserving the buffering capacity
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precipitation; Py, basin precipitation; Py,,, WTU intra-annual precipitation
variability; Pyy, WTU inter-annual precipitation variability; P, precipitation
indicator; Dy, netindustrial demand; D,yp, industrial demand indicator; Dyar,,
natural demand; Dy,y, natural demand indicator; Dy, net domestic demand;
Dpow, domestic demand indicator; Dygg , netirrigation demand; Dygg, irrigation
demand indicator.

of mountain ranges in newly established protected areas, increasing
the buffering capacity with reservoirs, and conservation of water by
increasing water-use efficiency. Efficient use of scarce water resources
can translate into improved wellbeing of people and increased eco-
nomic and food security.

The vulnerability of these water towers in the future is controlled
by thetrajectory of change thataWTU and its associated downstream
basin will follow. At the global scale we made afirst-order assessment
foramiddle-of-the-road scenario bothin terms of climate change and
of socio-economic pathway (see Methods). However, it is important
to acknowledge that the future pathways are extremely precarious
and the outcomes diverging and uncertain. A recent assessment for
the Hindu-Kush Himalayan region concluded that there is no single
likely future: the region may run downhill, may do business as usual
or it may advance to prosperity*®. Each of those future pathways will
resultinsystematically different demands for water and may cross the
planetary boundariesin varying degrees and this will probably hold for
most WTUs, but those in Asia and South Americain particular.

Mountains are also an essential resource in the context of the United
Nations’ Sustainable Development Goals (SDGs) that have been



targeted towards the year 2030*". Mountains play akey partinachiev-
ing the SDGs for water (SDG 6), food (SDG 2) and energy (SDG 7). Given
the projected change in climate and socioeconomic development in
mountain-dependent basins, it is evident that if the SDGs are to be
achieved the water resources of the water towers need to be harnessed
within safe environmental limits.

We therefore make three essential recommendations. First, moun-
tain regions must be recognized as a global asset of the Earth system.
Second, it must be acknowledged that vulnerability of the world’s water
towers is driven both by socio-economic factors and climate change.
Third, we must develop international, mountain-specific conservation
and climate-change adaptation policies (such as national parks, pollut-
ants control, emission reductions, erosion controland damregulations)
that safeguard the mountain ecosystems and mountain people and
simultaneously ensure water, food and energy security of the millions
of people downstream.
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Methods

Delineation of WTUs

In this study, we definea WTU as the intersection of major river basins®
and a topographic mountain classification based on elevation and
surface roughness developed inthe framework of the Global Mountain
Biodiversity Assessment (GMBA)®. Although other similar mountain
classification datasets exist' that are also based on a combination of
elevation and surface roughness, we use the GMBA classification (ver-
sion1.2) because topographical names of mountain ranges have been
assigned to each of the mountain regions classified. The original GMBA
inventory contains 1,048 mountain regions worldwide. We make a sub-
set of this dataset by imposing minimum thresholds for glacier area,
glacier ice volume and snow persistence. We retain those mountain
regions which have anice volume larger than 0.1km? (ref. *) or an aver-
age annual areal snow persistence larger than10%’. Afterimposing these
thresholds, 174 mountain regions remain. We intersect those regions
with the major river basins and dissolve the result based on major river
basin ID; that s, all selected GMBA regions within a basin are grouped
asasingle WTU (Extended DataFig. 1, Extended Data Table 1, Extended
Data Table 2). The final WTU delineation contains 78 units (Extended
Data Fig. 1). For each WTU we also define the downstream area that
directly depends on the WTU using the river sub-basin delineation®, and
we specify which mountainranges are part of the WTU (Extended Data
Fig.1, Extended Data Table 1, Extended Data Table 2). This dependent
downstream area is smaller than the total downstream basin because
not every downstream sub-basin is hydrologically connected to the
WTU. To this end we start at the WTU and iteratively select each con-
nected downstream sub-basin until the basin outlet, or lowest sub-basin
in case of an endorheic system, is reached (Extended Data Fig. 1).

Quantifying the WTI
We combine anSland aDIlintoaWTIwithwhichtorank WTUs. All grid
calculations are performed at 0.05° resolution.

The Sl (see Extended Data Table 3 for all equations) is based onindi-
cators for precipitation, snow cover, glaciers and surface water stor-
age. For the precipitationindicator, the 2019 released ERAS5 reanalysis
dataset is used®. As sub-indicators, we first compute the total annual
average (2001-2017) WTU precipitation (Extended Data Fig. 3a) relative
tothe overall basin precipitation (P;). We theninclude the inter-annual
variationin WTU precipitation (P,,) and the intra-annual monthly WTU
variation (Py,) based onthe 2001-2017 time series. We combine these
three sub-indicatorsinto a precipitationindicator (P), giving the varia-
tion (Pyyand P,,) the same weight as Pr. The underlying assumption of
including the variationis thatif the variationis low, the WTU will provide
aconstant flow of water to the downstreambasin, and thereforeitisa
moreimportant WTU. For the snow cover indicator, we use the MODIS
MODI10CMI1 product’. We derive an average annual snow cover (S;) in
eachWTU for the 2001-2017 period (Extended Data Fig. 3b). Here too,
we derive bothaninter-annual (Sy,) and intra-annual (Sy,) variationin
snow cover, and using the same rationale as for the precipitation indi-
cator, we combine the average snow persistence with the variation to
derive afinal snowindicator (S). For the glacier indicator, we compute
theglacierice volumeinaWTU* (Extended Data Fig. 4a) relative to the
average annual WTU precipitation (Gs). We also compute the annual
glacier water flux relative to the WTU precipitation on non-glacierized
terrain (Gy). We estimate the glacier water yield as the sum of the on-
glacier precipitation and the mass balance per WTU. The WTU mass bal-
anceisbased onthe area-weighted average annual mass balance from
allgeodetic and direct mass balance measurements made available by
the World Glacier Monitoring Service*’. However, if there are fewer than
ten glaciers with data available withina WTU then we use the regional
average”. We average G and G, to derive a final glacier indicator (G).
For the surface water indicator (L), we compute the total volume of
water thatis stored in lakes and reservoirs in a WTU* (Extended Data

Fig.4b) relative to the average annual WTU precipitation. The Slis the
averageof P,S,Gand L.

The Dlis based onnet human water demands for domestic, industrial
and irrigation purposes®, and natural demand (see Extended Data
Table 4 for all equations, Extended Data Fig. 5, Extended Data Fig. 6).
Since data for the natural demand, defined as the minimum river flow
required to sustain the ecosystem, are not readily available, we estimate
it with the environmental flow requirement computed with the 90th-
percentile exceedance value of the natural flow®*>"*2 First, the average
monthly sectoral demands are computed based on a2001-2014 time
series (Dpomm» Dirr.mr Din,m» Dnarm)- Part of each sectoral demand can
potentially be met by downstream water availability that does not have
its origin in the mountains. For each grid cell with a positive demand
we therefore compute the average monthly water availability (WApom ms
WA zg.m» WAND,m» WANATms S€€ Extended Data Table 4) as the precipitation
minus the actual natural evapotranspiration®’. We subtract thisamount
from the average monthly sectoral water demands as an estimate for
the monthly demand that needs to be met by other sources, including
the WTUs. We assume that the entire water deficit has to be provided
by the WTU, although other water sources, suchas groundwater®, can
alsobeimportant. We acknowledge that the global scale of our assess-
ment also prevents us from fully taking into account the distribution
and allocation of water within different portions of our spatial units
of calculation. Finally, we aggregate these monthly net demands to
be sustained by the WTU over all months and we divide it by the total
annual sectoral demand to get four demand indicators (Dpom, Ding, Dires
Dyar)- The Dlis the average of the indicators Dpoy, Dinp, Dirg @Nd Dyar.

The final WTl is the product of Sl and DI, for which the values are
subsequently normalized over the range of WTI values found for all
78 WTUs. By using a multiplicative approach, we ensure thata WTU
only ranks highly when it has considerable water resources (either as
precipitation, glacier ice, snow and surface water or acombination)
inthe mountains, and the demand for those resources downstream is
likewise high (Extended Data Fig. 2).

Uncertainty
Itisacknowledged that the SI, Dland WTl are based on partly arbitrary
choices of indicators and sub-indicators. In our assessment we have
assigned an equal weight to each of the indicators constituting Sland
DI. To account for uncertainty in the weight of each indicator in the
WTI calculation we have performed a sensitivity analysis in which we
randomly vary the weights of each of the eight indicators that constitute
the Sland Dland assess theimpact on the WTIranking of the WTUs. We
assume that the weight of eachindicator is uniformly distributed and
can be amaximum of three times as high or low as another indicator,
and we assess through a10,000-member Monte Carlo analysis how
sensitive the rank of the WTU is as aresult of this uncertainty (Extended
DataFig.7). The analysis shows that the top and bottom of the ranking
are robust and only limited shifts in the ranking occur (<5 positions).
However, themiddle part of the ranking is more sensitive to the weights
oftheindicatorsandthereisaconsiderable number of WTUs where, in
more than25% of the total runs, the rank changes more than 5 positions.
Inaddition, we alsoinclude al,000-member Monte Carlo analysis to
assess the propagation of uncertainty in the datasets used in the WTI
calculation. For each input dataset we estimate a standard deviation
and assuming a normally distributed error we sample from the distri-
bution to assess how the input data uncertainty affects the WTI value
(Supplementary Table1) and WTU ranking (Extended Data Fig. 7). For
precipitation we compute the standard deviation per WTU and per
downstreambasin based on nine different precipitation datasets (CRU
bias-corrected with ERA-Interim, CRU TS2.1downscaled with ERA-40,
CRU TS3.21 downscaled with ERA-40, CRU TS3.21 downscaled with
ERA-Interim, WFDEI, NCEP-NCAR Reanalysis, WATCH, WATCH cor-
rected with GPCC, and ERA5)**%>"%°, For evapotranspiration we take a
similar approach using four different datasets (ERA-Interim, GLEAM,



MERRA-2, PCR-GLOBWB forced with ERA-Interim, and ERA5)32°*+60-62,
Values for snow persistence, ice volumes, glacier mass balance, and the
domestic, industrial and irrigation water demands are derived from
theliterature*#-% For the uncertainty inlake and reservoir volume
we assume astandard deviation of 10% and we keep the environmental
flow requirement constant. The ranking is also sensitive to input data
uncertainty; however, the ranking is robust, in particular in the top
20 places of the ranking where only limited shifts in positions occur.
Here, too, most shifts are observed in the middle part of the ranking.

Assessing vulnerabilities

For the WTUs, we assess the vulnerability of their role as water tower
based on three static indicators for water stress, government effec-
tiveness and the potential for hydro-political tension in case of trans-
boundary basins (Supplementary Table 2). In addition, we include four
changeindicators: the projected change in temperature, precipitation,
population and gross domestic product between 2000 and 2050. In
all cases we use the ensemble mean RCP4.5 climate change scenario®
in combination with the SSP2 shared socio-economic pathway®’
asamiddle-of-the-road scenario, both in terms of economic develop-
ment and associated climate change (Supplementary Table 2). We
scale the different vulnerability indicators between O (minimum vul-
nerability) and 1 (maximum vulnerability) considering the thresholds
defined below.

For water stress, we use the baseline water stress (BWS) indicator®,
BWS measures the ratio of total water withdrawals to the available
renewable surface and groundwater supplies; higher values indicate
more competitionamong users. The index valueis derived from an ordi-
nary least-squares regression fitted through raw monthly water-stress
values for 1960-2014, taking the fitted BWS value for 2014%, We com-
pute the area-averaged BWS for all WTUs, including their downstream
dependent areas and scale between 0 and 5, which is the range of the
BWSscaleinref.*®. High BWS is associated with high vulnerability and
low BWSis associated with low vulnerability. Since no global dataset for
water management capacity is available at the global scale we validated
the indicators gross domestic product (GDP)®, human development
index (HDI)*® and government effectiveness (GE)* as proxies for water
management capacity, which is available for selected mountainous
basins only?. GE shows the best correlation with water management
capacityintheselection of basins, and we calculate the area-averaged
value for each WTU including its downstream dependent area. We
scale between -1.5 and 2.0, which are the minimum and maximum
values found for the WTUs. A low value for GE implies high vulnerability
whereas ahigh value for GE indicates low vulnerability. Lastly, all trans-
boundary basins are assessed on the risk for potential hydro-political
tensions based on a global mapping of basins that are ill-equipped to
dealwithtransboundary disputes triggered by the construction of new
dams and diversions®. We compute the WTU basin aggregated score
provided by the cited study and the range of the original scale in the
cited study (0 to 5) is used to scale between minimum and maximum.

Foreach WTU we compute a projected multi-model ensemble mean
change in precipitation (measured as a percentage) and temperature
(measuredinkelvin) between 2000 and 2050 for RCP4.5 for 35 differ-
ent CMIPS5 climate models*°. For projected changes in temperature
thescores for theindividual WTUs are linearly scaled between O and 1
for the full range of projected temperature increases of all WTUs. For
precipitation projections, only decreases in precipitation are assumed
to contribute to vulnerability (that is, projections of increases in pre-
cipitation and unchanged precipitation are classified as minimum
vulnerability). The scores for the individual WTUs are scaled linearly
between 0 and 1, where O indicates unchanged or increasing precipita-
tionandlindicates thelargest precipitation decrease projected for all
78 WTUs. The projected population change between 2016 and 2050
for SSP2is derived from the HYDE database’ and the relative increase
for each ofthe WTU basinsis computed. AllWTUs are scaled between

agrowth of 0% and a maximum of 50%, that is, if the projected popu-
lation growth is more than 50%, a WTU has maximum vulnerability.
The relative increase in GDP between 2000 and 2050 is computed
per WTU basin, with the assumption that a strong projected increase
in GDP is indicative of a strong growth in water demand. Data for the
SSP2 shared socio-economic pathway are used*. Al WTU basins are
scaled between the minimum and the maximum, which is capped by
agrowth rate of 1000%.

We assess indicators of various nature for vulnerability and future
changes. To assess acomplete vulnerability based on this set of indica-
tors is challenging and requires knowledge of the weights of the indi-
vidualindicatorsin assessing the total vulnerability foreachWTU. The
caveatis made that we consider amiddle-of-the-road scenario bothin
terms of projected climate change and socio-economic development
asafirst-order assessment. The future development pathway in most
WTUs, in particularin Asiaand South America, is uncertain and highly
diverging and depends on the global economy, regional growth rates
and geopolitical tensions, which are difficult to project or quantify.
In addition, a satisfactory representation of mountainous climate in
General Circulation Modelsis difficult, leading tolarge uncertainty in
particular for future precipitation projections.

In our study we assess impacts-driven vulnerability, where vulner-
ability isdefined indirect proportion to the magnitude of hydrological
change. However, we note that recent work on the human dimensions
of climate change have demonstrated that vulnerability emerges from
theinteraction of both environmental and social dynamics in specific
contexts®*’°,

Data availability

The data generated to support the findings of this study are available
inanonline datarepository at zenodo.org at https://doi.org/10.5281/
zenodo.3521933. Third party data used in this study are available as
follows. Hydrological basin boundaries® used in this study are available
online at http://www.fao.org/nr/water/aquamaps/. Mountain defini-
tion data® used in this study are available online at https://ilias.unibe.
ch/goto_ilias3_unibe_file_1047348.html. Precipitation and evaporation
data used in this study® are available online at https://cds.climate.
copernicus.eu. Snow cover dataused in this study’ are available online
athttps://nsidc.org/data/MODIOCM. Glacier volume data*® usedin this
study are available online at https://doi.org/10.3929/ethz-b-000315707.
Glacier mass balance data”* are available online at https://wgms.ch/.
Lake and reservoir storage data® used in this study are available online
athttps://www.hydrosheds.org/pages/hydrolakes. Water demand data
used in this study are available upon request from Y.W. (wada@iiasa.
ac.at). BWS data*® used in this study are available online at https://www.
wri.org/aqueduct. GE data® used in this study are available online at
https://info.worldbank.org/governance/wgi/#home. Data on hydro-
political tensions for transboundary river basins* used in this study are
available online at https://transboundarywaters.science.oregonstate.
edu/content/transboundary-freshwater-spatial-database. Data for
future projections of population count® used in this study are available
online at ftp://ftp.pbl.nl/hyde/SSPs/SSP2/zip/. Datafor future projec-
tions of GDP* used in this study are available online at http://www.cger.
nies.go.jp/gcp/population-and-gdp.html. Data for future projections
of temperature and precipitation*® used in this study are available
online at https://climexp.knmi.nl. An online interactive visualization
of the water tower index and vulnerability is available at https://www.
nationalgeographic.com/environment/perpetual-planet/.

Code availability

The codedeveloped for the WTI calculations performed for this study
are publicly available in a Github repository at https://github.com/
mountainhydrology/pub_ngs-watertowers.
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Extended DataFig.1|See next page for caption.
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Extended DataFig.1|Conceptand global spread of WTUs.a, The WTUs are
defined as the intersection of Earth’s major hydrological basins® and mountain
ranges® meeting predefined thresholds for ice volume or snow persistence
(seeMethods section). One WTU can consist of (parts of) multiple mountain
ranges and one mountain range can be part of multiple WTUs. The example
shows two hydrological basinsin North America: the Great Basin (red outline)
and California (blue outline). The striped areas indicate two mountain ranges:
theSierraNevadaand the Cascade Range. The intersection of the hydrological
basins and the mountain ranges defines the WTUs (dark colours). For example,
the Great Basin WTU is defined as the portion of the Sierra Nevada thatis part of

the Great Basin hydrological basin (dark red), and the CaliforniaWTU is defined
asthe portion of the Sierra Nevada thatis part of the California hydrological
basinaswellasaportion ofthe Cascade Range thatis part of the California
hydrological basin (dark blue). The WTU’s dependent area (light colours) is
defined as the sub-basins within the hydrological basin that are overlapping the
WTU or downstream of sub-basins overlapping the WTU.b-e, The WTUs (dark
colours) and associated WTU basins (light colours) for all 78 WTUs and WTU
basins, grouped by continents: North America (b), Europe (c), Asiaand Oceania
(d), South America (e). Number labelsindicate the WTU IDs (see Extended Data
Tables1,2for corresponding names).
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Extended DataFig. 3| Annual precipitation and snow cover. a, Average annual precipitationbetween 2001 and 2017, resampled bilinearly to 0.05° resolution
based on ERA5*. b, Average snow persistence between 2001and 2017, resampled to 0.05° resolution based on MODIS MOD10CMY’.
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Extended Data Table 1| List of WTUs and the GMBA mountain ranges that are (partly) covered by each WTU, for North
America and South America

WTU

D WTU Name GMBA mountain ranges (partly) covered by WTU
1 Mississippi-Missouri Bighorn Mountains, Absaroka Range, Crazy Mountains, Lewis Range, Swan Range, Flathead Range, Wind
PP River Range, Front Range, Medicine Bow Mountains, Gore Range, Sawatch Range
2  California Sierra Nevada, Cascade Range
3  Great Basin Sierra Nevada
4 N-America, Colorado San Juan Mountains, Wind River Range, Front Range, Medicine Bow Mountains, Gore Range, Sawatch Range
Absaroka Range, Lewis Range, Swan Range, Mission Range, Flathead Range, Purcell Mountains, Cabinet
5  Columbia and NW-US Mountains, Sawtooth Mountains, Teton Range, Wind River Range, Wallowa Mountains, Cariboo Mountains,
Monashee Mountains, Selkirk Mountains, Coast Mountains, Rocky Mountains Calgary, Scrip Range, Cascade
Range
6 Fraser Coast Mountains, Skeena Mountains, Omineca Mountains, Cariboo Mountains, Monashee Mountains,
Hazelton Mountains, Rocky Mountains Calgary, Scrip Range, Cascade Range
Chugach Mountains, Kenai Mountains, Alaska Range, Coast Mountains, Aleutian Range, Kodiak and Afognak
Island, Alexander Archipelago, Vancouver Island, Brooks Range, Saint Elias Mountains, Wrangell Mountains,
7 Pac. and Arc. Coast Kilbuck Mountains, Talkeetna Mountains, Mackenzie Mountains, Wernecke Mountains, Selwyn Mountains,
Pelly Mountains, Skeena Mountains, Stikine Ranges, Cassiar Mountains, Omineca Mountains, Hazelton
Mountains, Cascade Range, Olympic Mountains
8  Saskatchewan-Nelson Lewis Range, Rocky Mountains Calgary
9  NW-Territ. and Nunavut Baffin Island
10  Hudson Bay Coast Torngat Mountains
11 Atl. Ocean Seaboard Torngat Mountains
12 Mackenzie Mackenzie Mountains, Wernecke Mountains, Selwyn Mountains, Pelly Mountains, Stikine Ranges, Cassiar
Mountains, Omineca Mountains, Rocky Mountains Calgary
13  Rio Grande-Bravo San Juan Mountains, Sawatch Range
14  Caribbean Coast Sierra Nevada de Santa Marta, Cordillera Oriental Colombia Venezuela
15  Magdalena Sierra Nevada de Santa Marta, Cordillera Central Colombia, Cordillera Oriental Colombia Venezuela
16 Orinoco Cordillera Oriental Colombia Venezuela
47 Amazon Cordillera Central Colombia, Cordillera Oriental Colombia Venezuela, Cordillera Central Ecuador, Cordillera
Oriental Peru Bolivia, Cordillera Occidental Peru Bolivia Chile, Altiplano
18 LaPlata Cordillera Oriental Peru Bolivia
19 S-America, Colorado g::)rg;gclera principal, Cordillera de Oliva, Cordillera de Ollita, Cerro de Ansilta, Central Volcanic Zone, Cordillera
20 Negro Cordillera principal, Northern Patagonian Andes
21 S-Arg., S-Atl. Coast Cordillera Patagonica Sur, Northern Patagonian Andes, Andes fueginos
22  Col.-Ecuad., Pac. Coast Cordillera Central Colombia, Cordillera Central Ecuador
23  Peru, Pac. Coast Cordillera Central Ecuador, Cordillera Occidental Peru Bolivia Chile
24 N-Chile. Pac. Coast Cordillera principal, Cordillera Occidental Peru Bolivia Chile, Sierra de la Punilla, Sierra de Tatul, Cordillera de
’ ’ Oliva, Cordillera de Ollita, Cerro de Ansilta, Central Volcanic Zone, Cordillera Frontal
25  S-Chile, Pac. Coast Northern Patagonian Andes, Cordillera Patagonica Sur, Andes fueginos, Cordillera principal, Cordillera Frontal
26  La Puna Region Cordillera Oriental Peru Bolivia, Cordillera Occidental Peru Bolivia Chile, Altiplano, Central Volcanic Zone,

Cordillera Frontal

27

Salinas Grandes

Central Volcanic Zone, Cordillera Frontal
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Extended Data Table 2 | List of WTUs and the GMBA mountain ranges that are (partly) covered by each WTU, for Europe, Asia

and Oceania
WTU  WTU Name GMBA mountain ranges (partly) covered by WTU

28  Spain-Portugal, Atl. Coast Pyrenees
29  Spain, S-and E-Coast Pyrenees
30 Ebro Pyrenees
31  Garonne Pyrenees
32  France, W-Coast Pyrenees
33 Rhéne European Alps
34  France, S-Coast European Alps, Pyrenees
35 Rhine European Alps
36 Po European Alps, Pyrenees
37  ltaly, W-Coast European Alps
38 ltaly, E-Coast European Alps
39 Danube European Alps, Dinaric Alps
40  Sweden Scandinavian Mountains, Jotunheimen
41  Adr. Sea-Bl. Sea Coast Dinaric Alps, European Alps
42 Volga Ural Mountains
43 Ural Ural Mountains
44  Black Sea, N-Coast Greater Caucasus
45  Caspian Sea Coast Greater Caucasus
46  Scandinavia, N-Coast Scandinavian Mountains, Jotunheimen
47  Russia, Barents Sea Coast  Ural Mountains
48  Arc. Ocean Islands Svalbard, Greenland Kalaallit Nunaat, Novaya Zemlya
49  Iceland Iceland
50  Gobi Int. Haanhohiy Uul, Borohoro-Shan, Khrebet Dzhungarskiy Alatau, Khrebet Saur, Bogda Shan, Karlik Shan, Tulai Nanshan,
51  Yellow River Lenglong Ling, Datong Shan, Banyan Har Shan, Qionglai Shan, Anyemagen Shan
52  Tarim Int. Alayskiy Khrebet, Ferganskiy Khrebet, Terskey Ala Too, Kokshaal Too, Borohoro-Shan, Narat Shan, Horo Shan, Eren
53  Tibetan Plateau Nganglong Kangri, Gangdise Shan, Nyaingentanglha Shan, Tanggula Shan, Tibetan Plateau
54  Yangtze Tanggula Shan, Banyan Har Shan, Ningjing Shan, Chola Shan, Shaluli Shan, Daxue Shan, Qionglai Shan, Tibetan
55  Mekong Tanggula Shan, Ningjing Shan, Patkai Hills, Mishmi Hills, Tibetan Plateau, Yun Range
56  Salween Nyaingentanglha Shan, Tanggula Shan, Patkai Hills, Mishmi Hills, Tibetan Plateau
57  Irrawaddy Patkai Hills
58  Ganges-Bramaputra Gangdise Shan, Nyaingentanglha Shan, Tanggula Shan, Himalaya, Patkai Hills, Mishmi Hills
59  Sabarmati Himalaya
60 Indus Himalaya, Ladakh Range, Pamir Mountains, Karakorum, Hindu Kush, Nganglong Kangri, Gangdise Shan, Malakand
61 Lena Baykal'skiy Khrebet, Khrebet Kodar, Verkhoyanskiy Khrebet, Khrebet Suntar Khayata
62  Siberia, N-Coast Gory Putorana
63  Yenisey Haanhohiy Uul, Shopshal'skiy Khrebet, Kuznetskiy Alatau, Zapadnyy Sayan, Vostochnyy Sayan, Baykal'skiy Khrebet,
64  Kara Sea Coast Ural Mountains
65 Ob Khrebet Saur, Seminskiy Khrebet, Aygulakskiy Khrebet, Kuroyskiy Khrebet, Shopshal'skiy Khrebet, Kuznetskiy Alatau,
66  Siberia, W-Coast Chukotskiy (Anadyrskiy) Khrebet, Koryakskiy Khrebet, Sredinnyy Khrebet, Verkhoyanskiy Khrebet, Momskiy Khrebet,
67 Black Sea, S-Coast Kuzey Anadolu Daglari / Pontus Mountains, Lesser Caucasus, Greater Caucasus
68  Caspian Sea, S-W-Coast Agri Dagi, Suphan Dagi, Kiih-e haye Sabalan, Alborz Mountains, Zagros Mountains, Lesser Caucasus, Greater
69  Tigris-Euphrates Mercan Daglari, Hakkari Daglari, Stiphan Dagi, Zagros Mountains
70  Persian Gulf Coast Zagros Mountains
71  Central Iran Alborz Mountains, Zagros Mountains
72  Helmand Hindu Kush
73  Farahrud Hindu Kush
74  Caspian Sea, E-Coast Hindu Kush, Alborz Mountains
75  Amu Darya Zeravshan, Pamir-Alay, Turkestainskiy Khrebet, Gory Baysun Tau, Pamir, Karakorum, Hindu Kush, Malakand Range
76  SyrDarya Turkestanskiy Khrebet, Pamir-Alai, Ferganskiy Khrebet, Chatkal'skiy Khrebet, Talas Alatau, Kyrgyz Ala Too, Terskey Ala
77  Lake Balkash Kyrgyz Ala Too, Kungey Ala Too, lle Alatau, Borohoro-Shan, Dzhungarskiy Alatau, Narat Shan, Tien Shan
78 New Zealand Ruapehu, Rolleston Range, Two Thumb Range, Liebig Range, Ben Ohau Range, Young Range, Olivine Range,




Extended Data Table 3 | Overview of WTU supply indicators used

Indicator Symbol Input Equation Reference
Precipitation Pr Average annual WTU precipitation sum Pt =Pwru/ Peas %
contribution WTU/basin (2001-2017): Pwru (km®)
Average annual basin precipitation sum 32
(2001-2017): Paas (km®)
Inter-annual variability Pvv Annual WTU precipitation for individual Pyv =1 - ((max(Py)-min(Py)) / max(Py) |2
in precipitation years (2001-2017): Py (kmd)
Intra-annual variability Pwmv Average monthly WTU precipitation sum Pwv =1 - ((max(Pm)-min(Pm)) / max(Pm) 2
in precipitation (2001-2017): Pm (kmd)
Precipitation P - P = 0.5%(Pyv+Pw)*Pr 32
WTU snow cover St Average annual WTU snow cover: S (-) 7
Inter-annual variability Sw Annual average WTU snow cover (2001- Svyv =1 - ((Mmax(Sy)-min(Sy)) / max(Sy) 7
in snow cover 2017): Sy (-)
Intra-annual variability Swv Average monthly snow cover (2001-2017): Swv =1 - ((Max(Sm)-min(Sm)) / max(Sm) 7
in snow cover Sm (-)
Snow S - S = 0.5*(Syv+Swv)*St ’
Glacier ice storage Gs Total glacier ice volume in WTU: Gy (km?) Gs = Gv / (Gv+Pwru) 8
Average annual WTU precipitation sum 32
(2001-2017): Pwru (km®)
Glacier water yield Gy Average annual WTU precipitation sum Gy = (PaLac — B) / (PaLac — B + Pwru) %2
(2001-2017): Pwru (km®)
Average annual precipitation sum glaciated 32
area (2001-2017): Perac (km?®)
WTU average annual glacier mass balance: 7
B (km?®)
Glaciers G - G =(GstGv)/2
Lake and reservoir L Total volume stored in lakes and reservoirs L = SL/ (St+Pwru) %0
storage in WTUs: S. (km®)
Average annual WTU precipitation sum 32
(2001-2017): Pwru (km®)
Final supply index Sl (P+S+G+L)/4
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Extended Data Table 4 | Overview of WTU demand indicators used

Indicator Symbol  Input Equation Reference
Domestic demand Doom Average annual downstream domestic water use % (Doom,m - WAbomm) / Doomy o4
(2001-2014): Doomy (km?®)
Average monthly downstream domestic water use
(2001-2014): Doomm (km?®)
Average monthly P-ET (2001-2017) for downstream
cells with domestic demand above threshold: WApom m
(km?)
Threshold is 1*10° km® per 0.05° grid cell
Industrial demand Dino Average annual downstream industrial water use > (Dino.m — WAINDm) / Dinpy o4
(2001-2014): Dinp,y (km?)
Average monthly downstream industrial water use
(2001-2014): Dino,m (km?)
Average monthly P-ET (2001-2017) for downstream
cells with industrial demand above threshold: WAnp,m
(km?)
Threshold is 1*10-° km?® per 0.05° grid cell
Irrigation demand Dirr Average annual downstream irrigation water use (2001- X (Dirrm — WARRm) / Dirry o4
2014): Dirry (km®)
Average monthly downstream irrigation water use
(2001-2014): Dirr,m (km®)
Average monthly P-ET (2001-2017) for downstream
cells with irrigation demand above threshold: WArRr m
(km?)
Threshold is 1*10° km® per 0.05° grid cell
Natural demand Dnar Average annual Environmental Flow Requirement at T (Dnatm — WANAT,m) / Dnaty 51,5264
river basin outlet (2001-2014): Dary (km°)
Average monthly Environmental Flow Requirement at
river basin outlet (2001-2014): Dnatm (km?®)
Average monthly P-ET for downstream basin (2001-
2017): WANATm (km®)
Final demand index DI (Dirr + Dino + Doom + Dnar) / 4
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