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Abstract Seasonal melting of glaciers and snow from the western Third Pole (TP) plays important role in
sustaining water supplies downstream. However, the future water availability of the region, and even today's
runoff regime, are both hotly debated and inadequately quantified. Here, we characterize the contemporary flow
regimes and systematically assess the future evolution of total water availability, seasonal shifts, and dry and
wet discharge extremes in four most meltwater-dominated basins in the western TP, by using a process-based,
well-established glacier-hydrology model, well-constrained historical reference climate data, and the ensemble
of 22 global climate models with an advanced statistical downscaling and bias correction technique. We show
that these basins face sharply diverging water futures under 21st century climate change. In RCP scenarios 4.5
and 8.5, increased precipitation and glacier runoff in the Upper Indus and Yarkant basins more than compensate
for decreased winter snow accumulation, boosting annual and summer water availability through the end of

the century. In contrast, the Amu and Syr Darya basins will become more reliant on rainfall runoff as glacier
ice and seasonal snow decline. Syr Darya summer river-flows, already low, will fall by 16%—-30% by end-of-
century, and striking increases in peak flood discharge (by >60%), drought duration (by >1 month) and drought
intensity (by factor 4.6) will compound the considerable water-sharing challenges on this major transboundary
river.

Plain Language Summary The western Third Pole (TP) is the most glacierized (>50% of

the region) and snow-concentrated areas in the region. Climate-driven changes to the cryosphere in upper
mountains in the TP have raised a major concern on the downstream water supply. However, the runoff regime
and future water availability of the region are inadequately quantified. Here, we systematically assess the
future evolution of runoff in total water availability, seasonal shifts, and dry and wet discharge extremes in
four most meltwater-dominated basins in the western TP by using a process-based glacier-hydrology model,
well-constrained historical and future climate data. We show that these basins face sharply diverging water
futures under 21st century climate change. In the upper Indus and Yarkant, enhanced glacier melt will continue
acting as a major water source in summer and annual water supply by the end of this century, especially under
the highest emission scenario, but considerably increasing the extreme floods in the Indus. In contrast, the

Syr Darya will face a declining annual water supply and increasing extreme spring floods and summer water
shortages, as its glaciers retreat and snowmelt arrives earlier in the spring, further complicating the water
resource management in this transboundary river.

1. Introduction

The Tibetan Plateau and adjacent mountains, also known as the Third Pole (TP), contain extensive snow cover-
age (~19%) (Barnett et al., 2005; Li et al., 2018) and the largest number of glaciers outside the Polar Regions
(97,605 km?) (RGI Consortium, 2017). Glaciers in the TP have strongly responded to recent climate change
(Bhattacharya et al., 2021; Bolch et al., 2012; Yao et al., 2012) and are projected to continue to retreat through
the 21st century (Huss & Hock, 2018; Kraaijenbrink et al., 2017; Rounce, Hock, & Shean, 2020), raising a major
concern on downstream water supply for agriculture, ecosystems, hydropower, and human society (Biemans
et al., 2019; Kaser et al., 2010; Milner et al., 2017; Pritchard, 2019).

SUET AL.

1 of 19


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://orcid.org/0000-0003-4215-5759
https://orcid.org/0000-0002-6847-4099
https://orcid.org/0000-0001-8305-9507
https://orcid.org/0000-0001-8499-4935
https://orcid.org/0000-0002-6467-9732
https://orcid.org/0000-0003-0288-5618
https://doi.org/10.1029/2022EF002776
https://doi.org/10.1029/2022EF002776
https://doi.org/10.1029/2022EF002776
https://doi.org/10.1029/2022EF002776
https://doi.org/10.1029/2022EF002776
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2022EF002776&domain=pdf&date_stamp=2022-09-19

~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Earth’s Future 10.1029/2022EF002776

Methodology: Fengge Su, Tinghai Ou
Software: Jingheng Huang, Tinghai Ou,
Ying Li

Validation: Jingheng Huang, Fanchong
Meng, He Sun, Baiqing Xu
Visualization: Tandong Yao, Tinghai Ou,
Ying Li, Deliang Chen

Writing - original draft: Fengge Su,
Hamish D. Pritchard

Writing — review & editing: Hamish D.
Pritchard, Deliang Chen

However, glacier melt is not critically important to water supply everywhere in the TP, with a negligible or moderate
contribution to annual runoff in the southeastern monsoon basins with relatively limited glacier coverage (e.g., the
upper Yellow and Mekong) (Lutz et al., 2014; Zhang et al., 2013; Zhao et al., 2019). The most glacierized (>50% of
the region) and snow-concentrated areas lie in the western TP (Figure 1), among the Tian Shan, Pamir, Karakoram,
Hindu-Kush, and western Himalayan Mountain ranges, where the climate is mainly controlled by the midlatitude
westerlies with winter and spring snowfall frequently dominating annual precipitation totals (Cannon et al., 2016;
Maussion et al., 2014). Melt water from glaciers and seasonal snow is of particular importance to ecosystems and
human society in the downstream river basins with relatively hot, dry summers and periodic droughts (Biemans
et al., 2019; Kaser et al., 2010; Milner et al., 2017; Pritchard, 2019). The western TP basins of Syr Darya and Arm
Darya in the Aral Sea basin, Tarim, and Indus (Figure 1) belong to this category, with their lowlands heavily relying
on mountain water resources (Chen et al., 2018; Duethmann et al., 2015; Immerzeel & Bierkens, 2012; Immerzeel
et al., 2010; Kan et al., 2018; Nezlin et al., 2004). The mountain catchments of these basins have been identified
as the most important and highly vulnerable Asian “water tower units” in terms of their water supply and down-
stream water demands, combined with conflicting seasonal demands on their water resources among upstream and
downstream nations (De Stefano et al., 2017; Immerzeel et al., 2020; Sorg et al., 2014; Varis & Kummu, 2012).

The future water availability of the region, and even today's runoff regime, however, are both hotly debated and
inadequately quantified. Challenges primarily stem from a lack of representative meteorological information in
high elevations (Dahri et al., 2016; Immerzeel et al., 2015; Kan et al., 2018; Pritchard, 2021; Unger-Shayesteh
et al., 2013; Wortmann et al., 2018), inadequate representation of glacier-hydrological process, and large spreads
in future climate projections and downscaling approaches (Kraaijenbrink et al., 2017; Su et al., 2013), hinder-
ing a comprehensive understanding on the flow regime and future water availability in the mountainous TP
(Pellicciotti et al., 2012; Ragettli et al., 2013, 2016). Precipitation regimes are poorly represented by in situ obser-
vations or multi-sensor-based gridded datasets across the TP region (Dahri et al., 2016; Immerzeel et al., 2015;
Kan et al., 2018; Palazzi et al., 2013; Sun & Su, 2020; Sun, Su, He, et al., 2021; Tong et al., 2014; Wortmann
et al., 2018) due to complex terrain, heterogeneous station networks, and diverse climate conditions across the
region, and gridded products usually need correction before they can be used for hydrological modeling (Dahri
et al., 2021; Li et al., 2020; Sun, Su, He, et al., 2021, Sun, Su, Yao, et al., 2021; Tong et al., 2014; Wortmann
et al., 2018). Recent modeling studies over the TP tend to either directly use the grid data (e.g., reanalysis
precipitation) as model input (e.g., Khanal et al., 2021; Kraaijenbrink et al., 2017, 2021) or treat the reanalysis
precipitation or temperature as calibrated parameters to match glacier mass balance observations (Rounce, Hock,
& Shean, 2020; Rounce, Khurana, et al., 2020). However, the known uncertainties in the reanalysis precipitation
leave the modeling results or real precipitation distribution in the study regions highly uncertain.

Distributed cryospheric-hydrological models, properly validated with recorded data, are currently one of the most
feasible approaches to characterize runoff regime and their responses to climate changes. Climate impact studies
have been conducted in the upper Indus with different complexity of hydrological models (Biemans et al., 2019;
Immerzeel et al., 2010; Khanal et al., 2021; Lutz et al., 2014, 2016; Su et al., 2016; Wijngaard et al., 2017; Zhang
et al., 2013), however variations in input data, modeling approach and choice of future climate scenario have
produced divergent and even contradictive results (Table S1 in Supporting Information S1), making the future
water availability in the upper Indus highly uncertain. On the other hand, quantitative studies on the interac-
tion of glacier, hydrology and climate change are quite limited in the Aral Sea and Tarim basins (Duethmann
et al., 2015, 2016; Luo et al., 2018; Wortmann et al., 2022; Zhao et al., 2015). Studies either mostly focused on
the highly glacierized upper branches of the Syr Darya or Amu Darya (Gan et al., 2015; Hagg et al., 2013; Sorg
et al., 2014), or at regional scale explorations with conceptual approaches (Alford et al., 2015; Immerzeel &
Bierkens, 2012; Siegfried et al., 2011). Moreover, regional or global scale assessments (e.g., Huss & Hock, 2018;
Pritchard, 2019; Rounce, Hock, & Shean, 2020; Rounce, Khurana, et al., 2020) tend to only consider water yields
from glaciers, with runoff processes in non-glacierized areas either omitted or greatly simplified.

Under the ongoing and expected continued atmospheric warming in the centuries ahead (IPCC, 2014), characters
of runoff are expected to alter in both mean flow regimes and the magnitude and timing of flow extremes due to
changes in the runoff sources of rain, snow and glacier melt (e.g., Bloschl, et al., 2017; Braun et al., 2000; Horton
et al., 2006; Khanal et al., 2021; Middelkoop et al., 2001; Siegfried et al., 2011), potentially exacerbating down-
stream seasonal water stress and the risk of natural hazards (i.e., climate-change-induced floods and droughts).
Hydrological projection studies in the TP so far have mainly focused on the impacts of future climate change
on total water availability and seasonal changes (Khanal et al., 2021; Lutz et al., 2014; Su et al., 2016; Zhao
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Figure 1. The upper basins of Syr Darya, Amu Darya, Yarkant and Indus (UI). Bar and dotted-line plots show the seasonal distribution of basin-averaged precipitation,
temperature, and simulated runoff components (rainfall runoff, snowmelt runoff, and glacier runoff), and the contribution of each to annual total flow (%) at the basin
outlets (black triangle) in the reference period of 1971-2000 (1980-2000 for the UI).

et al., 2019); few studies have been conducted on the future hydrological extremes changes which are highly rele-
vant to human life and substantial socioeconomic and environmental damages, especially in densely populated and/
or ecologically vulnerable areas (Dahri et al., 2021; Hoang et al., 2016; Sauer et al., 2021; Shukla & Sen, 2021).
Among the limited studies, Lutz et al. (2016) and Wijngaard et al. (2017) had a focus on the upper Indus, Ganges
and Brahmaputra basins, while the relevant studies are still lacking in the Aral Sea and Tarim basins.

Here, we close this knowledge gap by systematically assessing future changes in annual, seasonal, and extreme
high and low river flows in four western TP basins, including the upper Syr Darya (USD) and Amu Darya (UAD),
upper Yarkant (UYK) in the Tarim basin, and upper Indus (UI) (Figure 1; Table 1). The unique features of these
four basins as mentioned early (the most snow- and glaciers-concentrated regions in the western TP, high depend-
ence of their dry lowlands on the mountain water resources, and being identified as most important and vulnerable
Asian water tower units) highlight the needs for comprehensive assessments on the future river flow changes at
different time scales for water management, decision makers, climate change adaptation and hazards mitigation
in these complex transboundary river basins. To this end, we first quantify the flow regimes of the four upper
basins under the present climate with a process-based, well-established glacier-hydrology model (VIC-glacier)
and well-controlled historical reference climate data. Subsequently, we investigate the evolution of annual-average
and seasonal-average river discharge and the wet and dry extremes for these four basins through the 21st century,
using global climate models (GCM) projections under Representative Concentration Pathway (RCP) 4.5 (with
emissions peaking around 2040-2050 then declining), and RCP8.5 (emissions rising throughout the 21st century).
The representation of future hydrology is highly dependent on the selection of GCMs which are used to force the
hydrological models (Khanal et al., 2021; Lutz et al., 2014, 2016; Wijngaard et al., 2017). Multi-model ensem-
ble mean generally shows better agreement with observations than does any single model (Li et al., 2021; Su
etal., 2013). Here, the ensemble of monthly precipitation and temperature projections from 22 GCMs (Table S7 in
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Table 1

Characteristic of the Four Upper Western Basins in the Third Pole

Basin UYK (Tarim) Ul USD UAD
Control station Kaqun Besham Chardara Kerki
Latitude (°N) 37.98 34.92 41.24 37.83
Longitude (°E) 76.9 72.88 67.97 65.25
Drainage area (km?) 46,704 162,896 200,300 284,800
Elevation (m) 1450 4323 1769 2532
aGlacier coverage (%) 9.3 11.9 0.9 34
Glacier area (km?) 4,343 (18,569) 19,385 1,803 9,683
"Mean annual now cover Fraction (%) 33.7 35.6 33.0 37.0

aGlacier data from the Randolph Glacier Inventory V6.0, http://www.glims.org/RGI/. *Snow cover fraction data from the
Moderate Resolution Imaging Spectroradiometer (MODIS)10C2, https://nsidc.org/data.

Supporting Information S1) are statistically bias-corrected and downscaled to gridded daily transient climate forc-
ing of 2006-2099, which allow the evolution of meltwater contribution and hydrological extremes to be assessed
over the study basins. This work is first to systematically assess the transient flow evolution at annual, seasonal, and
daily (both wet and dry discharge extremes) scales from present to the end of 21st century in the four western TP
basins. The following novel components are expected to advance our understanding of present and future hydro-
logical process in these most meltwater-impacted basins in the TP: (a) well-controlled and validated reference
climate data; (b) well-developed and -validated hydrological model which includes all relevant cold processes; (c)
a wide range of future climate scenarios (22 GCMs X 2 RCPs) with an advanced statistical downscaling technique.

2. Study Area

The UYK, UI, UAD, and USD are defined as all regions upstream of the Kaqun, Besham, Chardara, and Kerki hydro-
logical stations, respectively (Figure 1 and Table 1). The UYK, originating from the north Karakoram ranges, is a
major tributary of the Tarim basin providing water to the fourth largest irrigation system in China (Chen et al., 2007).
The USD and UAD (Figure 1), originating from the Tien Shan and Pamir mountains, respectively, provide the
major water supply for downstream of the Aral Sea basin. Moreover, the Syr Darya and Amu Darya are two of the
most complex transboundary rivers in the world, with conflicts of international water allocation since the collapse
of the Soviet Union (Bernauer & Siegfried, 2012). The Ul, originating from the Hindukush-Karakoram-Himalaya
(HKH) mountain ranges (Figure 1), supplies the largest continuous irrigation system in Asia and sustains liveli-
hoods of millions of people downstream (Immerzeel & Bierkens, 2012; Immerzeel et al., 2010).

The climate, particularly precipitation, of the study areas is generally modulated by the midlatitude westerlies with
50%—70% of annual precipitation occurring in November-April in the UI, UAD, and USD (Figure 1); however,
precipitation regime varies among the four basins. In the UYK, more than 60% of annual precipitation occurs
during May—September due to the orographic barrier created by the Pamir-Tian Shan mountains, which restricts
the moisture from the westerlies (Baldwin & Vecchi, 2016; Wang et al., 2020). The UI is affected by both the
winter westerlies and the Indian summer monsoon (Palazzi et al., 2013), with about 32% of annual precipitation
in June-September (Table S5 in Supporting Information S1). Glacier distribution is highly uneven among the four
basins, with the least glacier coverage of 0.9% in the USD and the largest ice area in the Ul and UYK (11.9% and
9.3%, respectively) (Table 1). Snow distribution is relatively uniform, with the mean annual snow cover fraction
(SCF) of 33%-37% among the four basins. The variations in the precipitation regime and glacier distribution
highly determine the runoff response to future climate changes in the study basins.

3. Data and Methods
3.1. Data
3.1.1. Historical Climate Data

Given the varying basin size (from 46,704 to 284,800 km?, Table 1), diverse climate, surface characters,
and station conditions, no single correction approach can fit all basins (Dahri et al., 2016, 2018; Immerzeel
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et al., 2015; Kan et al., 2018; Sun & Su, 2020; Wortmann et al., 2018). In this work, we used daily gridded
precipitation and temperature data at 10 X 10 km grids from recently generated and well constrained gridded data
(Huang et al., 2022; Kan et al., 2018), involving corrections using gauge measurements or reanalysis data, in the
UYK, USD and UAD for 1961-2015, and the UI for 1980-2015. In the UYK (Kan et al., 2018), the daily gridded
precipitation and temperature data were generated based on precipitation and temperature gradient observations
and automatic weather stations (AWS) at high elevations, and meteorological stations at low elevations (Figure
Sla in Supporting Information S1). In the USD and UAD (Huang et al., 2022), the gridded climate input data
were generated through corrections of the Princeton Global Meteorological Forcing Data set for land surface
modeling data (PGMFD) reanalysis data (Sheffield et al., 2006) based on 122 selected precipitation gauges by
combining orographic and linear correction approaches (Huang et al., 2022; Sun & Su, 2020). In the UI, the daily
gridded precipitation for 1980-2015 were generated through corrections of the reanalysis data of MERRA-2
(Gelaro et al., 2017; Reichle et al., 2017), with an inverse modeling approach. Observed runoff, glacier area and
glacier mass changes from literature (Table S4 in Supporting Information S1) were used as multiple criteria for
the correction of MERRA-2 at mean annual scales. More details on the climate data generation and validation
for each basin can be found in Text S1 in Supporting Information S1. The generated climate data was extensively
validated through: (a) comparing independent precipitation gauges with the corresponding grids (Figures S1-S3
in Supporting Information S1), and (b) inverse hydrological modeling against the discharge, snow cover fraction,
and glacier area/mass change observations in the study basins (Figures S4—S8 in Supporting Information S1). The
well constrained historical precipitation data largely contributes to reducing uncertainties in the calibrated model
parameters and hydrological simulations and predictions.

3.1.2. Other Data

A list of other data for the VIC-glacier model setup and calibration and validation are summarized in Table S3
in Supporting Information S1, including the digital elevation model (DEM), land use, soil texture, streamflow,
glacier, and snow data.

3.2. Methods
3.2.1. Glacier-Hydrology Model

In this work, we use the Variable Infiltration Capacity (VIC) (Liang et al., 1994, 1996) large-scale land surface
hydrological model coupled with a degree-day glacier melt algorithm (Hock, 2003; Zhang et al., 2013; Zhao
etal., 2015). This improvement allows us to simulate the hydrological processes in large-scale mountainous basins
with glaciers. VIC is a physically based, distributed hydrological model that parameterizes the water and energy
exchanges among soil, vegetation, and atmosphere over a grid mesh. The VIC model is characterized by the
representation of multiple land cover types, spatial variability of soil moisture capacity, soil water flows between
three soil layers, surface flow considering the heterogeneity of saturation excess, and nonlinear base flow in the
third soil layer. The model simulates surface water balance terms such as evapotranspiration, surface runoff, base-
flow (subsurface drainage into the local stream channel network, as opposed to groundwater recharge), and total
soil moisture in each soil layer. The critical elements in the VIC model that are particularly relevant to implemen-
tation in cold regions include: (a) a two-layer energy-balance snow model (Cherkauer & Lettenmaier, 1999), which
is applied to non-glacierized areas and represents snow accumulation and ablation on both the ground and the over-
lying forest canopy where present; (b) a frozen soil/permafrost algorithm (Cherkauer & Lettenmaier, 1999, 2003)
that solves for soil ice content within each vegetation type and represents the effects of frozen soils on the surface
energy balance and runoff generation. A more complete description of the physics and applications of the VIC
model can be found from the VIC homepage (https://vic.readthedocs.io/en/master/). The improved VIC (termed as
VIC-glacier) has been successfully used in the upstream basin of major rivers in the Tibetan Plateau for flow simu-
lation and prediction (Kan et al., 2018; Meng et al., 2019; Su et al., 2016; Sun & Su, 2020; Tong et al., 2016; Zhang
et al., 2013; Zhao et al., 2015). Here, the VIC-glacier model was implemented at a 1/12° (~10 km) spatial reso-
lution and a three-hourly time step. Glacier runoff here is defined as all water that originates from the glacierized
area, including rainfall, snow melt, and ice melt. The simulated total runoff in each grid cell can be expressed as:

RizfXRglac+(1_f)XRvic (1)

where R, is the total runoff (mm) in grid #; f is the percentage of glacier area (%) in grid i; R, is the runoff
(mm) from non-glacierized area calculated by the VIC model (the sum of surface runoff and baseflow), which

SUET AL.

S5of 19


https://vic.readthedocs.io/en/master/

~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Earth’s Future 10.1029/2022EF002776

is divided into rainfall and seasonal snowmelt runoff by subtracting standard VIC output of snowmelt from R, ;
Rgiac is runoff (mm) from glacierized area composed of rainfall runoff, and snow and ice melt calculated with a
temperature-index model. The glacierized area in each grid (when > 0) is divided into different elevation bands
to account for the topography influence on the temperature over glaciers (Kan et al., 2018). For each elevation

band j:

DDF xT;; T;>0

0; T; <0

Rglac=M1+”‘+Mj;i=1,2,3,...,1'1 (3)

where, M, is the meltwater (mm) from elevation band j and n is the total number of elevation bands in grid i; DDF
is the degree-day factors of glacier or snow melt (mm C~! day™); T, (°C) is the daily average air temperature
of elevation band j above the glacier surface. Here, the maximum temperature for snowfall and the minimum
temperature for rainfall are usually set to +0.5°C and —0.5°C, respectively, consistent with that in the VIC model
(Gao et al., 2010). The degree-day approach used here first melts snow on top of the ice with different degree-day
factors for snow and ice surfaces to compute meltwater from a glacier band. The volume-area scaling approach
(Bahr et al., 1997, 2015) is used to update the glacier area and volume every year with information on snow
accumulation and simulated ice melt over the glacier. Runoff components (rainfall, snowmelt, and glacier runoff)
from each grid cell are separately routed to the basin outlet through a channel network (Lohmann et al., 1998)
to obtain daily discharge (m?/s). The input data of the VIC-glacier model include gridded daily meteorological
data (precipitation, maximum and minimum temperature, and wind speed), soil texture, vegetation types, and the
initial percentage of glacier area for each grid cell (Table S3 in Supporting Information S1).

The VIC-Glacier model generally depends on two categories of parameters: (a) the parameters of the VIC model
for simulating runoff in non-glacierized areas; and (b) the DDFs (mm °C~! day~!) of snow (DDF,,_,
(DDF, ) to calculate meltwater from glacier surfaces. The DDF,

snow
DDF_ , and DDF,  (DDF,, =t x DDF

Snow ice

) and glaciers
was determined by the relationship between
aows Where 7 is a scaling factor usually between 1.3 and 2.9) (Kumar
et al., 2016; Singh et al., 2000). The VIC model parameters that require calibration are very limited, mostly
including the infiltration shape parameter (b, ), the depth of the first and second soil layers (d1 and d2), and three
base flow parameters (D, W, and D

). The parameter b. ., with a typical range of 0-0.4, defines the shape of

smax inf?
the variable infiltration capacity curve. The first soil depth (d1) for each grid is usually set to 5-10 cm, as in Liang
et al. (1996). The three baseflow parameters determine how quickly the water in the third layer (d3) evacuates
and are generally less sensitive than parameters b, . and d2. Consequently, only the infiltration-shape parameter
(b,,p) and the second soil layer depth (d2) are targeted for calibration. The model calibration and validation were
conducted using a two-step approach to overcome equifinality problems. First, parameters related to glacier
melt were constrained using observed glacier area or glacier mass balance change data (Figure S4 in Support-
ing Information S1). Second, the VIC related parameters were calibrated and validated to observed streamflow
(Figures S6 and S7 in Supporting Information S1). We further evaluated the VIC-glacier model simulations
by comparing the VIC-simulated Snow Cover Fraction (SCF) and the Moderate Resolution Imaging Spectro-
radiometer (MODIS)-estimated SCF (Figure S8 in Supporting Information S1). The Nash-Sutcliffe efficiency
(NSE), relative error (Er, %), and correlation coefficient (CC) were used for describing the prediction skill of the
modeled variables. The details on the VIC-Glacier model calibration and validation are provided in Text S2 in
Supporting Information S1. The constrained VIC-glacier model (in both climate inputs and model parameters),
provides reliable current hydrological simulations with which to interpret the current runoff regime and response

to future climate changes.
3.2.2. GCM Data and Downscaling

We used the outputs of monthly precipitation and temperature from 22 GCMs in the CMIP5 (Table S7 in Support-
ing Information S1) under RCP4.5 and RCP8.5 to generate the 21st century climate change scenarios for the four
study basins. The raw monthly GCM outputs for 2006-2099 were downscaled and bias corrected to transient daily
temperature and precipitation timeseries with respect to the historical reference data of 1961-2005 (1980-2005
for the upper Indus) by using the Bias Corrected Spatial Disaggregation (BCSD) statistical downscaling approach
(Wood et al., 2002, 2004). The BCSD approach originated from the requirement to downscale ensemble climate
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model forecasts as input to a macro-scale hydrologic model (like VIC) to produce flow forecasts at spatial and
temporal scales appropriate for water management (Wood et al., 2002). The BSCD has been extensively used
with the VIC model (Mote & Salathé, 2010; Salathé, 2005, 2007; Shrestha et al., 2014, 2015; Werner, 2011). For
a detailed description on the BSCD, we refer to Werner (2011). Here, the bias correction and downscaling were
performed in three steps: (a) The 22 GCM:s and historical reference data (1961/1980-2005) were first aggregated
to 1° X 1° grids, and then the bias correction of monthly GCM fields was conducted using quantile mapping
relationships developed on the basis of the reference climate data and GCM-simulated historical precipitation
and temperature for the overlapping period; (b) The bias-corrected monthly fields were disaggregated to the
VIC-glacier model resolution (1/12° x 1/12°) using the “local scaling” of the corrected fields to the VIC-glacier
model grids; and (c) the monthly fields were temporally disaggregated to daily resolution through resampling the
daily historic record (at 1/12° X 1/12° scale) conditioned on the monthly averages of the locally scaled fields. The
above bias correction and downscaling procedure were conducted at each grid and each month for all the GCMs
and scenarios. After the downscaling and bias-correction process, each basin had 94 years (2006-2099) of daily
transient climate projections under 44 scenarios (22 GCMs X 2 RCPs) (Figure S9 in Supporting Information S1),
which were directly used to drive the VIC-glacier model to produce continuous runoff and streamflow projec-
tions over each basin.

3.2.3. Extreme Flow Indices

For high flow, we used the annual maximum daily discharge as the index for floods (Boulange et al., 2021;
Hirabayashi et al., 2013). We focused on analyzing the change in magnitude of maximum discharge with return
periods of 10, 50, and 100 years. The simulated daily discharge maxima were first ranked in ascending order and
fitted to the Pearson Type III distribution using the L-moment method (Hosking, 1990; Vogel & Wilson, 1996).
The evolution of the maximum daily discharge corresponding with events that occur once in 10, 50, and 100 years
was obtained with a 30-year moving window from 1970 (1980 for the UI) to 2099 for each GCM, scenario, and
basin.

For low flow, first we determined a threshold based on the simulated daily streamflow in historical periods
(1965/1980-2005) for each basin using the 80% exceedance frequency of the flow duration curves (i.e., flow i.e.,
exceeded 80% of the time), commonly used in the analysis of low flow frequencies (Fleig et al., 2006; Heudorfer
& Stahl, 2017). The threshold was calculated for each day in a year; therefore, a set of 365 80th-percentile
threshold values were generated at the outlets of each basin based on the daily flow data in historical periods
(Figure S10 in Supporting Information S1). Second, based on the 80th-percentile daily flow thresholds, we used
annual maximum consecutive drought days (CDD) and annual total pooled deficit volume (PDV) to measure the
evolution of potential streamflow drought (defined as below-normal streamflow) (Feyen & Dankers, 2009; Fleig
et al., 2006; Sarailidis et al., 2019) prior to the end of the 21st century. The maximum CDD was defined as the
maximum consecutive days within a year when daily streamflow remains below the 80th-percentile daily flow
thresholds, and the annual PDV was defined as annual accumulated streamflow deficit to the 80th-percentile
thresholds within a year. Both the annual maximum CDD and annual PDV were continuously calculated for each
GCM, scenario, and basin from 1970/1980 to 2099.

4. Results
4.1. Current Flow Regime

Although precipitation in all of these basins is dominated by westerly winds, they each show distinct precipitation
and runoff regimes (Figure 1) largely associated with differing basin morphology (Table 1). In the USD (glacier
coverage of 0.9%), seasonal snowmelt (41%) and rainfall (49%) dominate the flow regime with flow peaks in late
spring and early summer (May-July). The annual contribution of glacier runoff (defined as all water that runs
off from glacier areas) is limited (about 10% of annual total), but it plays an important role in the relatively dry
summer months (18%-32% of monthly total flow in July-September) (Figure 1 and Table S5 in Supporting Infor-
mation S1). In the UAD (glacier coverage of 3.3%), runoff is also strongly influenced by seasonal snow (31%)
and to a greater extent by glacier runoff (24%), with an initial runoff peak in spring from snowmelt and rainfall
and a second peak in summer from glacier melt (accounting for 41%—57% of total flows in July-September, when
precipitation is lowest). The UYK (glacier coverage of 9.3%) has a precipitation maximum in summer, but runoff
is dominated by glaciers that contribute 52% of the annual total and 72% in July-August, when river flow peaks.

SUET AL.

7 of 19



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Earth’s Future 10.1029/2022EF002776

In the UI (glacier coverage of 11.9%), precipitation peaks twice, in winter-spring and in summer (Figure 1), due to
the combined influences of the westerlies and the Indian Summer Monsoon. River discharge peaks in July-August
mainly due to seasonal snowmelt and rainfall runoff (61%—72%) (Figure 1). Forced by bias-corrected precipitation
(Text S1 in Supporting Information S1), our model estimates a glacier contribution of 22% of the annual runoff
total and 28%-38% of the July—August total in the UL This is less than previous model estimates of 40%—48%
(Lutz et al., 2014; Zhang et al., 2013) (Table S1 in Supporting Information S1) using gauge-based APHRODITE
precipitation subsequently found to be underestimated (Dahri et al., 2016, 2018; Immerzeel et al., 2015), but
larger than the model estimates of 5.1%—11.5% using the ERA-interim or ERAS5 reanalysis precipitation (Khanal
et al., 2021; Wijngaard et al., 2017) (Table S1 in Supporting Information S1). An underestimation of precipita-
tion input can be compensated for by an overestimation of meltwater when calibrated to discharge data, and vice
versa (Pellicciotti et al., 2012; Sun & Su, 2020), suggesting the high importance of accurate precipitation input in
acquiring a correct flow composition and runoff regime.

4.2. Future Climate and Flow Evolution

Significant warming, at 0.22-0.46°C/10a, persists from the present to the projected future (from 2006 to 2099)
in all basins (Figure S9 in Supporting Information S1), with a much larger spread between RCPs in the second
half of the century. This increased spread results from a reduced warming rate in RCP4.5 (at 0.15 + 0.07°C/10a
to 0.23 + 0.13°C/10a, multi-GCM mean + 1 standard deviation) and accelerating warming in RCP8.5
(0.58 + 0.17°C/10a to 0.80 + 0.22°C/10a) (Table S6 in Supporting Information S1). Precipitation is projected
to increase (with larger uncertainties than for temperature) in the Ul and UYK, with greater rates of increase in
the second half of the century for RCP8.5 (6.8 + 8.01 mm/10a to 9.4 + 13.7 mm/10a). In contrast, the USD and
UAD exhibit little trend in projected precipitation (0.4 + 4.2 mm/10a to 1.3 + 3.5 mm/10a in 2006-2099) and

little difference between RCPs (Table S6 in Supporting Information S1).

The distinct runoff regimes of the studied basins largely determine their basin response to future climate change
(Figure 2), although some common characteristics in their responses are apparent. There is a broadly consistent
increase in rainfall runoff and decrease in snowmelt runoff throughout the 21st century (Figures S11 and S12 in
Supporting Information S1) as a result of more precipitation falling as rain instead of snow each year (Figure S14
in Supporting Information S1), a phenomenon also reported in other snow-dominated regions in a warming world
(Barnett et al., 2005; Bintanja & Andry, 2017; Livneh & Badger, 2020). There is also a general decline or slow-
ing increase in glacier runoff (Figure S13 in Supporting Information S1) in the second half of the century under
RCP4.5 associated with the shrinking glacier area (Figure S15 in Supporting Information S1) and a reduction in
the warming rate after 2040-2050.

In the first half of the 21st century, mean annual total runoff increases in all basins under both RCPs (by 2.4 + 6.4
to 21.2 + 10.8 mm/10a) (Figure 2 and Table S6 in Supporting Information S1), but the drivers of these runoff
increases differ between basins and, in some cases, between RCPs. Rainfall dominates runoff increases under both
RCPs in the USD (Figures S11-S13 in Supporting Information S1), and contributes >85% of runoff increases (by
13 £ 14%) in 2020-2049 relative to 1971-2000 mean. In the UAD and UYK, however, this is only the case under
RCP4.5. Under RCP8.5, glacier melt dominates the increases in runoff in the UAD, UYK and UI, with runoff
increases of 9 + 12%, 29 + 11% and 15 + 7% respectively, relative to 1971-2000 (Tables S8-S11 in Supporting
Information S1). Most notably, ~80% of the increase in UI mean annual runoff is driven by an increase in glacier
melt.

In the second half of the century (Figure 2), under RCP4.5 total runoff stabilizes or declines in all basins except
the Ul as increases in rainfall runoff are counterbalanced by declining snow and glacier runoff. In the UL, however,
glacier runoff and total runoff continue to increase (Figure 3 and Figure S13 in Supporting Information S1).
Under RCP8.5 this contrast is more pronounced, with mean annual runoff in the USD, for example, changing
little (decreasing by 2.1 + 4.8 mm/10a) (Table S6 in Supporting Information S1) as rainfall gains are largely
balanced by reduced glacier melt (Figures S11-S13 in Supporting Information S1), while in the UI, glacier
melt drives a rapid ongoing rise in total runoff (at 32.5 + 12.4 mm/10a) in response to both precipitation and
temperature increases and limited glacier retreat (18% by area at the end of the century, Figure S15 in Supporting
Information S1). By the end of the 21st century, Ul glacier runoff continues to rise, contributing about 77% of
the total UI runoff increase in 2070-2099 (of 49 + 17% for RCP8.5) (Table S11 in Supporting Information S1).
Total runoff in the UAD and UYK also rises under RCP8.5, driven by increases in both rainfall and glacier runoff
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Figure 2. Projected annual flow composition (%, right y-axis) in the four upper basins in the 21st century under RCP8.5, and total runoff (mm, left y-axis) in the
reference period (1971-2000/1980-2000), near future (2020-2049) and far future (2070-2099) under RCP4.5 and RCP8.5. Solid lines represent the ensemble means of
22 downscaled hydrological model runs for the four upper basins (USD: Syr Darya; UAD: Amu Darya; UYK: Yarkant; UI: Indus). The errors bars denote one standard

deviation.

in the UAD and predominantly rainfall in the UYK, where glacier runoff declines as glaciers retreat in the latter
half of the century (by 62% in area, Figures S13 and S15 in Supporting Information S1).

Rainfall runoff supplies an increasingly large fraction of total runoff in all basins except the UI, especially in
the second half of the century (Figure 2). This is particularly notable in the USD, however, as it shifts from a
rain-snow regime in the first half of the century to a more rainfall-dominated regime in the second. In the UAD
and UYK, glacier runoff remains a substantial but ultimately declining water resource throughout this century.
Glaciers contribute about 23%—-30% of UAD total runoff and as much as 44%—49% of UYK totals in 2070-2099.
Here also though, rainfall plays an increasingly important role, contributing 55%—69% of the total flow increase
under RCP8.5 between the periods 1971-2000 and 2070-2099 in UAD (of 15 + 22%) and in UYK (of 46 + 20%)
(Tables S8-S11 in Supporting Information S1).

4.3. Future Flow Seasonality

The warming climate is expected to reduce snowfall and shift the snowmelt season earlier (Barnett et al., 2005;
Kraaijenbrink et al., 2021; Musselman et al., 2018). This is especially the case in the more snowmelt-dependent
USD and UAD basins (Figure 3). In the USD, we project increasing spring runoff (by 27 + 13 to 80 + 40% rela-
tive to 1971-2000) and a peak one month earlier (shifting from June to May) in both the near (2020-2049) and
farther future (2079-2099) under both RCPs (Figure 3 and Table S8 in Supporting Information S1). This seasonal
shift, in conjunction with a general reduction in summer precipitation (Figure S17 in Supporting Information S1)
and the reduced buffering role from glaciers, results in relatively large decreases in USD summer river flow
toward the end of the century (e.g., by 16 + 13 to 30 + 17% in July-September), leaving the relatively dry USD
summers even drier.
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Figure 3. Monthly average of total runoff in near future (2020-2049) and far future (2070-2099) and the change in their runoff components relative to the reference
period. The dotted solid lines represent simulated mean monthly total runoff for the reference period 1971-2000 (1980-2000 for the UI) and the projections for periods
2020-2049 and 2070-2099, based on the ensemble means of 22 hydrological simulations under two RCPs (RCP4.5 and RCP8.5) in the four upper basins (USD: Syr
Darya; UAD: Amu Darya; UYK: Yarkant; UI: Indus). The bar plots indicate the mean seasonal changes in rainfall, snowmelt, and glacier runoff under RCP8.5 relative
to the reference period.

In contrast, in the UAD (Figure 3 and Table S9 in Supporting Information S1) the timing and magnitude of peak
flow changes little under both RCPs by the end of century. Changes are within +2% for July-August for RCP8.5,
despite enhanced spring runoff (by 30 + 34 to 38 + 44% relative to 1971-2000), largely because glacier runoff
still provides a primary water source in the dry seasons toward the end of the century (supplying 49%—60% of
July-September totals under RCP 8.5).

More strikingly, in the most-glacierized Ul and UYK (Figure 3 and Table S10-S11 in Supporting Informa-
tion S1), we project changes in the opposite direction, with substantial river-flow increases in summer by both
2020-2049 and 2070-2099, and largely unchanged seasonal regimes. In the UI, the end-of-century under RCP8.5
stands out, with flow increases year-round and an increase of 18 + 16 to 65 + 33% in July-September, primar-
ily driven by enhanced glacier runoff under the substantially warmer climate and increased precipitation of
2070-2099 (Figures S16 and S17 in Supporting Information S1). In the UYK, the largest flow increases for
2020-2049 appear in July-August (by 16 + 11 to 31 + 13%) in both RCPs, with glacier runoff the dominant
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Figure 4. Annual maximum daily discharge corresponding to 10-year, 50-year, and 100-year return periods under RCP4.5
and RCP8.5. The figure shows three 30-year windows including the reference (1971-2000/1980-2009) and two future
periods (2020-2049 and 2070-2099) based on the ensemble mean of 22 transient runs for each RCP at the outlets of the four
upper basins (black triangles in Figure 1).

contributor (55%—-80%). In the late century for RCP8.5, the early summer rainfall contribution increases (contrib-
uting 96% of flow increase in July), along with enhanced glacier runoff accounting for 66%—81% of increased
water availability in August and the dry months of September and October.

4.4. Future Flow Extremes

As with the annual and seasonal runoff changes described above, strong contrasts between basins exist in the
projected wet and dry extremes of river flow. Superimposed on the substantially drier summer mean runoff
anticipated in the USD (Figure 3), multi-model means suggest particularly strong increases in the severity of both
extreme high and low river-flow events in this basin under both RCPs. At the wet extreme, the annual-maximum
daily discharge at 10-year, 50-year, and 100-year return periods increases in magnitude through the 21st
century (Figure 4a), although uncertainty ranges are large (Figure S18 in Supporting Information S1). Rela-
tive to 1971-2000, the 2070-2099 daily maximum under RCP8.5, for example, is projected to increase by 67%
(20%-130% among the 22 GCMs) and 73% (26%—-142% among the 22 GCMs) for the 50-year and 100-year
occurrence intervals respectively (Figure 4a). The maximum discharge also tends to occur earlier in future peri-
ods (Figure S19a in Supporting Information S1), which can be explained by the projected earlier snow melt and
increase in rainfall runoff (Figure 3). Alongside this, however, at the dry extreme, both the annual maximum
consecutive drought days (CDD) and the total pooled deficit volume (PDV) also increase strongly in the USD,
particularly in the latter half of the century (Figure 5a). Relative to 1971-2000, the 2070-2099 mean annual
maximum CDD under RCP8.5 is projected to increase by 39 days (—14 to +137 days among the 22 GCMs) and
total PDV to increase by 458% (—61 to +2024% among the 22 GCMs). The mean annual maximum CDD will
likely also shift from late spring (April-May) in 1971-2000 to mid-summer (July) in future (Figure S19b in
Supporting Information S1), which can be related to the projected seasonal runoff shifts in the USD (Figure 3).

In the UL, UAD and UYK, the maximum daily discharge also increases, but by smaller relative amounts. In
the most-glacierized Ul, the daily maximum is projected to increase for all return periods (Figure 5d), with
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Figure 5. Annual maximum consecutive drought days and total pooled deficit volume from present to the end of the 21st
century. Solid lines for projection periods (2006-2099) represent the ensemble means of hydrological model results driven by
22 GCMs for each year, each RCP, and each basin. The shadings denote one standard deviation among the 22 GCMs runs.

considerably greater increases after 2050 under RCP8.5 than under RCP4.5. The 50-year maximum, for example,
is projected to increase by 5% (—20 to +55% among the 22 GCMs) under RCP4.5 but 26% (6%—81%) under
RCP8.5 by the end of the century. Glacier melt inputs largely determine the intensity and frequency of extreme
high flows at all return periods (Figures S20 and S21 in Supporting Information S1). The general increase in
high flows in the UI are in line with previous studies (Lutz et al., 2016; Wijngaard et al., 2017), however, large
dicreprencies in magnitude exist due to the different climate scenarios and approaches used.

Similarly to the UI, the maximum daily discharges at all return periods in the UAD increase considerably more
under RCP8.5 than RCP4.5 (Figure 5b), by up to 30% by the end of the 21st century, due to both projected
increase in glacier and rainfall runoff (Figures S11 and S13 in Supporting Information S1). In the UYK, the daily
maximum rises until around 2030-2040 followed by a decline for the rest of the 21st century for all return periods
(Figure 5c¢), being highly regulated by the increase and then decrease in glacier runoff inputs (Figures S20 and
S21 in Supporting Information S1).

At the dry extreme, changes in the duration and severity of low flows in the Ul and UYK are in particular contrast
to those in the USD. The annual maximum CCD and total PDV generally decrease under both RCPs for the UYK
and particularly for the UI (Figure 5d), where glaciers play a strong summer buffering role. In the UAD, more
modest and later increases than those in the USD are projected in maximum CDD and total PDV (by 45%—-86%
in 2070-2099, Figure 5b) under both RCPs.

5. Uncertainty

Although we have conducted multi-variable and multi-objective constraints on both climate input and model
parameters, uncertainties and limitations remain which are mainly related to the scarcity of gauge observations
and the simple representation of glacier melt processes. As the key driver of terrestrial hydrological cycle and
glacier mass gains, precipitation accounts for a major uncertainty in flow composition and flow regime. Taking
the most glacierized basins of the UI and UYK as examples (Figures S22a and S22b in Supporting Informa-
tion S1), the glacier runoff contribution tends to increase with the decrease of precipitation (e.g., 40% decreases

SUET AL.

12 of 19



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Earth’s Future 10.1029/2022EF002776

in precipitation resulting in 15% and 29% increases in the glacier runoff contribution in the UI and UYK, respec-
tively), while snowmelt and rainfall contributions tend to decrease with precipitation. In the several previous
studies (Tables S1 and S2 in Supporting Information S1), the discrepancies in runoff composition can be largely
explained by the varying magnitudes of precipitation inputs (e.g., ranging between 311 and 832 mm in the Ul and
326-942 mm in the USD in annual means). Uncertainties resulting from the challenges/issues in precipitation
inputs for model calibration and validation have been widely recognized and assessed in the TP region (Dahri
et al., 2021; Lutz et al., 2014, 2016; Pellicciotti et al., 2012; Ragettli et al., 2013; Sun & Su, 2020; Wortmann
et al., 2018). Therefore, developing a homogenized and representative climate data archive is urgently needed for
a better understanding or assessment or quantification of current and future water availability in the TP.

Another important source of uncertainties in glacier runoff estimation is the determination of degree-day param-
eter DDF, which has considerably spatial and temporal variability (Hock, 2003; Rounce, Khurana, et al., 2020).
In this work, debris-covered glaciers are not explicitly considered, which account for about 10% of the total
glacierized area in the High Mountain Asian and may exert an important control on glacier ablation due to
its lower albedo and insulation role at the same time (Kraaijenbrink et al., 2017; Shea et al., 2021). The DDF
parameters in this study theoretically represent the average conditions for each basin. Sensitivity tests show that
the absolute changes are about 1.3%-3.2% in average annual glacier runoff and 1.0% in its contribution, with the
change of DDF, , by one unit (mm °C~' day~") in the UYK and UI (Figures S22¢ and S22d in Supporting Infor-
mation S1), much less than the uncertainties from precipitation inputs. However, the determination of the DDF
largely relies on the initial glacier condition and glacier's area and/or mass change data used for calibration (Table
S3 in Supporting Information S1), which are subject to large uncertainties (Nuimura et al., 2015; Sakai, 2019);
any of the uncertainties can propagate into the future glacier runoff projections. Our projected evolution of
glacier runoff is generally in line with Rounce, Hock, and Shean (2020) in the UYK, USD, and UAD (UI only for
RCP4.5) who used glacier mass observations to constrain climate inputs and glacier model parameters, and with
Wortmann et al. (2022) in the UYK, who used a corrected precipitation input and more complex glacier evolution
model. The current glacier scheme has a lower complexity than the other processes in the VIC model, resulting in
a weak interaction between the glacier and non-glacier areas within each grid. As more systematic observations
of mass balance and glacier inventory data (Rounce, Hock, & Shean, 2020; Sakai, 2019) and satellite-based radi-
ation and meteorological data become available in the TP, more physically based energy-balance glacier models
(e.g., Hock & Holmgren, 2005) coupled with the process-based hydrological model that balances the physical
realism of the model with its usability (e.g., Ren et al., 2018) are expected to better describe the hydrological
consequences of climate and glacier changes spatiotemporally.

The uncertainty associated with the VIC model parameters is generally smaller than the uncertainty associated
with the climate forcing (Figures S22e and S22h in Supporting Information S1). The changes of model relative
error (Er) are within 8% when the infiltration parameter b, varies from 0.05 to 0.4 and the second soil layer
depth (d2) from 0.5 to 3.0 m and the changes of NSE are generally within 0.1 in the UYK and UL Since all
VIC parameters were calibrated in terms of NSE and Er, the final parameters tend to have the highest NSE
and lowest Er. However, the parameters are highly dependent on the precipitation data used for calibration.
When the precipitation input changes, the parameters may change accordingly in order to match streamflow data,
further emphasizing the extreme importance of accurate precipitation in acquiring reliable model parameters and
simulations.

In addition, the considerable variations in future runoff projection primarily result from the large spread in the
GCMs, especially in precipitation-dominated basins, since GCMs tend to have larger uncertainties in precip-
itation projections than in temperature (Figure S9 and Table S6 in Supporting Information S1). The uncer-
tainty in the projected precipitation change (mm/10a), expressed by the standard deviation (SD) of 20 GCMs,
is 1.2-1.5 times the ensemble means in the UYK and Ul in the latter half of the 21st century, and is even much
larger in the USD and UAD with the SD reaching 22—49 times the ensemble means (Table S6 in Supporting Infor-
mation S1). The future runoff changes (mm/10a) exhibit the largest uncertainties in the USD and UAD basins
(with SD of 24-35 times the ensemble mean), mostly associated with the largest precipitation uncertainty and
its precipitation-dominated flow regime. Despite the large uncertainties in future climate and water availability,
basin-wide patterns and trends of seasonal shifts and extreme flows are generally consistent among the GCMs.

At the time when we finished this manuscript, a certain number of CMIP6 models already became available,
which are driven by alternative scenarios of emissions and land use changes based on the combinations of
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Shared Socioeconomic Pathways (SSPs) and forcing pathways (Eyring et al., 2016; O'Neill et al., 2016; Stouffer
et al., 2017). Our recent evaluation of 18 CMIP6 models over the Third Pole region (Li et al., 2021) suggest that,
compared to CMIP5 models, the improvements in CMIP6 precipitation and temperature simulation are relatively
marginal in this high mountain region, and the wetting and cold biases observed in CMIP5 (Su et al., 2013) are
persisting in CMIP6 models. The precipitation and temperature projections under SSP2-4.5 and SSP5-8.5 show
similar change directions in the 21st century to those under RCP 4.5 and RCP 8.5, respectively, in both monsoon
and westerlies regions. But the CMIP6 models exhibit larger future warming rates than the CMIP5 in the Third
Pole region (Li et al., 2021; Su et al., 2013), due to the already recognized heightened equilibrium climate
sensitivity (ECS) in CMIP6 models (Voosen, 2019; https://www.carbonbrief.org/cmip6-the-next-generation-of-
climate-models-explained). Therefore, our projected summer drought and wet and dry extremes under RCP4.5
and RCP8.5 here, are expected to become even more severe under the corresponding CMIP6 emission scenarios
in these western TP basins.

6. Summary and Implications

In this study we systematically quantify the contemporary flow regime and future evolution of total water availa-
bility, seasonal shifts, and dry and wet discharge extremes in the four upper mountain basins in the western TP. In
summary, our analysis illustrates contrasting patterns of hydrological response to projected climate changes in
the 21st century across the four basins, dictated by their varying present-day climate and hydrological regimes. In
the first half of 21st century, total water supply from these headwaters is projected to increase in all basins, with
increases primarily driven by increased rainfall in the USD and enhanced glacier melt in the upper Indus, and
by both inputs in the UAD and Yarkant. In the upper Indus, enhanced glacier runoff will sustain this increase in
summer water supplies through the second half of this century, considerably decreasing the severity of seasonal
water shortages but considerably increasing the flood hazard, particularly under RCP8.5. In the UYK and UAD,
the seasonal regimes will remain largely unchanged and total water supply is likely to keep increasing under the
rather extreme emissions scenario RCP8.5 through the second half of the 21st century, as glaciers continue to
provide a primary water source in summer months. In stark contrast, the USD will face a declining annual water
supply and considerably greater hazard from both extreme spring floods and summer water shortages in the
second half of the century under both RCPs, as its glaciers retreat and snowmelt arrives earlier in the spring.

The Syr Darya's reduced mean summer water supply and more severe hydrological droughts are likely to exacer-
bate ongoing water stress and conflicts over seasonal water allocation among the Syr Darya's riparian countries
(Bernauer & Siegfried, 2012; Siegfried et al., 2011; Sorg et al., 2014; Unger-Shayesteh et al., 2013), notably in
unregulated catchments in the summer months, when water demand for irrigation is at its greatest. These addi-
tional stresses will be superimposed on a background of rising regional demand as Central Asia's population is
projected to grow by about 40 million (or 55% increase) relative to 2020 by the end of the century, with Uzbek-
istan contributing 22% and Tajikistan 39% to this growth (United Nations, 2019). This suggests that the need
for mitigation and adaptation strategies, such as improving the water storage capacity and resource allocation
mechanisms through the strengthening of transboundary institutions, will be ever more urgently needed in this
water-stressed and conflict-prone region (Bernauer & Siegfried, 2012; Sorg et al., 2014). However, the threat of
more extreme future flood regimes in the Syr Darya, Amu Darya, and Indus imply that the costs and challenges
involved in building and maintaining water-management infrastructure will be substantially greater than they are
today.

Although these four basins exhibit a variety of hydrological responses to 21st century climate change, a key
common theme is the progressive loss of snow and ice from the mountain cryosphere, driven primarily by rising
temperatures. This cryospheric resource plays a critical role in sustaining runoff to the downstream basins during
the spring and summer growing seasons, when water is at its most valuable to society and when shortages are
most damaging (Pritchard, 2019). Starting with the smallest glacier extent and contribution to runoff (Table 1
and Figure 2), the Syr Darya basin is making the earliest transition from a hydrological regime buffered by snow
and ice to a more volatile pluvial regime. However, the same transition is also underway in the other three basins
(Kraaijenbrink et al., 2017), and this is important because it is considerably more difficult for society to adapt to a
more volatile water supply than to a changing average supply (Hall et al., 2014). For the population of these basins
and the broader region, it would therefore be very beneficial to protect this resource by pursuing a low-emissions
climate pathway that minimizes further warming in the TP.
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