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Abstract. A comprehensive understanding of spatiotempo-
ral runoff changes in the Yarlung Zangbo (YZ) basin in the
southern Tibetan Plateau (TP) at a sub-basin scale, amidst
varying climatic and cryospheric conditions, is imperative for
effective water resources management. However, spatiotem-5

poral differences of runoff composition and change and their
attribution within the YZ basin have not been extensively ex-
plored, primarily due to the lack of hydrometeorological ob-
servations, especially in the downstream region. In this study,
we investigated historical and future evolution of annual and10

seasonal total water availability, as well as glacier runoff and
snowmelt contributions across six sub-basins of the YZ, with
a particular focus on the comparison between the upstream
Nuxia (NX) basin and the downstream Nuxia–Pasighat (NX-
BXK) basin, based on a newly generated precipitation dataset15

and a well-validated model with streamflow, glacier mass,
and snow cover observations. Our findings revealed that large
spatiotemporal differences in changes exist within the YZ
basin for 1971–2020. Firstly, runoff generation was domi-
nated by rainfall runoff throughout the YZ basin, with glacier20

runoff playing a more important role in the annual total
runoff (19 %) in the NX-BXK sub-basin compared to other
sub-basins. Notably, glacier runoff contributed 52 % of the
total runoff at the Pasighat outlet of the YZ basin. Sec-
ondly, annual runoff exhibited an increasing trend in the NX25

basin but a decreasing trend in the NX-BXK, primarily at-
tributed to rainfall runoff changes influenced by atmospheric
moisture. Glacier runoff enhanced water supply by offset-
ting the decreasing contribution from rainfall. Total runoff
will consistently increase (27–100 mm (10 yr)−1) across the30

sub-basins through the 21st century, resulting from increased
rainfall runoff and a minor effect of increased snowmelt and
glacier runoff.

Highlights.

– Runoff generation is dominated by rainfall runoff (59 %–72 %) 35

in the YZ, and the largest glacier runoff contribution is in the
downstream sub-basin (16 %–19 %).

– Annual runoff trends indicate an increase in the NX but a de-
crease in the NX-BXK for 1971–2020, due to contrasting pre-
cipitation changes. 40

– Total runoff across the sub-basins will consistently increase
(27–100 mm (10 yr)−1) through the 21st century, mostly re-
sulting from increased rainfall runoff.

1 Introduction

Climatic and cryospheric changes have profoundly affected 45

hydrological processes in high-mountain regions. The Ti-
betan Plateau (TP), known as the Asian Water Tower, sup-
plies freshwater to nearly 2 billion people. Marked atmo-
spheric warming since the 1980s has changed the balance
between liquid and solid states of water, leading to shifts 50

in river runoff, glacier, and snowmelt dynamics (Yao et al.,
2022). These drastic changes in the upper mountains of the
TP pose a threat to the sustainability of the downstream water
supply.
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The Yarlung Zangbo (YZ; Fig. 1) River basin, located in
the southern TP is the largest river basin of the TP and a
vital freshwater source for the Tibet Autonomous Region
(TAR). It constitutes the main agricultural region in the TAR
(Yang et al., 1989; Zhong et al., 2014). Like elsewhere in the5

TP, a rapid ongoing temperature rise (0.3–0.4° per decade)
since the mid-1960s potentially influences runoff processes
and water resources availability in the YZ basin (Yao et al.,
2012; Li et al., 2018). The YZ basin, spanning approximately
250 000 km2, exhibits diverse climatic systems, including the10

Indian summer monsoon and the westerly system and vary-
ing glacier and snow conditions (Zhang et al., 2013). These
factors contribute to spatiotemporal differences in runoff
changes within the YZ basin. Therefore, gaining a compre-
hensive understanding of runoff regimes and flow changes at15

the sub-basin scale is crucial for informed decision-making
in water resources management and social development.

While numerous studies have investigated runoff regimes
and changes using hydrological models in the YZ basin, most
have focused solely on the region upstream of the Nuxia20

(NX) hydrological station (Fig. 1, Table 1) (Chen et al., 2017;
Cuo et al., 2019; Su et al., 2016; Zhang et al., 2013; Zhao et
al., 2019; Cui et al., 2023; Gu et al., 2023). This focus is
due to the nearest national hydrological station’s proximity
to the mainstream outlet, providing long-term daily records25

(> 50 years). Conversely, the glacierized downstream region
(about 65 % of the total glacier area in the YZ), particu-
larly between the NX and Pasighat outlet (NX-BXK; Fig. 1),
has received less attention. This lack of focus is attributed
to limited hydrometeorological and glacier observations in30

this sub-basin. Remarkably, this region exhibits the largest
glacier retreat in the TP, with a length reduction rate of
48.2 m yr−1 and an area decrease of 0.57 % yr−1 during the
1970s–2000s (Yang et al., 2013; Yao et al., 2012). These
changes have the potential to significantly alter the runoff35

regime, influencing the quantity, timing, and variability of
flows across space and time. However, the characteristics and
changes in runoff, along with the effect of glacier melt on
water supply, remain unclear in the NX-BXK sub-basin.

The NX basin, with an area of approximately 201 548 km2,40

presents divergent glacier and snow conditions (Table 2). For
example, the region upstream of the Lhatse hydrological sta-
tion (Fig. 1), the source region of the YZ River, is influenced
by both monsoon and westerlies, experiencing higher precip-
itation in spring and winter compared to other NX sub-basins45

(Fig. S1 in the Supplement). The Lhasa (LS) and Rikaze
(RKZ) sub-basins, vital crop centers for the central Tibet
Autonomous Region, play a crucial role in irrigation water
resources. The LS sub-basin, with about 23 % snow cover
contrasts with the RKZ sub-basin, which has little glacier50

and snow coverage (Table 2). This difference suggests that
the water supply in the RKZ sub-basin is more sensitive
to climate change. Moreover, runoff in the region between
Yangcun and NX hydrological stations (YC-NX; Fig. 1) con-
tributes 51 % to the total runoff at the NX hydrological sta-55

tion (Sun and Su, 2020), making runoff regimes and changes
in this sub-basin influential for the entire NX basin. There-
fore, a comprehensive investigation into runoff regimes and
changes in different sub-basins is essential for a nuanced un-
derstanding of the mechanisms underlying runoff changes in 60

response to climate change.
While many hydrological studies focus on the region up-

stream of the NX hydrological station (Zhang et al., 2013;
Lutz et al., 2014; Zhao et al., 2019; Sun and Su, 2020; Khanal
et al., 2021; Nan et al., 2021; Wang et al., 2021), consider- 65

able differences in runoff regimes and change studies exist
in the NX basin (Table 1). These differences may arise from
variations in forcing inputs for hydrological model simula-
tions. Accurate precipitation inputs play an important role
in reliable hydrological model simulations. However, high 70

mountain precipitation in the YZ basin is still inadequately
represented in gauge-based, satellite-based, and reanalysis-
based estimates or outputs of regional climate models (Wang
and Zeng, 2012; Liu et al., 2020; Sun et al., 2021). The mean
annual precipitation ranges from 360–1236 mm in the YZ 75

basin (Qi et al., 2018; Sun and Su, 2020; Tong et al., 2014),
resulting in significant uncertainties in hydrological simula-
tions. This inconsistency in gridded datasets is often under-
estimated in hydro-climate studies, especially in glacierized
basins with limited data coverage. Even when realistic runoff 80

simulations are achieved at the catchment outlet, they can-
not guarantee reasonable results (Zhao et al., 2019) due to
the compensation between precipitation-induced runoff and
snow/glacier melting. For example, Lutz et al. (2014) sim-
ulated glacier runoff in the NX basin with the Spatial Pro- 85

cesses in HYdrology (SPHY) model driven by the Asian Pre-
cipitation – Highly-Resolved Observational Data Integration
Towards Evaluation (APHRODITE) precipitation estimates,
suggesting that glacier runoff contributed about 16 % to to-
tal runoff. In contrast, Khanal et al. (2021) proposed that 90

glacier runoff contributed about 1.8 % to total runoff with
the same model driven by the newly released fifth-generation
reanalysis (ERA5) precipitation of the European Centre for
Medium-Range Weather Forecasts (Table 1), primarily due
to the overestimation of the ERA5 precipitation estimate. Sun 95

and Su (2020) indicated that the contribution of glacier runoff
would increase by 7 %–10 % with a unit decrease in mean
annual precipitation. Therefore, an accurate precipitation es-
timate is crucial as a model input to simulate runoff regimes
and further quantify the effect of glaciers and snowmelt on 100

runoff in the NX basin.
These uncertainties in the hydrological simulation will be

introduced and enlarged on the uncertainty in future pro-
jections (Lutz et al., 2016). Existing studies of hydrolog-
ical responses to future climate changes have been a de- 105

bate in the NX sub-basin of the YZ basin. For example,
Lutz et al. (2014) forced the Spatial Processes in Hydrol-
ogy (SPHY) model using outputs from four global climate
models (GCMs) and showed that runoff would be increased
by 3 %–13 % relative to the reference period 1998–2007 un- 110
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Figure 1. (a) Location and topography of the Yarlung Zangbo (YZ) River basin. Sub-basins, numbered 1 to 6, represent Lhatse (LZ), Lhatse–
Yangcun (LZ-YC), Shigatse (RKZ), Lhasa (LS), Yangcun–Nuxia (YC-NX), and Nuxia–Pasighat (NX-BXK), respectively. (b) Spatial pattern
of average annual streamflow for 1971–2020 in the YZ basin. The lower histogram shows the mean annual streamflow contribution from
each sub-basin to the Pasighat outlet for 1971–2020 in the YZ.

til at least the 2050s due to the increasing precipitation in
the YZ basin. Zhao et al. (2019) projected the future runoff
changes with five GCM outputs using an extended version of
the Variable Infiltration Capacity (VIC) macroscale hydro-
logical model (VIC-CAS), suggesting that the total runoff5

will increase by 16 %–31 % by the end of this century rela-
tive to the reference period 1970–2010 because of increased
rainfall-induced runoff in the YZ basin. Cui et al. (2023) also
suggested that total runoff in the YZ basin will increase by
7.3± 11 % by the 2070s relative to the 1985–2014, resultant10

from rainfall runoff. Meanwhile, Su et al. (2016) projected a
runoff increase of 6.7 %–14.4 % in the 2041–2070 period rel-
ative to the reference period 1971–2000 in the YZ forced by
the VIC-Glacier (VIC-GL) model with the ensemble outputs

of 20 GCMs and attributed the runoff increases to the rising 15

glacier melt runoff. In addition, future flow evolution and the
effect of different runoff compositions on total runoff in the
NX-BXK are also unclear.

To address these issues, this study divided the YZ into six
sub-basins and collected streamflow observations at three hy- 20

drological stations (Yigong, Bomi, and Motuo) and glacier
mass balance observations (Parlung No. 94) in the NX-BXK
sub-basin, filling in the gap of scarce data coverage. Addi-
tionally, streamflow observations at five national hydrologi-
cal stations and glacier mass balance observations at a site 25

(Gurenhekou) in the five sub-basins of the NX (Fig. 1), to-
gether with hydrological stations in the NX-BXK, consti-
tute a unique observation basis. This basis allows us to val-
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Table 1. Summary of relevant studies on simulated runoff component contributions in the YZ basin.

Basin Runoff contribution (%) Period Method Precipitation data References

Glacier Snowmelt Rainfall

NX 11.6 23 65.4 1961–1999 VIC+DD Corrected CMA data Zhang et al. (2013)
16 9 59 1998–2007 SPHY+DD APHRODITE Lutz et al. (2014)
15 27.3 57.7 1971–2000 VIC+DD Corrected CMA data Su et al. (2016)
9.9 10.6 79.5 2003–2014 CREST CGDPA, TMPA Chen et al. (2017)
5.5 23.1 71.4 1971–2010 VIC+DD Interpolated CMA data Zhao et al. (2019)

13.9 23.8 62.3 1980–2000 VIC+DD Reconstructed data Sun and Su (2020)
1.8 13.2 62.1 1985–2014 SPHY+DD ERA5 Khanal et al. (2021)

18.4 22 69.6 2001–2010 isoGSM CMFD Nan et al. (2021)
3.5–7.2 16.6–22.3 – 1981–2019 WEB-DHM Reconstructed data Wang et al. (2021)

45.3 15.1 39.6 1980–2000 VIC+DD Reconstructed data Sun and Su (2020)
NX-BXK 5.7–8.2 7.2–7.8 – 1981–2019 WEB-DHM Reconstructed data Wang et al. (2021)

32.7 18.4 48.9 1980–2000 VIC+DD Reconstructed data Sun and Su (2020)
YZ 5.5 17.2 73.3 1981–2019 WEB-DHM Reconstructed data Wang et al. (2021)

VIC+DD denotes the Variable Infiltration Capacity (VIC) model linked with a degree-day glacier melting model. SPHY+DD denotes the spatial processes in
hydrology (SPHY) linked with a degree-day glacier melting model. CREST is the coupled routing and excess storage model. isoGSM is the Scripps global spectral
model with water isotopes incorporated. WEB-DHM is the Water and Energy Budget-based Distributed biosphere Hydrological Model. CMFD is the China
Meteorological Forcing Dataset.

Table 2. Characteristics of the six sub-basins in the Yarlung Zangbo River.

LZ LZ-YC RKZ LS YC-NX NX-BXK YZ

Outlet Lhatse Yangcun Shigatse Lhasa Nuxia Pasighat Pasighat

Hydrological station Name Lhatse Yangcun Shigatse Lhasa Nuxia Motuo –
Latitude (°N) 29.05 29.28 29.25 29.63 29.47 29.32 –

Longitude (°E) 87.38 91.88 88.88 91.15 94.57 95.29 –

Drainage area (km2) 50 553 71 926 11 064 26 235 41 770 51 507 253 055
Basin average elevation (m) 5370 4767 5353 5272 4937 3711 4901
Mean annual precipitation (mm)a 283 417 361 564 939 1465 774
Mean annual temperature (°)a

−2.91 0.24 1.73 −1.28 0.97 1.21 −0.2
Glacier area (km2) 809 640 134 257 1174 5259 8273
Glacier coverage (%)b 1.60 0.89 1.21 0.98 2.81 10.21 3.27
Snow cover area (km2)c 7876 7344 772 6055 10 129 16 467 48 643
Snow cover fraction (%)c 15.58 10.21 6.98 23.08 24.25 31.97 19.22

a The period of precipitation and temperature data is 1961–2020 (Sun et al., 2022). b Glacier data are from the first China Glacier Inventory,
http://cryosphere.casnw.net/portal/ (last access: 13 September 2024). c Snow cover area and snow cover fraction data are from the MODIS estimates
(2001–2019), https://nsidc.org/data (last access: 13 September 2024)

idate the glacier-hydrology model and reveal runoff regimes
and changes at the sub-basin scale. Precipitation observations
at 280 gauges were collected, and a high-spatiotemporal-
resolution (10 km; daily) precipitation dataset was generated
using a machine learning algorithm based on these gauges5

(Sun et al., 2022).
Leveraging this basin-wide observation dataset, this study

comprehensively investigates runoff compositions, changes,
and attributions across six sub-basins in the YZ for 1971–
2020, with a particular focus on the comparison between the10

NX and NX-BXK. This investigation employs the process-
based and well-established Variable Infiltration Capacity

Glacier (VIC-GL) hydrological model. Furthermore, the
study assesses the future evolution of annual and seasonal
total water availability, glacier runoff, and snowmelt, us- 15

ing an ensemble of multiple global climate models (GCMs)
from the latest release of the Coupled Model Intercompari-
son Project Phase 6 (CMIP6). The objectives are the follow-
ing: (1) to use the model framework to identify spatiotempo-
ral characteristics in runoff compositions and changes at the 20

sub-basin scale under heterogeneous climate and glacier/s-
now conditions; (2) to quantify the contributions of three
major runoff compositions (glacier, rainfall, and snowmelt
runoff) to total runoff among different sub-basins and in-

http://cryosphere.casnw.net/portal/
https://nsidc.org/data
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vestigate their responses to climate changes; and (3) to as-
sess future water availability under 21st-century climate–
cryosphere change, assisting policy-makers and water man-
agers in adopting strategies. These findings are anticipated
to provide a basic framework for studying cryospheric basin5

hydrological cycles in the TP and provide adaptation strate-
gies for rational water resources management and social and
economic development grounded in a robust scientific under-
standing.

2 Study area10

In this study, the YZ basin is divided into six sub-basins
based on flow direction and locations of hydrological sta-
tions (Fig. 1; Table 2). There are five sub-basins located up-
stream of the Nuxia (NX) hydrological station, collectively
termed the NX basin, with an additional sub-basin lying be-15

tween Nuxia and Pasighat (NX-BXK) hydrological stations.
The NX basin comprises the upstream sub-basins of Lhatse
(LZ), Shigatse (RKZ), and Lhasa (LS) hydrological stations,
along with the sub-basins between Lhatse and Yangcun (LZ-
YC) hydrological stations and between Yangcun and Nuxia20

(YC-NX) hydrological stations.
The climate in the YZ is characterized by a wet and warm

summer and a cool, dry winter, with precipitation mostly
dominated by the summer monsoon, contributing 70 %–90 %
of annual totals during June–September (Fig. S1). Further-25

more, mean annual precipitation increases downstream in
the YZ basin, ranging from 283 mm upstream to 1465 mm
downstream, averaging about 774 mm for the entire YZ basin
(Table 2). All sub-basins exhibit similar seasonal tempera-
ture patterns, with peaks mainly occurring in July–August30

(Fig. S1). Glacier coverage varies from 0.9 % (LZ-YC) to
10.2 % (NX-BXK), averaging 3.3 % for the entire YZ basin.
The YC-NX (2.8 %) and NX-BXK (10.2 %) sub-basins host
the most extensive glacier coverage (Table 1). The mean an-
nual snow cover fraction (SCF) ranges from 7 % (RKZ) to35

32 % (NX-BXK), with an average of 19 % across the YZ
basin.

3 Data and method

3.1 Data

Daily precipitation, maximum and minimum temperature,40

and wind speed estimates with a spatial resolution of
10× 10 km were used as the VIC-GL model forcing inputs
in this work. Historical meteorological data during 1971–
2020 were adopted from Sun et al. (2022). The daily pre-
cipitation data with a spatial resolution of 10× 10 km for45

1961–2020 were reconstructed by correcting gridded esti-
mates from the ERA5 precipitation of the European Centre
for Medium-Range Weather Forecasts (ECMWF) based on
580 rain gauges in the monsoon-dominated TP region (290

rain gauges in the YZ basin, Fig. 1) and the random-forest- 50

based (RF) machine learning algorithm (Sun et al., 2022).
Inputs of the RF algorithm selected in this study include
(1) geographical features (e.g., longitude, latitude, elevation,
slope gradient, and aspect), which influence precipitation dis-
tribution, and (2) climatic features derived from the ERA5 55

(e.g., convective available potential energy, lifting conden-
sation level, and total column water vapor), which represent
the potential for the generation and development of precipi-
tation. The corrected precipitation dataset was evaluated at a
point scale by comparing it with gauge observations and has 60

been inversely evaluated by the hydrological model, which
demonstrates its suitability for hydrological simulation (Sun
et al., 2022). It was downloaded from the National Ti-
betan Plateau/Third Pole Environment Data Center (TPDC;
https://doi.org/10.11888/Atmos.tpdc.272885, Sun, 2022). 65

Using the newly generated daily meteorological data for
1961–2020, Sun et al. (2024) applied the bias-corrected spa-
tial disaggregation (BCSD) statistical downscaling approach
(Wood, 2002; Wood et al., 2004) to downscale and bias-
correct daily transient meteorological data, including pre- 70

cipitation, maximum and minimum temperature, and wind
speed, with a spatial resolution of 10× 10 km through the
21st century from 10 GCMs from the CMIP6 under two
Shared Socioeconomic Pathway (SSP) scenarios, SSP2-4.5
and SSP5-8.5. Daily transient climate estimates, at a spatial 75

resolution of 10× 10 km for 1961–2100 under 20 scenarios
(10 GCMs× 2 SSPs), from Sun et al. (2024) were directly
employed to drive the VIC-GL model to continuous runoff
production in the YZ basin.

Observed streamflow, observed glacier mass balance, 80

satellite-based glacier area, and snow cover fraction esti-
mates were applied to calibrate and validate the model in
this study. Monthly streamflow since 1971 were collected at
eight hydrological stations (Lhatse, Shigatse, Lhasa, Yang-
cun, Nuxia, Yigong, Bomi, and Motuo from the Ministry of 85

Water Resources, China; Fig. 1, Table S1).
Two shapefiles of glacier inventory, the first Glacier In-

ventory of China (CGI) from the Cryospheric Sciences Data
Platform (http://cryosphere.casnw.net/portal/, last access: 13
September 2024) and the Randolph Glacier Inventory (RGI 90

6.0; https://www.glims.org/RGI/rgi60_dl.html, last access:
13 September 2024), were used to describe the glacier in-
formation of the YZ in the VIC-GL model. Observed an-
nual glacier mass balance data from Gurenhekou and Parlung
No. 94 glacier sites from 2005 were used to validate the per- 95

formance of glacier model (http://www.tpdc.ac.cn, last ac-
cess: 13 September 2024, Fig. 1, Table S1). The Moderate
Resolution Imaging Spectroradiometer (MODIS) reporting
the maximum percentage of snow cover during an 8 d period
in a 0.05° resolution grid (https://nsidc.org/data, last access: 100

13 September 2024) during 2001–2019 was used to calcu-
late the snow cover fraction (SCF) and to compare this with
VIC-GL model simulations in the YZ basin.

https://doi.org/10.11888/Atmos.tpdc.272885
http://cryosphere.casnw.net/portal/
https://www.glims.org/RGI/rgi60_dl.html
http://www.tpdc.ac.cn
https://nsidc.org/data
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The model required land surface characteristics, including
soil texture and vegetation types, were adopted from Sun and
Su (2020). These data were used as initial model inputs and
remained unchanged in the simulation period.

3.2 VIC-GL hydrological model5

The present study employed the physically based and dis-
tributed VIC hydrological model (Liang et al., 1994, 1996)
linked with a simple degree-day glacier melt algorithm
(Hock, 2003), referred to as VIC-GL. This modeling frame-
work facilitates the comprehensive simulation of the phys-10

ical exchange of water and energy within a grid mesh en-
compassing soil, vegetation, and the atmosphere. The VIC-
GL effectively models surface water balance compositions,
including evapotranspiration; surface runoff; baseflow (sub-
surface drainage into the local stream channel network, as15

opposed to groundwater recharge); and total soil moisture,
including liquid and ice content in each soil layer. The
model integrates a two-layer energy-balance snow model
(Andreadis et al., 2009) and a frozen soil–permafrost algo-
rithm (Cherkauer and Lettenmaier, 1999). These components20

account for ground snowpack, snow within the vegetation
canopy, snow atop lake ice, and sublimation of snow. In each
time step, the model calculates the rain or snow fraction con-
tributing to the snowpack. Subsequently, all energy fluxes are
computed, triggering melt if the energy balance is positive.25

The VIC-GL model has demonstrated its effectiveness in hy-
drological simulations for various high-mountain TP basins
(Meng et al., 2019; Su et al., 2016; Sun and Su, 2020; Tong
et al., 2016; Zhang et al., 2013; Zhao et al., 2019).

Here, the modeling framework at a 10 km× 10 km spa-30

tial resolution and a 3-hourly time step was adopted from
Sun and Su (2020). To categorize the total runoff sources in
this study, we partitioned it into three components: rainfall
runoff, snowmelt runoff, and glacier runoff. Glacier runoff
was defined as all water generated in the glacierized area,35

including rainfall, snowmelt, and ice melt in the glacierized
area.

total runoff(TR)= rainfall runoff(RR)

+ snowmelt runoff(SR)

+ glacier runoff(GR) (1)

rainfall runoff contribution=
RR
TR
× 100% (2)

snowmelt runoff contribution=
SR
TR
× 100% (3)40

glacier runoff contribution=
GR
TR
× 100% (4)

Recognizing the influence of glacier melt at different eleva-
tions, each glacierized grid cell underwent division into var-
ious elevation bands with an interval of 100 m (Kan et al.,
2018). The simulated total runoff of each grid is from both45

the glacierized and non-glacierized areas, that is,

Ri = f ×Rglac+ (1− f )×Rvic, (5)

where Ri is the total runoff (mm) in grid I ; f is the percent-
age of glacier area, which is updated every year; Rglac is the
runoff (mm) from the glacier area calculated by the glacier 50

model; and Rvic is the sum of surface runoff and baseflow
runoff (mm) for non-glacierized areas calculated by the VIC
model, including both rainfall and seasonal snowmelt runoff.
Rglac can be calculated as

Mi =

{
DDF× (T − Tbase) ; T > Tbase
0; T ≤ Tbase

(6) 55

Rglac =M1+M2+ . . .+Mi; i = 1, 2, 3, . . .,n, (7)

where Mi is the meltwater (mm) from elevation band
j , n is the total number of elevation bands in grid i,
DDF is the degree-day factor of glacier melt or snowmelt
(mm °C−1 d−1), T (°C) is the daily average air temperature 60

above the glacier surface, and Tbase (°C) is the temperature
threshold for glacier melt and snowmelt (0 °C). In a precipi-
tation event, rainfall occurs when the air temperature is above
0 °C; otherwise, it snows. In the presence of a snowpack on
the glacier, the snow melts first before glacier melting starts, 65

following the same degree-day approach but with different
degree-day factors.

The calculated glacier area and volume were updated ev-
ery year in the model by the volume–area scaling approach
(Bahr et al., 1997). An exponential form (Eq. 7), derived 70

from glacier observations in western China (Liu et al., 2003),
converts glacier area to volume for a basin:

V = 0.04S1.35, (8)

where V is the glacier volume (km3) and S is the glacier
area (km2). Initial glacier volume was determined using 75

glacier area data from the first Glacier Inventory of China
(CGI V1.0, http://cryosphere.casnw.net/portal/, last access:
13 September 2024) dataset, which presented glacier area
for the period of the 1970s–1990s. The RGI 6.0 dataset pre-
sented glacier area for the period of the 2000s–2010s. There- 80

fore, glacier area was simulated by the glacier model for
the period from 1971 onwards, and then it was updated ev-
ery year with the snowfall accumulation and simulated ice
melt from all the glacier cells in the glacier model based on
volume–area scaling approach. The simulated mean annual 85

glacier area during 2000–2010 was compared with the RGI
6.0 dataset in the YZ basin and its six sub-basins.

3.3 Model calibration and validation

The VIC-GL model requires the calibration of two sets of pa-
rameters: (1) the degree-day factor (DDF), related to glacier 90

runoff simulation; and (2) VIC model parameters related to
runoff simulation in non-glacierized regions. The latter in-
cludes parameters (Table 3) such as the depth of the first and

http://cryosphere.casnw.net/portal/
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second soil layers (D1 and D2); the infiltration shape param-
eter (B_inf); and three base flow parameters, including the
maximum velocity of baseflow (Dsmax), a fraction of Ds-
max where non-linear baseflow begins (Ds), and a fraction
of maximum soil moisture where non-linear baseflow occurs5

(Ws).
To adjust the internal stores of energy and water from

the initial state to equilibrium, the VIC-GL model under-
went a spin-up from 1961–1970, with subsequent simula-
tion for the years 1971–2020. In addition, 1971–2000 was10

selected as the calibration period and 2001–2015 as the vali-
dation period based on the observed monthly streamflow for
1971–2015. Calibration and validation of the VIC-GL hy-
drological model followed a systematic two-step approach,
employing observed streamflow, glacier mass balance, and15

satellite-based estimates of glacier area and snow cover frac-
tion (Table S1). Model performance was assessed using met-
rics such as the Nash–Sutcliffe efficiency (NSE), relative bias
(RB; %), and correlation coefficient (CC). The optimization
process utilized a trial-and-error method to minimize bias20

against predefined criteria. Linear regression was employed
to calculate annual and seasonal trends of precipitation, tem-
perature, and runoff.

The model calibration and validation were conducted us-
ing a two-step approach to overcome equifinality problems.25

First, initial values of DDF parameters in the glacier model
related to glacier melt and snowmelt were adopted from Sun
and Su (2020). The glacier model was calibrated to match
the glacier area observations from RGI 6.0 for 2000s–2010s
in the YZ and six sub-basins and validated by observed mass30

balance data from the Gurenhekou site in the NX basin and
the Parlung No. 94 glacier site in the NX-BXK sub-basin
(Fig. S2). Given the good performance in simulating glacier
area (with RB of mostly < 7 %, Fig. 2c) and good consis-
tency (CCs of 0.65–0.96) in annual variations between ob-35

served glacier mass balance and simulation, final DDF val-
ues (6.5–11.0 mm °C−1 d−1) were determined across six sub-
basins (Table 3).

Second, the VIC-related parameters were validated against
observed streamflow and satellite-based snow cover fraction40

(SCF) data. The infiltration parameter (B_inf) and the second
soil layer depth (D2) have been identified as the most sensi-
tive parameters (Zhang et al., 2013). The B_inf, which de-
fines the shape of the variable infiltration capacity curve, has
a common range of 0–0.4, while the D2 mainly determines45

the moisture storage capacity of the VIC model, with a range
of 0.5–1.0 (Liang et al., 1996; Shi et al., 2008). The simulated
monthly streamflow captured the magnitudes and patterns of
observation at eight hydrological stations well, with NSEs of
0.71 to 0.86 and RBs within ±8 % for the calibration and50

validation period across the sub-basins (Table 3, Fig. S3).
To further validate the model, monthly satellite-based SCF
data for the years 2001–2019 in the YZ basin were com-
pared with the model simulations (Fig. S4). The simulated
SCF closely mirrors the monthly variations observed in the55

satellite-based data, exhibiting a CC of 0.60–0.82 (p < 0.05)
and RB within±12 % across sub-basins. This alignment sug-
gests the VIC-GL model’s satisfactory performance in simu-
lating snow cover dynamics in the YZ basin.

4 Result 60

4.1 Hydrological response to historical climate changes

4.1.1 Runoff composition

The credibility of our model allows for a reasonable interpre-
tation of the current runoff composition and change and their
responses to climate change. Examining simulated stream- 65

flow across sub-basins reveals significant differences in each
sub-basin contribution to the total runoff at the Pasighat out-
let of the YZ basin (Fig. 1b). The NX-BXK emerges as the
most critical runoff-generating area, contributing approxi-
mately 52 % to the total runoff in the YZ basin, followed 70

by YC-NX (25 %), LS (10 %TS1 ), and other sub-basins with
contributions ranging from 3 % to 6 %TS2 .

According to the source of runoff generation, total runoff
is partitioned into three compositions in this study: rainfall
runoff, snowmelt runoff, and glacier runoff. In this study, 75

glacier runoff is defined as all water generated in the glacier-
ized area, including rainfall, snowmelt, and ice melt in the
glacierized area. Rainfall runoff and snowmelt runoff origi-
nate from the non-glacierized area. Different runoff regimes
of rainfall runoff, snowmelt, and glacier runoff influence 80

their contributions to total runoff across the six sub-basins of
the YZ with heterogeneous surface characteristics (Fig. 2).
Rainfall runoff dominates the mean annual total runoff in the
YZ and all its sub-basins from 1971 to 2020, contributing
59 %–78 % to annual total runoff, with an average of 62 % in 85

the entire YZ basin. Snowmelt contributes 22 % to annual to-
tal runoff in the YZ basin, varying from 14 % to 36 % across
six sub-basins, with the LS sub-basin having the largest con-
tribution at 36 %. Glacier runoff contributes 16 % to the an-
nual total runoff in the YZ basin, ranging from 5 % to 19 % 90

across six sub-basins for 1971–2020. The highest contribu-
tions are in the NX-BXK (19 %) and YC-NX (16 %) sub-
basins, which have the largest glacier coverage in the YZ
basin (Table 2).

Figure 3 shows the spatial pattern of average annual rain- 95

fall runoff, snowmelt, and glacier runoff for 1971–2020,
along with their percentages at different elevation bands in
the YZ basin. The spatial pattern of average annual rainfall
runoff (Fig. 3a) is similar to that of total runoff (Fig. 1b) and
precipitation (Fig. 3b), decreasing from east to west, with 100

the NX-BXK sub-basin exhibiting the largest runoff. Sim-
ilarly, the largest snowmelt and glacier runoff occur in the
NX-BXK sub-basin, consistent with the spatial distribution
of glacier and snow cover area, constituting about 65 % of
total glacier area and 34 % of total snow coverage in the YZ 105

67316
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Table 3. Values of the first soil depth (D1; m), the second soil depth (D2; m), and the degree-day factor (DDF) and the Nash–Sutcliffe
efficiency (NSE) and relative bias (RB; %) of the simulated monthly streamflow with the VIC-GL model relative to the observation for the
eight hydrological stations.

Step 1. Calibration and validation of the glacier model

Sub-basin Hydrological DDF Calibration Validation
station (mm °C−1 d−1) (glacier area observations) (glacier mass balance)

RB (%) CC RB (%)

LZ LZ 10.97 −1.3 0.65–0.96 −15 % to −45 %
LZ-YC YC 10.97 −3.7
RKZ RKZ 10.97 −6.2
LS LS 9.2 −2
YC-NX NX 6.8 −1.5

NX-BXK YG 6.5 1.7
BM 6.5
MT 6.5

Step 2. Calibration and validation of the VIC model

Sub-basin Hydrological D1(m) D2(m) Calibration Validation
station (observed streamflow) (observed streamflow)

NSE RB (%) NSE RB (%)

LZ LZ 0.1 0.7 0.85 2.1 0.81 1.8
LZ-YC YC 0.1 0.7 0.83 3 0.81 1.6
RKZ RKZ 0.1 0.9 0.84 −4 0.71 −8
LS LS 0.1 0.7 0.84 −2 0.82 −2
YC-NX NX 0.1 1 0.86 −4 0.86 −5

NX-BXK YG 0.1 1 0.82 −8 0.83 −5
BM 0.1 1 0.83 −6 0.83 −5
MT 0.1 1 0.71 6 0.73 5

(Fig. 3c–f). Approximately 84 % of the YZ basin runoff orig-
inates from middle altitudes (3500–5500 m), with 62 % from
4500–5500 m and 22 % from above 3500–4500 m, primar-
ily contributed by rainfall and seasonal snow (80 %–83 %,
Fig. 3g). About 8 % of the basin runoff is generated from5

high altitudes (> 5500 m), where 29 % of the flow is from
glacier runoff, and the remainder is from rainfall (50 %) and
snowmelt (21 %). At low altitudes (< 3500 m), 8 % of the
basin runoff is primarily from rainfall (82 %) and snowmelt
(11 %), with only 7 % attributed to glacier runoff.10

The seasonal pattern of total runoff remains consistent
across the six sub-basins within the YZ for 1971–2020, with
more than 60 % of the annual total runoff occurring in June–
September and 10 %–15 % in November–February (Fig. 2a–
h). This seasonal pattern aligns with the rainfall runoff, which15

peaks in July–August, reflecting the peak in total runoff in the
YZ and its sub-basins (Fig. 2a–h). Snowmelt predominantly
takes place from April–October, with peak months varying
across sub-basins. In LZ, RKZ, LS, and LZ-YC sub-basins,
the peak is in July–September (Fig. 2a–d), attributed to the20

melting of fresh snowfall in the warm season. Conversely,
in the YC-NX (Fig. 2e) and NX-BXK (Fig. 2f) sub-basins,

the peak is in May–June, possibly due to snowfall accumu-
lation during October–March. Simulated glacier runoff oc-
curs mainly from June to September for all basins, peaking 25

in July–August, coinciding with the co-occurrences of peak
precipitation and temperature.

4.1.2 Runoff changes and the response to climate
changes

Annual scales 30

Figure 4 illustrates annual trends in precipitation, temper-
ature, total runoff, and three runoff compositions (rainfall,
glacier, and snowmelt runoff) across the six sub-basins for
1971–2020, respectively. Annual variations for precipitation,
temperature, and simulated runoff in each sub-basin are pre- 35

sented in Figs. S5–S10. All sub-basins exhibit significant
warming trends (0.3–0.5 °C (10 yr)−1, p < 0.05), with pre-
cipitation tending to increase (6–15 mm (10 yr)−1) in the
LZ, LZ-YC, LS, RKZ, and YC-NX sub-basins (Fig. 4a–
e) upstream of the NX hydrological station (NX basin). 40

Conversely, the NX-BXK sub-basin experiences a signifi-



H. Sun et al.: Spatiotemporal responses of runoff to climate change 9

Figure 2. Mean monthly simulated rainfall, snowmelt, and glacier runoff, along with their contribution to total annual runoff in the YZ and
its sub-basins for 1971–2020.

cant decrease in precipitation (−35 mm (10 yr)−1, p < 0.05,
Fig. 4f).

Simulated annual total runoff demonstrates increasing
trends of 8.1–18.8 mm (10 yr)−1 for 1971–2020 across all
sub-basins within the NX basin, except for the RKZ sub-5

basin with an insignificant change (−1.1 mm (10 yr)−1), re-
sulting in a significantly increasing trend of 9.4 mm (10 yr)−1

(p < 0.05) over the entire NX basin (Table 4). Strong
correlations between the annual variation of total runoff,
precipitation, and rainfall runoff exist in these sub-basins10

(CC of 0.90–0.99, p < 0.05), while total runoff shows
weak relationships with temperature and glacier runoff
(Fig. S11). This suggests the predominant role of rainfall
runoff from non-glacierized areas, with minor impacts from
glacier runoff on annual runoff, along with significant in-15

creases in precipitation and temperature (Fig. 4a). In con-
trast, the NX-BXK sub-basin exhibits a decreasing trend of
TS39.4 mm (10 yr)−1 for 1971–2020 (Fig. 4f), resulting from
decreases in rainfall runoff (−22 mm (10 yr)−1) and seasonal
snowmelt (−5.5TS4 mm (10 yr)−1) from non-glacierized ar-20

eas. Glacier runoff, however, exhibits a significantly increas-

ing trend (6.0 mm (10 yr)−1, p < 0.05, Table 3) in NX-BXK
during the same period, partially compensating for the de-
creasing trend of total runoff in this sub-basin. The integrated
result is a weakly increasing trend of 3.1 mm (10 yr)−1 in 25

total runoff for the entire YZ basin (Table 4), primarily at-
tributed to increases in rainfall (3.0 mm (10 yr)−1) and glacier
runoff (2.1TS5 mm (10 yr)−1). Snowmelt tends to decrease
(−1TS6 to −6 mm (10 yr)−1) in the YZ and its sub-basins
during 1971–2020, associated with a reduction in solid pre- 30

cipitation and an increase in liquid precipitation (Fig. S12),
along with significant temperature increases.

Cuo et al. (2019) investigated precipitation and stream-
flow mutations in the YZ basin using Mann–Kendall anal-
ysis, identifying a streamflow mutation in 1997 at the NX 35

hydrological station. This abrupt change is consistent with
our long-term runoff observations. This abrupt change is con-
sistent with our long-term runoff observations. Total runoff
trends are opposite before and after the year 1998 in the
YZ and its NX and NX-BXK sub-basins (Table 4). Dur- 40

ing 1971–1997, annual total runoff shows increasing trends
(8.9–48.1 mm (10 yr)−1) in the basins, mainly due to an

67316
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Figure 3. Spatial pattern of average annual rainfall runoff (a), snowmelt (c), glacier runoff (e), and precipitation (b) for 1971–2020 in
the YZ basin. The spatial pattern of average annual snow cover fraction (SCF; d) for 2001–2019 and glacier distribution in the YZ basin.
Percentage (%) of three runoff components (rainfall, snowmelt, and glacier runoff) at four elevation bands in the YZ basin, with the number
in parentheses indicating the number of 10 km grids in each elevation band.

increasing trend in rainfall and glacier runoff (Table 4).
However, during 1998–2020, total runoff showed insignif-
icant decreasing trends (−0.3 to −3.3 mm (10 yr)−1), at-
tributed to a decreasing trend in rain runoff induced by
the weakening Indian monsoon from 1998–2000 (Table 4).5

It is noteworthy that the rate of decrease in precipitation
is faster in NX-BXK (−16.0 mm (10 yr)−1) than in NX
(−7.0 mm (10 yr)−1, Table 4). However, the decline in total
runoff is less pronounced in NX-BXK (−0.3 mm (10 yr)−1)
compared to NX (−3.3 mm (10 yr)−1, Table 3) during 1998–10

2000. This discrepancy arises from different influences of
glacier runoff on total runoff between NX and NX-BXK sub-
basins. A more rapid increase in glacier runoff in NX-BXK

(16 mm (10 yr)−1) than in NX (0.7 mm (10 yr)−1, Table 4)
partly compensates for the quicker decline in rainfall runoff, 15

resulting in a slower overall decrease in total runoff in NX-
BXK.

Figure 5 illustrates the mean monthly vertical integral
of atmospheric moisture budget in June, July, August, and
September from ERA5 data across the YZ basin for 1971– 20

2020. It demonstrates an increasing trend in the NX basin
but a decreasing trend in the NX-BXK. This pattern cor-
responds to precipitation trends in the NX and NX-BXK
sub-basins, influencing rainfall runoff in these areas. Ad-
ditionally, teleconnection indices can modulate circulation 25

patterns over a region, thereby affecting precipitation and
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Figure 4. Annual trends in precipitation (mm (10 yr)−1), temperature (°C (10 yr)−1), total runoff (mm (10 yr)−1), and three runoff compo-
nents (rainfall, glacier, and snowmelt runoff, mm (10 yr)−1) in the six sub-basins for 1971–2020, respectively. Asterisks indicate the 95 %
significance level.

Table 4. Trends in precipitation, temperature, total runoff, and three runoff components and their contributions to total runoff in the YZ and
its NX and NX-BXK sub-basins for different periods.

Basin NX NX-BXK YZ

Period 1971–2020 1971–1997 1998–2020 1971–2020 1971–1997 1998–2020 1971–2020 1971–1997 1998–2020

Precipitation (mm (10 yr)−1) 11.7∗ 2.9 −6.9 −35∗ 52 −16.4 2.1 8.3 −8.8
Temperature (° (10 yr)−1) 0.4∗ 0.2∗ 0.3∗ 0.1∗ 0.1 0.3∗ 0.3∗ 0.2∗ 0.3∗

Runoff (mm (10 yr)−1) Total 9.4∗ 1.1 −3.3 −21 48.1 −0.3 3.1 8.9 −2.7
Glacier 1.1∗ 0.6 0.7 6.0∗ 0.1 16.1 2.0∗ 0.1 3.9
Snowmelt −1 0.5 −3.4 −6 20.6∗ 5.7 −1.9∗ 4.6∗ −1.5
Rainfall 9.4∗ 0.9 −0.6 −22 27.6 −22.1 3.0 4.9 −5.0

Contribution (% (10 yr)−1) Glacier −0.1 −0.2 0.3 0.8∗ −0.7 1.2 0.3 −0.4 0.8
Snowmelt −1.1∗ 0.3 −0.8 −0.1 0.9 0.3 −0.5∗ 0.6 −0.3
Rainfall 1.1∗ −0.1 0.6 −0.7∗ −0.3 −1.6∗ 0.2 −0.2 −0.5

∗ 95 % confidence level.

its induced runoff. Among the 10 teleconnection indices
(Sect. S1), the Pacific Decadal Oscillation (PDO) and the
El Niño–Southern Oscillation (ENSO) exhibit significantly
negative consistency with precipitation, while the Atlantic
Multidecadal Oscillation (AMO) shows significantly posi-5

tive consistency (CC= 0.43, p < 0.05) with precipitation for

1971–2020 in the NX basin (Fig. S13a, d). The change in
runoff induced by precipitation is mostly influenced by the
East Asian summer monsoon (EASM) with significantly pos-
itive consistency (CC= 0.38, p < 0.05) for 1971–2020 in the 10

NX-BXK sub-basin (Fig. S13a, e). The streamflow mutation
in 1997, associated with the precipitation mutation, is also in-



12 H. Sun et al.: Spatiotemporal responses of runoff to climate change

fluenced by the North Atlantic Oscillation (NAO) and ENSO
in the NX and EASM in the NX-BXK.

Seasonal scales

Because of the similarity in annual runoff regimes and
changes across five sub-basins within the NX basin, here,5

we particularly focus on comparing the NX and NX-BXK
sub-basins at seasonal scales for 1971–2020. The high-
altitude NX basin exhibits faster warming trends (0.2–
0.5 °C (10 yr)−1) in each season compared to the low-
altitude NX-BXK basin (0.16–0.23 °C (10 yr)−1, Fig. 6d)10

for 1971–2020. Seasonal precipitation trends increase (2–
9 mm (10 yr)−1) for 1971–2020 in the NX basin (Fig. 6a),
particularly in summer, influenced mainly by the AMO and
PDO (Fig. S14). Conversely, in the NX-BXK, precipita-
tion decreased (−18 to −2 mm (10 yr)−1) for 1971–2020,15

influenced by the EASM in summer and the AMO in au-
tumn. Consequently, total runoff during 1971–2020 reflects
similar trends to precipitation, affected by increased rain-
fall (1–6 mm (10 yr)−1) and glacier runoff (1 mm (10 yr)−1)
in the NX (Fig. 6a) and decreased rainfall (−10 to20

−3 mm (10 yr)−1) and snowmelt (−2 mm (10 yr)−1), along
with increased glacier runoff (1–5 mm (10 yr)−1), in the NX-
BXK (Fig. 6b). Due to these different trends in the two sub-
basins, total runoff shows an increasing trend in summer
(5 mm (10 yr)−1) but decreasing trends (−1 mm (10 yr)−1) in25

other seasons for 1971–2020 in the YZ basin (Fig. 6c), at-
tributed to the dominance of rainfall runoff.

Relative to the period 1971–1997, divergent seasonal
changes in total runoff are apparent in the YZ basin during
1998–2020 (Fig. 7). In the NX basin, total runoff tends to30

increase by about 5 %–22 % in all seasons, with the largest
increases during May–August (11 %–22 %), mainly due to
increases in rain-induced and glacier runoff. The small-
est increases occur during December–February (5 %–6 %),
mostly due to increased rainfall runoff (3 %–5 %) in the NX35

(Fig. 7a, d; Table S2). Snowmelt significantly increases dur-
ing March–May (24 %–50 %) due to early snow melting
(Fig. 7d; Table S2), potentially benefiting agricultural wa-
ter supplies. Conversely, total runoff in the NX-BXK sub-
basin decreases by about 3 %–20 % in all seasons (Fig. 7b;40

Table S2) due to declines in rainfall runoff (3 %–23 %) and
seasonal snowmelt (4 %–28 %). This indicates a trend toward
drier conditions, although increased glacier runoff (2 %–
12 %) somewhat compensates for the loss of total runoff
in July–August (Fig. 7e). The integrated result of seasonal45

runoff changes in NX and NX-BXK shows total runoff in the
YZ increases by 2 %–4 % in June–September, mostly due to
increases in rain-induced (3 %–7 %) and glacier runoff (2 %–
6 %), while it decreases in other months due to decreased
rain-induced runoff (2 %–8 %) and seasonal snowmelt (3 %–50

10 %, Fig. 7c, f, Table S2).
The distinct seasonal changes in rainfall, snowmelt, and

glacier runoff largely play a crucial role in determining the

seasonal shifts in their contributions to total runoff across
the entire YZ basin and its NX and NX-BXK sub-basins. 55

Compared to the period 1971–1997, the contribution of rain-
fall increases by 5 %–8 % from May to October in the NX
for 1998–2020, whereas glacier melt and snowmelt contri-
butions decline by −0.3 % to −2 % and −5 % to −7%, re-
spectively (Fig. 7g, Table S2). Conversely, in the NX-BXK, 60

contributions from rainfall runoff and snowmelt decrease by
−2 % to −6 % during May–October, while the glacier con-
tribution increases by 2 %–7 % in these months (Fig. 7h, Ta-
ble S2), underscoring the growing significance of this sea-
son in sustaining summer water supplies in the NX-BXK. 65

Taken together, for the entire YZ basin (Fig. 7i), the glacier
contribution increases by 0.5 %–2 % (Table S2) during June–
October, and the seasonal changes in rainfall and snowmelt
contributions to total runoff closely mirror those observed in
the NX basin. 70

4.2 Hydrological response to future climate changes

Historical differences in total runoff changes in the NX and
NX-BXK sub-basins are projected to weaken in the future.
The YZ basin is projected to experience increased precip-
itation (7–33 mm (10 yr)−1) and higher temperatures (0.3– 75

0.8 °C (10 yr)−1) under the SSP2-4.5 and SSP5-8.5 scenarios
throughout the 21st century (Table 5). Predictions indicate
an increase in total runoff for the NX (7–27 mm (10 yr)−1)
and BXK (34–100 mm (10 yr)−1) for 2021–2100 under both
SSPs, with significant increases (36–142 mm (10 yr)−1) an- 80

ticipated in the latter half of the century (2071–2100) under
SSP5-8.5 (Table 5). The changes in total runoff are projected
to be primarily influenced by increased rainfall runoff, with
minor contributions from increased snowmelt and glacier
runoff under both SSP scenarios through the 21st century 85

(Table 5). However, in comparison to the 1971–2000 mean,
a reduction of approximately −6 % to −14 % is projected
in the first half of the 21st century (2021–2050) in the YZ
and its NX and NX-BXK sub-basins under the SSP2-4.5 and
SSP5-8.5 scenario (Fig. 8). This reduction is attributed to de- 90

creased rainfall (−9 % to −19 %) and snowmelt (−5 % to
−6%), which may result in the decline of freshwater supply.
Conversely, there is a broadly consistent increase (6 %–32 %)
in total runoff in the second half of the 21st century (2071–
2100), mainly driven by increased rainfall (4 %–52 %) and 95

glacier runoff (9 %–78 %), suggesting that the YZ basin will
not face a water supply crisis in the end of 21st century.

Changes in meltwater from glaciers and seasonal snow
significantly impact total runoff, influencing both quantity
and timing, and are particularly important for water avail- 100

ability during warm and dry seasons (Barnett et al., 2005).
Relative to the 1971–2000 mean, the future annual hydro-
graph appears relatively stable across all sub-basins (Fig. 9),
with 60 %–80 % of mean annual runoff occurring from
June to September. However, a decline of about −18 % to 105

−3 % is projected in each month during 2021–2050 un-
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Figure 5. Mean monthly vertical integral of atmospheric moisture budget (mm) in June, July, August, and September from the ERA5 data
across the Yarlung Zangbo River basin for 1971–2020 (indicated by colors). Arrows represent the directions of the vertical integral of water
vapor flux (kg m−1 s−1).

Figure 6. Seasonal trends in precipitation (mm (10 yr)−1), temperature (°C (10 yr)−1), total runoff (mm (10 yr)−1), and three runoff compo-
nents (rainfall, glacier, and snowmelt runoff, mm (10 yr)−1) in the YZ and its sub-basins for 1971–2020, respectively.

der the two SSPs due to decreased monthly precipitation
and precipitation-induced rainfall and snowmelt runoff (Ta-
bles S3 and S4). In contrast, there is an anticipated increase
of about 6 %–40 % in each month, particularly in summer
(25 %–40 %), during 2071–2100 under the two SSPs. The5

increased total runoff in the NX basin is primarily attributed

to increased rainfall runoff and spring snowmelt, indicating
an earlier spring snowmelt and delayed autumn freeze-up
(Fig. 9a, b). Similarly, the increased total runoff in the NX-
BXK basin is mostly a result of increased rainfall and glacier 10

runoff, coupled with decreased snowmelt (Fig. 9c, d), primar-
ily due to reduced snowfall with ongoing warming in each
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Figure 7. Changes in (a–c) mean monthly total runoff and (d–f) three components and (g–i) their contributions to total runoff for the period
1998–2020 relative to the period 1971–1997 in the entire YZ basin and its NX and NX-BXK sub-basins.

month (Figs. S4 and S5). Future changes in seasonal runoff
across the entire YZ basin closely align with those in the NX-
BXK sub-basin (Fig. 9e, f) due to its significant contribution
to the overall runoff of the YZ basin.

5 Discussion5

Forcing inputs, parameters, and representation of physical
processes are major sources of uncertainty in hydrological
model simulations.

Precipitation is the most important atmospheric input for
land surface hydrology models, but none of the multiple pre-10

cipitation datasets proves equally suitable for all basins in
the TP due to the high spatiotemporal variability in their per-
formance at the sub-basin scale (Dahri et al., 2021). The
variation in precipitation datasets for high mountains can
lead to significant differences in meltwater contribution (Lutz15

et al., 2014; Zhao et al., 2019; Sun and Su, 2020; Khanal

et al., 2021; Nan et al., 2021; Wang et al., 2021). Dueth-
mann et al. (2014) applied a multi-objective genetic algo-
rithm to characterize the trade-off curve between model per-
formance in terms of discharge and snow cover area in cen- 20

tral Asia, suggesting that good discharge simulations at the
catchment outlet cannot guarantee good internal functioning
of the model, as different forcing inputs may result in er-
ror compensation among different runoff compositions. Jost
et al. (2012) simulated glacier runoff of 25 large glacierized 25

basins (> 50 000 km2) in North and South America, Europe,
Asia, and Aotearoa / New Zealand, suggesting that the runoff
differences ranged from 0.07 % for basins that are weakly
influenced by glaciers to 252 % for basins that are strongly
influenced by glaciers. They also suggested that hydrologic 30

model calibration in glacier-fed catchments was difficult be-
cause errors in modeling snow accumulation can be offset
by compensating errors in glacier melt. Zhang et al. (2013)
simulated glacier runoff by the VIC-GL model with the
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Table 5. Trends of projected annual precipitation (mm (10 yr)−1), temperature (°C (10 yr)−1), and total runoff and runoff components (mm
per decade) from 10 GCMs for 1971–2000, 2021–2050, and 2071–2100 under the two SSPs in the YZ and its two sub-basins (the uncertainties
are indicated with 1 standard deviation).

NX NX-BXK YZ

SSP2-4.5 2021–2050 Total runoff 6.84± 4.9 52.65± 22.41 16.15± 7.37
Rainfall runoff 5.53± 3.97 29.99± 15.43 10.54± 5.73
Snowmelt −0.43± 1.0 9.24± 6.88 1.54± 1.71
Glacier runoff 1.68± 1.32 13.41± 6.91 4.07± 2.38
Precipitation 4.98± 8.96 31.87± 27.85 10.4± 11.59
Temperature 0.43± 0.16 0.42± 0.12 0.43± 0.15

SSP5-8.5 2021–2050 Total runoff 16.22± 6.78 59.34± 28.23 24.99± 10.59
Rainfall runoff 11.9± 5.75 31.2± 22.06 15.82± 8.69
Snowmelt 1.35± 1.05 9.53± 5.65 3.01± 1.88
Glacier runoff 2.98± 0.54 18.61± 3.77 6.16± 1.06
Precipitation 18.02± 11.86 32.73± 36.08 21.01± 16.29
Temperature 0.66± 0.1 0.6± 0.09 0.64± 0.09

SSP2-4.5 2071–2100 Total runoff 9.23± 9.84 25.5± 17.35 12.54± 10.25
Rainfall runoff 8.94± 8.03 19.67± 15.03 11.13± 8.83
Snowmelt −0.03± 1.36 2.12± 9.24 0.41± 2.01
Glacier runoff 0.31± 1.47 3.71± 5.52 1± 2.21
Precipitation 11.36± 12.87 23.64± 21.36 13.86± 12.59
Temperature 0.32± 0.2 0.27± 0.15 0.31± 0.19

SSP5-8.5 2071–2100 Total runoff 35.84± 23.12 142.1± 84.67 57.45± 35.38
Rainfall runoff 33.69± 21.52 96.06± 53.31 46.37± 27.89
Snowmelt −3.63± 4.7 11.07± 6.32 −0.64± 3.25
Glacier runoff 5.78± 4.59 34.97± 27.18 11.72± 9.12
Precipitation 39.45± 25.96 93.83± 50.16 50.52± 30.66
Temperature 1.01± 0.59 0.98± 0.57 1± 0.58

SSP2-4.5 2021–2100 Total runoff 7.18± 2.77 34.09± 9.51 12.65± 3.91
Rainfall runoff 7.23± 1.89 26.78± 6.02 11.21± 2.53
Snowmelt −0.46± 0.56 3.97± 1.86 0.44± 0.68
Glacier runoff 0.4± 0.58 3.34± 2.99 1± 1.06
Precipitation 7.07± 2.61 22.51± 7.59 10.21± 3.02
Temperature 0.36± 0.08 0.34± 0.08 0.35± 0.08

SSP5-8.5 2021–2100 Total runoff 27.31± 10.14 100.85± 30.71 42.27± 13.82
Rainfall runoff 21.41± 10.14 59.17± 18.38 29.09± 9.53
Snowmelt 0.14± 0.63 11.96± 3.7 2.55± 0.96
Glacier runoff 5.76± 2.35 29.73± 11.49 10.64± 4.18
Precipitation 25.34± 9.39 61.86± 23.92 32.77± 11.26
Temperature 0.85± 0.17 0.79± 0.17 0.84± 0.17

APHRODITE precipitation estimates in the upper Indus (UI)
River basin of the TP during 1961–2009 and suggested that
the contribution of glacier runoff to total runoff was about
48.2 %. However, Meng et al. (2023) simulated glacier runoff
by the VIC-GL model with the corrected MERRA-2 pre-5

cipitation estimates in the UI basin, suggested that glacier
runoff contributed 24 % to total runoff. The difference be-
tween Zhang et al. (2013) and Meng et al. (2023) mostly re-
sulted from the higher amount of corrected MERRA-2 than
APHRODITE precipitation estimates in the UI basin because10

the underestimation of precipitation-induced runoff would be
compensated for by glacier runoff.

Like elsewhere on earth, the aforementioned issues are
typical of the YZ basin. In the case of the NX basin, glacier
melt contributed approximately 2 %–18 % to the total runoff 15

in existing research (Table 1), mostly resulting from differ-
ences in forcing inputs used in hydrological models. The YZ
basin received less attention regarding glacier runoff contri-
butions in the NX-BXK, with significant inconsistencies in
glacier contributions evident in these studies (Table 1). Sun 20

and Su (2020) suggested that mean annual glacier runoff con-



16 H. Sun et al.: Spatiotemporal responses of runoff to climate change

Figure 8. Projected changes (%) in the mean annual total runoff and three runoff components (rainfall, glacier, and snowmelt) in 2021–2050
and 2071–2100, respectively, relative to 1971–2000 under the two SSPs in the YZ and its NX and NX-BXK sub-basins.

tributed about 45 % to total runoff in the NX-BXK sub-basin
for 1980–2000, using a hydrological model without calibra-
tion and validation due to a lack of hydrometeorological ob-
servations in the sub-basin. In this study, we utilized newly
acquired rain gauge data and streamflow, glacier mass bal-5

ance, and glacier and snow cover observations in the NX-
BXK sub-basin; glacier runoff was simulated using the well-
validated VIC-GL model, forced by a comprehensively re-
constructed long-term precipitation dataset in this study. The
updated contribution of glacier runoff to total runoff dur-10

ing 1971–2020 in the NX-BXK sub-basin was determined
to be 19 %. Furthermore, accurate historical precipitation es-
timates have the potential to reduce uncertainty in future pro-
jections with the large spread in the GCMs, forming the basis
for correcting future GCM estimates. The different study pe-15

riod also results in the difference of hydrological model sim-
ulation. For example, streamflow in the RKZ sub-basin of the
YZ also underwent an opposite change in 1997 (Fig. S15).
Increased precipitation and evaporation caused an insignifi-
cant runoff change during 1971–1997 in the RKZ sub-basin.20

However, due to a significant decrease in precipitation and
increase in evaporation, runoff decreased during 1998–2000,
resulting in the insignificant decrease for 1971–2000 in this
sub-basin (Fig. S15).

Hydrological models themselves have their own uncertain-25

ties, such as model parameters and structure of physical pro-
cesses, which are ideally all taken into account. Reliable pa-

rameters play a crucial role in accurate runoff simulation by
hydrological models. The DDF emerges as the most sensi-
tive parameter for the degree-day glacier model (Hock, 2003; 30

Radić and Hock, 2010). Zhang et al. (2013) examined the
sensitivity of glacier melt runoff to DDF parameters, suggest-
ing that average annual glacier runoff could change by about
10 % with each one unit change in DDF (mm °C−1 d−1). In
this study, the DDF parameters are derived based on ob- 35

served glacier mass balance data, with intensive validations
on glacier melt, including observed glacier mass balance and
satellite-based glacier area estimates. The uncertainty associ-
ated with VIC model parameters is generally lower than the
uncertainties from precipitation inputs. Su et al. (2022) in- 40

dicated that changes in the RB are within 8 % when B_inf
ranges from 0.05 to 0.4, D2 ranges from 0.5 to 3.0 m, and the
changes in NSE are generally within 0.1. Therefore, high-
density hydrometeorological observations are expected to
better constrain the model and further improve the descrip- 45

tion of hydrological responses to climate and spatiotemporal
changes in glaciers/snow.

Uncertainties are introduced by different representations
of physical processes in hydrological models, especially
the snowmelt and glacier melt simulation in high-mountain 50

basins. Existing studies used different definitions of runoff
composition. For example, Lutz et al. (2014) and Khanal et
al. (2021) divided total runoff into four compositions: rain-
fall runoff, snowmelt, glacier melt, and baseflow. Some stud-
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Figure 9. Monthly average of total runoff (mm) in 1971–2000, 2021–2050, and 2071–2100 and the change (mm) in their runoff components
relative to 1971–2000. Dotted solid lines represent simulated mean monthly total runoff in three periods. Bar plots indicate the mean seasonal
changes in rainfall, snowmelt, and glacier runoff in 2021–2050 and 2071–2100 relative to 1971–2000, based on the ensemble means of 10
hydrological simulations under the two SSPs in the YZ and its NX and NX-BXK sub-basins.
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ies also further divided the glacier melt into ice melt and
supraglacial snowmelt (Armstrong et al., 2019; Wang et al.,
2021). In this study, we divided total runoff into rainfall
runoff, snowmelt, and glacier runoff. Baseflow is a relatively
stable streamflow composition, and it plays an important5

role in sustaining surface water flow, especially for the win-
ter half-year when surface water availability is limited. The
VIC model accounts for baseflow (https://vic.readthedocs.io/
en/master/, last access: 13 September 2024), which is com-
prised of three soil layers to represent the rapid dynam-10

ics of soil moisture movement during storm events (surface
runoff) and the slower deep inter-storm response in the bot-
tom layer (baseflow). Figure S16 shows mean annual con-
tribution and annual variation contribution of rainfall runoff,
snowmelt, glacier runoff and baseflow to total runoff. The15

baseflow contribution was relatively stable, and it only con-
tributed of 4 % to total runoff in the NX basin since 1971.
Wang et al. (2022) quantified the contribution of baseflow
by the Water and Energy Budget-based Distributed biosphere
Hydrological Model (WEB-DHM) and suggested mean an-20

nual baseflow contributed to 3.3 % of the total runoff. How-
ever, different model structures to represent baseflow pro-
cesses may also result in uncertainties. In addition, the effect
of climate change on the baseflow in the YZ basin remains
uncertain, mainly due to the generally poor understanding of25

mountain aquifers. Detailed study of infiltration and recharge
processes, aquifer characteristics, and flow pathways needs
to be a focus of future research to predict how baseflow will
respond to the changes in climate and cryosphere.

The representation of glacier melting processes introduces30

substantial uncertainties in model simulations. The accuracy
of distinguishing between debris-free and debris-covered
glacier extents at the basin scale critically influences the sim-
ulated contribution of glacier runoff. Currently, the differen-
tiation between these two glacier surface types relies on ele-35

vation constraints. However, due to the observation in these
two glacier surface types, the DDFs were set to the same
value in the debris-free and debris-covered glacier. To ad-
dress this pivotal issue, additional glacier observations en-
compassing both surface types, coupled with high-quality40

remote sensing mapping, would solve this key issue. This
approach holds the potential to refine distinctions between
debris-free and debris-covered glaciers, thereby enhancing
the precision of model simulations concerning glacier melt-
ing processes.45

Another key issue is the restricted comprehension of
the effect of snow and ice sublimation on glacier runoff.
Sublimation can potentially be an important component of
the high-altitude water balance in the Himalayan region
(Lutz et al., 2016). Sublimation was mostly calculated based50

on gauge measurement and estimated using an elevation-
dependent potential sublimation function (Lutz et al., 2016;
Khanal et al., 2021; Stigter et al., 2018). Stigter et al. (2018)
suggested that the fraction of snowfall sublimation may be
much higher than 21 % at wind-exposed locations in the Hi-55

malayan region. Lutz et al. (2016) and Khanal et al. (2021)
proposed that snow sublimation accounts for approximately
10 % in the UI basin and 2 %–3 % in the YZ basin. Further-
more, the impact of snow sublimation diminished as a re-
sult of a smaller fraction of precipitation falling as snow with 60

ongoing warming (Khanal et al., 2021). Yang et al. (2013)
investigated mass balance of a maritime glacier on the YZ
basin of the southeast TP during 2005–2010 and indicated
that the mass loss by way of sublimation/evaporation was
quite negligible (about −0.07 m yr−1). 65

Runoff change is also influenced by land cover and land
use. Liu et al. (2023) studied the effect of vegetation growth
induced by climate change to runoff variation during 1981–
2010 in the YZ basin with the variable infiltration capac-
ity (VIC) model, suggesting that implanting grassland ef- 70

fectively reduces flash flood runoff in the short term and
balances groundwater runoff in the long term. Broad-leaved
and coniferous forests, with their longer growth cycles, also
play a key role in adjusting soil moisture. Ji et al. (2023) ex-
plored the effect of vegetation growth on runoff changes in 75

the YZ basin by computing the functional equation for the
normalized difference vegetation index (NDVI) and Budyko
parameter, suggesting that the NDVI and discharge both pre-
sented an increasing trend, and the contributions of NDVI on
streamflow change in the 1998–2015 were about 43.04 %. 80

6 Conclusions

This study comprehensively investigates runoff composition,
flow changes, and their attribution across six sub-basins in
the YZ for 1971–2020, with a particular focus on the compar-
ison between the NX and NX-BXK using a newly generated 85

precipitation dataset and a well-validated large-scale VIC-
GL model with observed streamflow at eight hydrological
stations, glacier mass balance data at two sites, and satellite-
based glacier and snow cover estimates. The study also as-
sesses the future evolution of annual and seasonal total water 90

availability, as well as glacier runoff and snowmelt contri-
butions, using an ensemble of multiple GCMs from CMIP6
under two SSPs. The key findings are summarized as follows:

1. Large regional differences in runoff regimes were ob-
served in the YZ basin for 1971–2020. The NX-BXK 95

contributed 52 % to total runoff at the Pasighat outlet
of the YZ basin, followed by the YC-NX (25 %), LS
(10 %), and other sub-basins. While rain-induced runoff
dominated the entire YZ (59 %–72 %), glacier runoff
played a more important role in annual total runoff 100

in downstream sub-basins (16 %–19 %), particularly in
summer (23 %–35 %).

2. Regional differences in runoff changes were identified
in the YZ basin. Annual runoff generally increased (8–
19 mm (10 yr)−1) during 1971–2020 in all sub-basins of 105

the NX basin, but a significant decrease is noted in the

https://vic.readthedocs.io/en/master/
https://vic.readthedocs.io/en/master/
https://vic.readthedocs.io/en/master/
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NX-BXK sub-basin (−9.4 mm (10 yr)−1). Total runoff
trends reversed after 1998 for all sub-basins of the YZ,
with increasing trends during 1971–1997 and decreas-
ing trends during 1998–2020, influenced by changes
in summer rainfall runoff due to atmospheric moisture5

and teleconnection indices (PDO, ENSO, and AMO).
Glacier runoff has mitigated the decreasing contribution
from rainfall since 1998, exhibiting an increased effect
on water supply.

3. Total runoff will consistently increase (27–10

100 mm (10 yr)−1) across the sub-basins through
the 21st century, with increases of 7–27 mm (10 yr)−1

in NX and 34–100 mm (10 yr)−1 in NX-BXK under
two SSPs, resulting from increased rainfall runoff and a
minor effect of increased snowmelt and glacier runoff.15

Relative to the 1971–2000 mean, a decrease of about
−6 % to −14 % is expected in the first half of the 21st
century (2021–2050), followed by a consistent increase
(6 %–32 %) in the second half (2071–2100).

Data availability. Daily precipitation, maximum and minimum20

temperature, and wind speed estimates with a spatial reso-
lution of 10× 10 km during 1971–2100 were adopted from
Sun et al. (2022), and were downloaded from the National
Tibetan Plateau/Third Pole Environment Data Center (TPDC;
https://doi.org/10.11888/Atmos.tpdc.272885, Sun, 2022). Daily25

transient climate estimates, at a spatial resolution of 10× 10 km
for 1971–2100, under 20 scenarios (10 GCMs× 2 SSPs) used in
this study were from Sun et al. (2024). Observed streamflow was
from the Ministry of Water Resources, China. Two shapefiles of
glacier inventory were downloaded from the Cryospheric Sciences30

Data Platform (http://cryosphere.casnw.net/portal/, last access: 13
September 2024) and the Randolph Glacier Inventory (RGI 6.0;
https://www.glims.org/RGI/rgi60_dl.html, RGI Consortium, 2024).
Observed annual glacier mass balance data from Gurenhekou and
Parlung No. 94 glacier sites from 2005 onwards were downloaded35

from the TPDC. The snow cover fraction (SCF) estimates during
2006–2018TS7 were from the Moderate Resolution Imaging Spec-
troradiometer (MODIS) (https://nsidc.org/data/mod10c2/versions/
61, last access: 13 September 2024, Hall and Riggs, 2021).
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