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Abstract

Mountainous areas are of special hydrological concern because topography and atmospheric conditions can result in large and sudden floods,
posing serious risks to water-related safety in neighbouring countries. The Yarlung Zangbo (YZ) River basin is the largest river basin on the Tibetan
Plateau (TP), but how floods will discharge in this basin and how the role of glacier melt in floods will change throughout the 21st-century under
shared socioeconomic pathways scenarios (SSP2-4.5 and SSP5-8.5) remain unclear. Here, we comprehensively address this scientific question
based on a well-validated large-scale glacier-hydrology model. The results indicate that extreme floods was projected to increase in the YZ basin,
and was mainly reflected in increased duration (4—10 d per decade) and intensity (153—985 m® s~' per decade). Glacier runoff was projected to
increase (2—30 mm per decade) throughout the 21st-century, but there was also a noticeable decrease or deceleration in glacier runoff growth in the
late first half of the century under the SSP2-4.5, and in the latter half of the century under the SSP5-8.5. Glacier melt was projected to enhance the
duration (12%—23%) and intensity (15%—21%) of extreme floods under both SSPs, which would aggravate the impact of future floods on the
socioeconomics of the YZ basin. This effect was gradually overwhelmed by precipitation-induced floods from glacier areas to YZ outlet. This study
takes the YZ basin as a projection framework example to help enrich the understanding of future flood hazards in basins affected by rainfall- or
meltwater across the TP, and to help policy-makers and water managers develop future plans.

1. Introduction

Changes in the extreme hydrological events (floods and
droughts) are one of the most significant consequences of
climate change (Belloni et al., 2021). Extreme floods, one of
the deadliest global natural hazards, have impacts on almost
two billion people globally during 1998—2017 (AghaKouchak
et al., 2020). Changes in the future extreme floods and their
influences on socioeconomics have received extensive
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attention at both regional (Su et al., 2022; Wang et al., 2024)
and global scales (Boulange et al., 2021; Xiao et al., 2023).
Mountainous areas on the Tibetan Plateau (TP) are of special
concern in a hydrological context because their complex terrain
and atmospheric conditions may cause large floods. The
southern TP plays a crucial role in supplying transboundary
rivers, including the Indus, Ganges, and Brahmaputra Rivers,
and serves as a water source for nearly one billion individuals
(Lutz et al., 2022). This region and its adjacent plains are highly
flood-prone, which poses serious risks to safety in neighbouring
countries. Zhou (2020) suggested the flood peaks exhibited an
increased trend in the southern Tibetan Plateau, and the rate
changed from about 10% per decade (1961—1990) to 15% per
decade (1991—2017). Su et al. (2022) suggested that extensive
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glacier and snow coverage make it very difficult to accurately
estimate or forecast the future extreme flood changes in the TP.
Furthermore, an absence of dependable hydrometeorological
information and large differences in downscaling approaches
have hindered a comprehensive understanding of the future
flow regimes and extremes on the TP (Su et al., 2022).

The aforementioned issues are typical of the Yarlung
Zangbo (YZ, also referred to as the upper Brahmaputra) River
of the southern TP, limiting our understanding of changes in
extreme floods in this basin. The YZ basin, the biggest river
basin of the TP, not only acts as the primary freshwater supply
but also the main agricultural center of the TP. Over the past
few decades, the warming trend across the YZ basin has been
stronger than the global average (Sun and Su, 2020). Under a
warming climate, the YZ basin has experienced many climate-
induced changes, including glacier retreat (Yao et al., 2012)
and glacial lake outburst floods (An et al., 2021), threatening
the safety and livelihoods of local people. Past research has
emphasized the significance of precipitation and glacier
melting in determining historical runoff generation and future
runoff changes at annual and seasonal timescales in the YZ
basin (Su et al., 2016; Sun and Su, 2020; Wang et al., 2021).
However, the ways in which flood discharges will evolve
throughout the 21st-century under climate change are insuf-
ficiently recognized over the YZ basin. Shao et al. (2023)
suggested that the YZ basin might become wetter with
increasing extreme floods. Wijngaard et al. (2017) suggested
that future flood hazards were likely resulted from projected
precipitation increases in the YZ basin. Yang et al. (2022)
suggested floods in the YZ basin were related to storms. In
addition, glaciers would experience irregular, frequent, and
sudden advances (surges) that pose an increasing threat of
flooding throughout the TP region. However, the YZ basin
contains approximately 10% of the TP's entire glacier
coverage, which is higher than that in other monsoon-
dominated basins of the TP. There is limited relevant knowl-
edge regarding the contribution of glacier melting to flood
timing and intensity in the YZ basin, especially in its down-
stream region which contains substantial areas of glaciers
(approximately 65% of the total glacial area in the YZ basin).
It is of both scientific and public interest to understand how
and why future flood frequency and intensity will change.

Here, we took the YZ basin as a projection framework
example to address two scientific questions that are crucial for
understanding future floods on the TP: 1) How will the fre-
quency, duration, and intensity of extreme floods change in the
21st-century? 2) How important is glacier melt to extreme
floods in the YZ basin? We comprehensively addressed the
above questions in the YZ basin by a process-based glacier-
hydrology model and 10 global climate models (GCMs) from
the latest release of the Coupled Model Intercomparison Project
Phase 6 (CMIP6). Based on these scientific questions, we also
tred to investigate the relationship of glacier melting in flood
risks with socioeconomic (population and gross domestic
product) exposure in the YZ basin. We wish to close the

knowledge gap on this topic in the YZ basin, aiming to improve
our understanding of future extreme flood changes on the TP,
and to help policy makers and water managers develop future
strategies.

2. Study area

The YZ basin was divided into the Nuxia (NX,
201,548 kmz) and a basin between Nuxia and Pasighat outlet
(NX-BXK, 51,507 kmz; Fig. 1). The YZ basin was projected
to be wetter and warmer in the future (Table Al). The runoff
of the YZ basin is dominated by monsoon-induced precipita-
tion (Sun and Su, 2020). Along with increasing precipitation
and temperature (Fig. Al), total runoff will increase by
7—34 mm per edcade under SSP2-4.5, and 27—101 mm per
edcade under SSP5-8.5 for 2015—2100 in the YZ (Fig. 1),
which is mostly due to increased precipitation-induced runoff.
In addition to precipitation, glacier runoff also influences the
runoff regimes in the YZ basin. The YZ basin contains
approximately 10 % (8273 km?) of the TP's total glacier area.
The largest glacier coverage of the YZ lies in the NX-BXK
sub-basin (10.2 %), and glacier runoff contributes 13 % and
19 % of total runoff in the NX and NX-BXK, respectively.

3. Materials and methods
3.1. Glacier-hydrology model

The Variable Infiltration Capacity (VIC) (Liang et al.,
1994) hydrological model coupled with a degree-day glacier
melt algorithm (Hock, 2003) (termed as VIC-Glacier) were
used to simulate future extreme floods in the YZ basin. As a
semi-distributed macroscale hydrological model, it solves full
water and energy balances within the grid cell. The
VIC-Glacier model has previously been used in runoff
simulations and predictions in the TP (Zhang et al., 2013; Sun
et al., 2021, 2022).

Here, the modeling framework at a 1/12° x 1/12°
(approximately 10 km x 10 km) spatial resolution and a 3-h
time step was adopted from Sun and Su (2020). The
required forcing input data for the VIC-Glacier model
included daily meteorological forcing data (precipitation,
maximum and minimum temperatures, and wind speeds) with
a spatial resolution of 10 km x 10 km for 1961—2020, which
was adopted from Sun et al. (2022).

Observed streamflow and glacier mass balance were
applied to calibrate and validate the model. The Nash-Sutcliffe
efficiency (NSE), relative bias (RB, %), and correlation co-
efficient (CC), were applied to assess the performance of the
hydrological model. The trial-and-error method was used for
the optimization process in order to achieve the least bias
between simulations and observations against the corre-
sponding criteria. First, initial values of Degree-Day factor
(DDF) parameters (6.5—11.0 mm oc! d_l) in the glacier
model related to glacier and snowmelt were adopted from Sun

Research, https://doi.org/10.1016/j.accre.2024.01.003

Please cite this article as: SUN, H., et al., Increased glacier melt enhances future extreme floods in the southern Tibetan Plateau, Advances in Climate Change




SUN H. et al. / Advances in Climate Change Research xxx (xxxx) xxx 3

2!

o1
3

(a) Total runoff (NX) 50l (d) Glacier runoff’ (NX)
History 200
SSP2-4.5

200

150

" - -
£ . SSP58S E £
g 27.3+10.1°% 5 g 10
El 72428% : E
50
i 10

(e) Glacier runoff (NX-BXK)

(f) Glacier runoff (YZ) 200{ (g) Pre-induced runoff (NX)

100 21.6+7.8 *
40 10.6+4.2

1.0£1.1 6.8+2.2

Runoff (mm)
Runoff (mm)

=20, =50

1960 1980 2000 2020 2040 2060 2080 2100 1960 1980 2000 2020 2040 2060 2080 2100

8004 (b) Total runoff (NX-BXK)

600

400 100.9+30.7

Runoff (mm)

200

0

-200.

1960 1980 2000 2020 2040 2060 2080 2100

400

(c) Total runoff (YZ)

50
1960 1980 2000 2020 2040 2060 2080 2100

1960 1980 20002020 2040 2060 2080 2100 1960 1980 2000 2020 2040 2060 2080 2100

o 600/ (h) Pre-induced runoff (NX-BXK)

$/S0 (%)

71.1+£19.2 %

Runoff (mm)
w
2
S

30.8+6.5 *
- 401 Arealoss
2050
2010

1960 1980 2000 2020 2040 2060 2080 2100

0
= 71960 1980 2000 2020 2040 2060 2080 2100,/ ’ (i) Pre-induced runoff (YZ)

T
300 [
o S 200
T [
g 42.27+13.82 * g .
%/ 2.27%13.8 £ 100 31.6£9.6 *
5 100 2
& A loglcal sLat 5 11.74£2.9 *
0 Basm outl 2 0
o /G}gm 50km
1960 1980 2000 2020 2040 2060 2080 2100 1960 1980 2000 2020 2040 2060 2080 2100
Year Year
180
(k) NX (1) NX-BXK 180 (m) YZ
. . 1304 - %
] 3 3
o 5 & % %“
£ £ E 160
-} -] @
——— History
140 SSP2-45 — SSP5-8.5 70 140
1971-2020 2021-2050 2071-2100 1971-2020 2021-2050 2071-2100 1971-2020 2021-2050 2071-2100
310 310
310 ] é %
Tl $ ¢ & -
* 3 @ Pwl & i
5 5 5
& & i &
() NX (0) NX-BXK »YZ
250 250 250
1971-2020 2021-2050 2071-2100 1971-2020 2021-2050 2071-2100 1971-2020 2021-2050 2071-2100
Year Year Year

Fig. 1. (a—i) Simulated total runoff, precipitation-induced (Pre-induced) runoff, and glacier runoff in the YZ basin and its NX and NX-BXK sub-basins with 30-
year moving windows from 1961 to 2100, (j) simulated evolution of glacier area relative to initial area (S/Sp) from 1961 to 2100 in the YZ basin (Mean glacier area
losses (1—S/Sp) in 2050 and 2100 are indicated. The solid lines for the projection (2015—2100) indicate the ensemble means of all transient simulations for each
year. Shadings denote the standard deviation of 10 hydrological model runs driven by different climate models. The numbers in each panel are the tendency of
runoff (mm per decade) for 2021—2100 for each SSP, respectively) simulated beginning (k—m) and ending (n—p) day of glacier runoff with three 30-year windows
including the reference (1971—2000) and two future periods (2021—2050 and 2071—2100) based on the ensemble mean of 10 transient runs for each SSP.

Asterisks indicate the 0.05 significance level.

and Su (2020). Second, the VIC-related model parameters,
mostly the infiltration shape parameter (B_inf) and second soil
layers (D2), were calibrated and validated with streamflow
observations. The VIC-Glacier model captured well the
magnitudes and patterns of observed runoff at daily (Fig. 2a)
scale for 1971—1980 in the NX hydrological station (Fig. 1),
with NSEs of 0.91—0.96 and RBs of —2% to —1%. Due to the
lack of daily and monthly observed streamflow estimates,
annual observation for 2015—2019 was used to validate the
model performance in Motuo (MT, Fig. 1) hydrological sta-
tion. The closed agreements between the observed and simu-
lated runoff were seen at the annual scale in the MT (Fig. 2b),
with a CC of 0.83. After the careful calibration and validation,
the final values of D1, D2 and B_inf for each grid cell were set
to 0.1, 0.8—1.0, and 0.2 m in these two sub-basins,
respectively.

3.2. GCM data, downscaling and bias-correction

To generate the forcing inputs for the hydrological model in
the YZ basin, the monthly estimates of precipitation and tem-
perature from 10 GCMs (Table 1, https://esgf-node.llnl.gov) for
the period 2015—2100 in the CMIP6 (Eyring et al., 2016) wre
utilized. These estimates were selected based on their ability to
replicate the observed seasonal pattern and their minimal devi-
ation from the observations among 18 models (Li et al., 2021).
The climate projections in the YZ basin throughout the 21st
century were investigated by selecting the SSP2-4.5 and SSP5-
8.5 scenarios in the CMIP6. Using the newly reconstructed
reference data from 1961 to 2014 (Sun et al., 2022), the raw
monthly GCM outputs for 2015—2100 underwent statistical
downsizing and bias correction through the widely utilized bias
corrected spatial disaggregation (BCSD) method (Wood, 2002).
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Fig. 2. (a) Daily observed and simulated streamflow for 1971—1980 at Nuxia (NX) hydrological station, and (b) observed and simulated annual runoff for

2015—2019 at Motuo (MT) hydrological station.

Table 1
Details of the 10 CMIP6 global climate models used in the precipitation and
temperature projections for the period 2015—2100.

Number Model Institute ID  Region/ Atmosphere resolution
Country (longitude x latitude)

1 BCC-CSM2-MR BCC China 2.8125° x 2.7906°

2 CAMS-CSM1 CAMS China 1.1250° x 1.1215°

3 CNRM-CM6 CNRM France  1.4063° x 1.4008°

4 CNRM-ESM2

5 EC-Earth3 EC-Earth_  Europe  1.1250° x 1.1215°
Cons

6 EC-Earth3-Veg ~ EC-Earth_  Europe  1.1250° x 1.1215°
Cons

7 IPSL-CM6A-LR  IPSL France  3.7500° x 1.8947°

8 MRI-ESM2-0 MRI Japan 1.1250° x 1.1215°

9 MIROC6 MIROC Japan 1.4063° x 1.4008°

10 UKESM1-0-LL MOHC UK 1.1250° x 1.8750°

This method had demonstrated consistent and realistic perfor-
mances compared to historical climate records (Su et al., 2022;
Thrasher et al., 2012; Wood et al., 2004).

Initially, the GCMs underwent bias correction by applying
quantile mapping relationships between the historical refer-
ence data and the simulated historical precipitation and tem-
perature data from all GCMs. This correction was performed
for the overlapping period (1961—2014) at a resolution of
1° x 1° in the YZ basin. Furthermore, a spatial—temperal
disaggregation was conducted by resampling the monthly
gridded observed precipitation and temperature data at VIC-
Glacier resolution (1/12° x 1/12°). In the end, the monthly
data was temporarily broken down into daily intervals by
sampling the daily historical data based on the monthly av-
erages of the locally adjusted data for the years 2015—2100.
Following this procedure, the VIC-Glacier model utilized the
daily transient climate projections from 20 different scenarios
(10 GCMs x 2 SSPs) to generate uninterrupted projections.

3.3. Extreme flood indices

Future changes in extreme floods were assessed by ana-
lysing changes in frequency, duration and intensity.

Conceptualization of the flood frequency, duration and in-
tensity were shown in Fig. 3j.

First, we determined a flood threshold by the 95% exceed-
ance frequency of flow duration curves (FDCs) (Cigizoglu and
Bayazit, 2000) of the daily streamflow in the historical period
(1961—2014), whichwas commonly used in the analysis of
flood frequencies (Hoang et al., 2016; Lutz et al., 2016; Sun
et al., 2021). The occurrence of extreme floods was from the
onset when daily streamflow exceeded this extreme flood
threshold to the end when daily streamflow was below this
threshold. The annual flood frequency (Freq) was the number of
flood occurrences within a year (Table 2). The annual maximum
consecutive flood days (CFD), the maximum consecutive days
within a year when daily streamflow remains above the extreme
flood threshold, were calculated for the extreme flood duration
(Table 2). The annual maximum daily discharge (AMD) was
calculated for the extreme flood intensity. In addition, we also
used it to measure flood intensity with return periods of 20, 50,
and 100 years (Hirabayashi et al., 2013).

Precipitation-induced runoff and glacier melt were the most
important factors responsible for streamflow changes in the
YZ basin. Here, the consecutive 5-d precipitation (Rx5day)
and total precipitation amounts were calculated when daily
precipitation estimates were greater than 95th percentile
(R95P) (Table 2). The difference between the simulated
annual maximum daily discharge with and without glacier
runoff was calculated to analyse the role of glacier melt in
extreme floods. In addition, we designed the beginning day
(BD) and ending day (ED) to analyse the duration of glacier
runoff. The BD (ED) of glacier runoff was defined as the first
(last) day of the first (last) 5 consecutive days when daily
glacier runoff exceeded a threshold, which was in the 95th
percentile of daily glacier runoff during May—September in
the historical period (1961—2014) for each sub-basin.

The implications of the projected changes in future floods
for human society could be measured by the populations and
gross domestic product (GDP) (Hirabayashi et al., 2013). The
population exposed to flooding was calculated by overlaying
the simulated inundation area onto a gridded population
dataset (Hirabayashi et al., 2013). It was calculated as
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Fig. 3. (a—i) Simulated annual frequency, duration and intensity of floods in the upstream region of the Nuxia (NX) hydrologicial station and downstream region
between NX and the Pasighat (BXK) outlet (NX-BXK) of the Yarlung Zangbo (YZ) river basin with 30-year moving windows from 1971 to 2100 (The solid lines
for the projection period (2015—2100) indicate the ensemble means of 10 transient simulations for each year. Shadings denote the standard deviation of 10
hydrological model runs driven by different climate models under each SSP. (j) conceptualization of the flood frequency, flood duration that is defined by annual
maximum consecutive flood days (CFD), and intensity of flood that is defined by annual maximum daily discharge (AMD), (k) the AMD corresponding to 20, 50
and 100-year return periods under each SSP with three 30-year windows including the reference (1971—2000) and two future periods (2021—2050 and
2071—2100) based on the ensemble mean of 10 transient runs for each SSP (The spatial pattern of the AMD based on the ensemble mean of 10 transient runs for

SSP5-8.5 are shown at the bottom. Asterisks indicate the 0.05 significant level).

Table 2

Details of statistical extreme indices.

Index Descriptive Definition Unit
Freq Extreme flood frequency Annual number of flood occurrences when daily discharge > 95th percentile times
CFD Extreme flood duration Consecutive days when daily discharge > 95th percentile d
AMD Extreme flood intensity Annual maximum daily discharge m?s7!
Rx5day Extreme precipitation Annual maximum consecutive five day precipitation mm
RI5P Extreme precipitation Annual total precipitation from daily precipitation > 95th percentile mm

E =P X ffo0d (1) consistently projected to change to a strong increase

where, E is the exposure, ffiooq 18 the simulated AMD, and P is
the population number. The GDP exposed to flooding was also
calculated by Eq. 1, where P was replaced by GDP. The future
population dataset was from https://sedac.ciesin.columbia.edu/
data/set/popdynamics-1-km-downscaled-pop-base-year-pro-
jection-ssp-2000-2100-rev01), and the future GDP dataset was
from https://www.zenodo.org/record/5880037.

4. Results
4.1. Change in extreme floods

Under an ongoing and expected continued wetting
(23—62 mm per decade) and warming (0.4—0.8 °C per

decade) trend throughout the 21st-century in the YZ (Table
Al), general declines in the historical flood extremes were

throughout the 21st-century in all basins under both SSPs
(Fig. 3a—i). This result was consistent with the annual change
in total runoff that was dominated by increased precipitation-
induced runoff (Fig. 1).

The increased extreme floods were mainly reflected in their
duration and intensity. Extreme flood duration was projected
to increase 1—2 d per decade and 4—10 d per decade in all
basins for or SSP2-4.5 and SSP5-8.5, respectively (Fig. 3d—f)
for 2021—2100, with greater increase rates (8—12 d per
decade) in the latter half of the century for the SSP5-8.5.
Compared to 1971—2000, flood duration was estimated to
rise by 5%—58% under SSP2-4.5 and by 146%—343% under
SSP5-8.5 during 2071—2100, respectively (Table A2). Flood
intensity was projected to increase (153—985 m® s~' per
decade) for 2021—2100 in all basins under both SSPs (Fig. 3).
The same direction of change in flood intensity at different
return periods occurred in the YZ basin (Fig. 3k). Relative to
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1971—2000, multi-model means of the 2071—2100 daily
maximum discharge were projected to increase by 3%—50%
for the 20-year occurrence interval, 4%—58% for the 50-year
occurrence interval and 6%—60% for the 100-year occurrence
interval in the YZ basin under both the SSPs (Fig. 3k). The
change in flood frequency remained almost stable, which was
projected to increase less than 1-in-10-year under both the
SSPs (Fig. 3).

Although extreme floods were projected to increase,
regional differences in flood characteristics occurred between
the NX and NX-BXK sub-basins of the YZ basin. The
increased rates of flood frequency and intensity for
2021—2100 in the NX-BXK were higher than those in the NX,
but the increased rate of flood duration (1—4 d per decade) in
the NX-BXK was lower than that in the NX (2—9 d per
decade; Fig. 3). This suggests that extreme flooding in the NX-
BXK indicated higher intensities and frequencies, and shorter
durations, while the opposite was true in the NX sub-basin.

The daily maximum discharge during June—September
was mostly affected by monsoon rainfall for the YZ basin.
The Rx5Day and R95P showed increasing trends throughout
the 21st-century under two SSPs in the YZ and its two sub-
basins (Fig. 4; Table A3). The increased rates of the
Rx5Day and RO95P for 2021-2100 in the NX-BXK
(1.6—3.7 mm per decade and 15.5—41.4 mm per decade)
were higher than those in the NX (0.1—1.3 mm per decade
and 4.8—19.4 mm per decade), which were consistent with
changes in flood frequency and intensity (Fig. 3). Relative to
1971—2000, multi-model means of the 2071—2100 Rx5day
were projected to increase by 3%—4% in each SSP in
2021—2050, and 5%—21% in 2071—2100 in the NX basin.
However, it was projected to decrease by 2%—3% in each

SSP in 2021—-2050, and increase by 7%—19% in 2071—2100
in the NX-BXK sub-basin (Fig. 4; Table A3). The change of
the R95P was similar to the Rx5Day in these two sub-basins,
and showed a high consistency with flood intensity (CC > 0.9,
p < 0.05) in the NX and NX-BXK sub-basins, suggesting that
extreme precipitation was the primary climatic factor driving
the increase in future extreme flood changes. As a result of
different changes of the Rx5Day and R95P, multi-model
means of the 2071—2100 Rx5day were projected to increase
by 2%—20% in each SSP, and the R95P was projected to
increase by 27%—111% under the SSP5-8.5 in the YZ basin
(Fig. 4; Table A3).

4.2. Role of glacier melt in extreme flood changes

Glacier melt was also an important influence on changes in
extreme floods in glacierized regions (Su et al., 2022).
Glacier runoff was projected to increase (2—30 mm per
decade; Fig. 1d—f) throughout the 21st-century, but there was
also a general fall or slowing growth in the late first half of
the century under SSP2-4.5, and in the second half under
SSP5-8.5 (Fig. 1d—f), associated with a shrinking area of
glaciers (Fig. 1j) and warming rate reduction during those
periods. With glacier runoff increasing, relative to
1971—-2000, the beginning day of glacier melt was projected
to earlier, and the ending day was later for near and long term
future periods under both SSPs in the YZ (Fig. 1k—p), sug-
gesting that the increased duration of glacier melt. In addi-
tion, glacier runoff changes in the NX-BXK were more
sensitive to climate changes than those in the NX, with faster
increasing rates and earlier beginning days, mostly due to
larger glacier coverage.
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The increased magnitude and duration of glacier melt
enhanced its effect on extreme floods throughout the 21st-
century (Fig. 5). Glacier melt was projected to contribute of
15%—21% to the annual maximum discharge under both SSPs
in the YZ basin, and the contribution was projected to increase
from 1971 to 2000 to 2071—2100 under the SSP5-8.5
(Fig. 5g—1). The effect of glaciers on flood intensity was
stronger in the SSP5-8.5 than in the SSP2-4.5 during
2071—2100, mostly due to the general decline of glacier
runoff under the SSP2-4.5 (Fig. 1). In addition to the intensity,
the effect of glacier melt on flood duration was projected to
increase in the YZ basin (Fig. 6), which enhanced the flow
duration curves (FDCs) from precipitation-induced discharge
during flood events (exceedance probability of >95 %). For
example, for precipitation-induced runoff, historical peak
flows higher than 8000 m* s~! typically occur in extreme flood
events, whereas it decreases to 81 % of the total runoff when

supplemented by glacier meltwater (Fig. 6¢). The effect of
glacier melt on extreme floods was predicted to be stronger in
the NX-BXK than in the NX, with a higher reduction in the
NX-BXK (79%—81%). The effect of glacier runoff on
the duration of extreme floods increased in the latter half of the
21st century in all basins under both SSPs, with an exceedance
frequency of 77%—83% (Fig. 6g—i, m—o0), owing to large
increases in glacier runoff (Fig. 1). Compared with flood in-
tensity and duration, glacier melt played weaker roles on the
beginning day of extreme floods (Fig. 5a—f).

Flooding can severely damage socioeconomic develop-
ment. The mean annual maximum daily discharges were
higher in the middle and downstream YZ basin (Fig. 7), where
the Lhasa, Rikaze and Linzhi contain more than 70% of the
basin's population and produce more than 85% of the basin's
GDP. Hence, subsequent socioeconomic exposures to flood
intensity were the highest in these regions, with population

NX NX-BXK YZ
300 300
(a) (b) ©
\ 300 | A
260 ] \ I 200/ \
3 ‘ 260 ‘ j/ \\
g | | J\ I
2 2204 220 ] 220
<
5 /
N / / \
180 |
180 \/ \\ 180
140 | v
Hist [ SSP2-4.5 [ SSP5-8.5
1971-2020 20212050  2071-2100 1971=2020  2021-2050  2071-2100 4079772020 20212050 2071°2100
300 300
(d) (e)
A N\
300 | /\
260 ‘ 2601/ \
—_ ]\
5 ‘ 260 s“ [\
5} | | / | \
S | \ / | \
2 11 ) / {/ \
g 20 / 2201 220 | \
[*3 / \
)<} \ / /
A \ 180 ‘
180 - \ 180 \\
) 140 /
Hist F=7ISSP2-4.5 [ISSP5-8.5 u
14 T T T T T T 14 T T T
0 9712020 20212050 207122100 197122020 202122050  2071-2100 09712020 20212050 207122100
10000 10000 16000 - "
_ —__ Total, SSP2-4.5 (2 (h) 19.7% | 19.0% | 19.6% O]
| 1 SS -
do 6000 No glacier, SSP2-4.5 8000
£ 15.5% 12000
= 6000 6000
<
400l | 400l Jj8ooy_ 00000000
1960 1980 2000 2020 2040 2060 2080 2100 1960 1980 2000 2020 2040 2060 2080 2100 1960 1980 2000 2020 2040 2060 2080 2100
12000{ - -~ - Total, SSP5-8.5 @ | 12000 19.8% ® | 50000 27 [ 196% T 205% | ®
f\ - === No glacier, SSP5-8.5 / ~ -
"‘g 8000 | [15.5%[16.1% [16.3% . 8000 . | 140004 o
a = IR e
- N - o N e g I I e
< 8000

4000

000 i : - - - r T
1960 1980 2000 2020 2040 2060 2080 2100

Year

1960 1980 2000 2020 2040 2060 2080 2100

Year Year

1960 1980 2000 2020 2040 2060 2080 2100
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Fig. 6. Flow duration curves for simulated daily runoff with and without glacier melt under SSP2-4.5 and SSP5-8.5 during 2021—2050 and 2071—2100 in the YZ
basin and its NX and NX-BXK sub-basins (The solid lines for the projection periods indicate the ensemble means of all transient simulations. Shadings denote the
standard deviation of 10 hydrological model runs driven by different climate models).

(GDP) exposure to floods of 8—12 million persons (33—50
billion CNY, Fig. A2). The spatial pattern of the effect of
glacier melt on flood intensity (Fig.Al), the difference be-
tween the simulated annual maximum daily discharge with
and without glacier melt (Fig. A1), was similar to the spatial
pattern of glacier distribution (Fig. 7a), with the strongest
(10,000—35,000 m> s~ ') in the NX-BXK sub-basin (Fig. 7b).
The glacier contribution to flood-subsequent population ex-
posures was approximately 6%—8% (0.4—0.9 million people)
in the YZ basin in 2071—2100 under the SSP5-8.5, and 10%—
13% (1.0—1.6 million people) in the middle and downstream
sub-basin (Fig. A2). The GDP exposures were approximately
2%—5% (0.7—2.5 billion CNY) in the YZ basin, and 7%—8%
(2.3—3.3 billion CNY) in the downstream sub-basin in
2071—2100 under the SSP5-8.5 (Fig. 7c). In summary, the
influence of glacier runoff on flood-subsequent socioeconomic

exposures was limited, mostly due to the low contribution of
glacier runoff and the small population and the GDP in the
glacier regions. It was gradually offset by precipitation-
induced flooding from glacier areas to downstream regions.

5. Limitations and implications

This study highlights the effect of glacier melt on future
extreme floods in the YZ basin based on a well-validated
large-scale glacier-hydrology model. Generally, tipping point
of glacier runoff played important roles in flood timing and
intensity, especially in melt-dominated basins. However,
existing studies on tipping points have shown some un-
certainties in the YZ basin. Huss and Hock (2018) suggested
that glacier runoff was projected to continue to rise until
2030 + 18 to 2049 + 30 in the Brahmaputra basin. Rounce
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Fig. 7. Simulated spatial pattern of glacier coverage, annual maximum discharge of glacier melt, and exposure of population and GDP to annual maximum
discharge of glacier melt in the YZ basin based on the ensemble mean of 10 transient runs in 2071—2100 under the SSP5-8.5.

et al. (2020) suggested that all southeast Asia basins (e.g.,
Ganges and Brahmaputra) will reach the tipping point of
glacier runoff by 2050 for all emission scenarios. The differ-
ences primarily stemmed from uncertainties regarding forcing
inputs and the glacier-hydrological process. The ranges in
future climate projections were highly related to historicial
forcing inputs, which were the basis for bias correction of the
GCMs. The degree day algorithm is a feasible way to simulate
glacier melt due to its simplicity and effectiveness (Hock,
2003). However, the degree-day factor (DDF) was major

source of uncertainty, which largely relied on the initial glacier
condition. Su et al. (2022) suggested that glacier runoff
increased approximately 1.3%—3.2% when the DDF changed
by one unit (mm °C ~' d ~') over the western TP basins.
Therefore, more available observations of meteorological data
and mass balance data in the glacier area are needed to
develop a better description of glacier-hydrological processes
in the large-scale basins of the TP. In addition to the un-
certainties in the glacier model, additional uncertainties were
introduced in the model representation of flood processes. In
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this work, flood defence infrastructure, such as reservoirs, was
not considered, and thus the estimated exposure could be
considered as the potential flood risk.

As an important international river, the YZ-Brahmaputra
River sustains the lives of approximately 70 million people
(Immerzeel et al., 2010). The Brahamaputra River basin, with
its large population and agricultural areas in the delta's
floodplain, is at serious risk of extreme floods (Wijngaard
et al., 2017). Improving the flood protection level and
increasing investment in reservoir construction would be
adaptative and responsive strategies. Yun et al. (2021) sug-
gested that a reservoir with a total storage capacity of
100.3 km® could mitigate basin-wide future wet extremes by
approximately 6%—32%. However, there was only one
reservoir (http://globaldamwatch.org), mostly used for power
generation, in the middle stream region of the YZ, and no
reservoirs in the downstream sub-basin, which is the most
severe region for extreme floods. The biggest problem was the
costs and challenges involved in building infrastructure in such
a high mountainous region. Fortunately, water stress issues in
this region have been recognized by the Chinese government,
and some risk responses and projects are currently being
employed.

Here, we used the YZ basin as a projection framework
example to help enrich the understanding of future flood
changes and risks in rainfall or meltwater-impacted basins
across the TP. The aforementioned scientific questions and
limitations were also generally noted in melt-dominated ba-
sins of the TP, such as the upper Indus and Tarim River
basins. The effect of glacier melt on extreme flooding in
these basins was stronger than that in the YZ basin, mostly
due to its greater glacier coverage and its glacier contribu-
tions to total runoff (Su et al., 2022). This suggests the
advantage of international cooperation in flood risk man-
agement by systematically and comprehensively utilizing
multiple disciplines of researchers and study methods from
different countries.

6. Conclusions

Using a well-validated large-scale glacier-hydrology
model, we extensively measured the future progression of
extreme flooding and the impact of glacier melt on alterations
in extreme floods during the 21st-century under the SSP2-4.5
and SSP5-8.5. Our main findings are summarized below.

(1) The extreme flood, which was mainly reflected by in the
duration and intensity, increased throughout the 21st-
century, with greater rates of increase in the latter half of
the century for SSP5-8.5. But regional differences in the
characteristics of flood changes occurred between the
NX and NX-BXK sub-basins of the YZ basin, with
higher intensity and frequency, and shorter duration in
the NX-BXK, and the opposite in the NX sub-basin.

(2) Glacier runoff was projected to increase (2—30 mm per
decade) throughout the 21st century, but there was also a
noticeable decline or deceleration during the first half of

the century under SSP2-4.5, and in the latter half of the
21st century under SSP5-8.5. Glacier melt was projected
to enhance the duration (12%—23%) and intensity
(15%—21%) of extreme floods under both SSPs in the
YZ basin, which would amplify the effects of future
flooding on socioeconomics.
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