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Abstract

The major rivers on the Tibetan Plateau supply important freshwater resources to riparian
regions, but are undergoing significant climate change in recent decades. Understanding the
sensitivities of hydrological processes to climate change is important for water resource
management, but large divergences exist in previous studies because of the uncertainties of
hydrological models and climate projection data. Meanwhile, the spatial pattern of local
hydrological sensitivities was poorly explored despite the strong heterogeneity on the Tibetan
Plateau. This study adopted the climate perturbation method to analyze the hydrological
sensitivities of a typical large mountainous basin (Yarlung Tsangpo River, YTR) to climate
change. We utilized the tracer-aided hydrological model Tsinghua Representative Elementary
Watershed-Tracer-aided version (THREW-T) to simulate the hydrological and cryospheric
processes in the YTR basin. Multiple datasets and internal stations were used to validate the
model, to provide confidence to the baseline simulation and the sensitivity analysis. Results
indicated that: (1) The THREW-T model performed well on simulating the streamflow, snow
cover area (SCA), glacier mass balance (GMB), and stream water isotope, ensuring good
representation of the key cryospheric processes and a reasonable estimation of runoff
components. The model performed acceptably on simulating the streamflow at eight internal

stations located in the mainstream and two major tributaries, indicating that the spatial pattern
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of hydrological processes was reflected by the model. (2) Increasing temperature led to
decreasing annual runoff, smaller inter-annual variation, more even intra-annual distribution,
and an earlier maximum runoff. It also influenced the runoff regime by increasing the
contributions of rainfall and glacier melt overland runoft, but decreasing the subsurface runoff
and snowmelt overland runoff. Increasing precipitation had the opposite effect to increasing
temperature. (3) The local runoff change in response to increasing temperature varied
significantly, with changing rate of -18.6% to 54.3% for 5°C of warming. The glacier area ratio
(GAR) was the dominant factor of the spatial pattern of hydrological sensitivities to both
perturbed temperature and precipitation. Some regions had a non-monotonic runoff change rate
in response to climate perturbation, which represented the most dynamic regions within the
basin, as they kept shifting between energy and water limited stages. The GAR and mean annual
precipitation (MAP) of the non-monotonic regions had a linear relation, and formed the

boundary of regions with different runoff trends in the GAR-MAP plot.



44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73

1. Introduction

The Tibetan Plateau (TP), known as the “Asian Water Tower”, is the source region of
several major rivers in Asia (e.g., Yarlung Tsangpo-Brahmaputra Lantsang-Mekong, Indus,
Ganges). The contributions of runoff in the source regions of TP rivers to the total runoff in
whole basins range from 6%-60% (Tang et al., 2019; Wang et al., 2020; Cao and Pan, 2014),
sustaining the ecosystems and supplying valuable freshwater resources for downstream
livelihoods (Immerzeel et al., 2010; Lutz et al., 2014). The sustainable socioeconomic
development and the decision-making of water resource management in the riparian countries
around the TP rely heavily on the runoff in the major river basins (Cui et al., 2023). Meanwhile,
the TP is a typical high mountainous cryosphere, characterized by large stores of frozen soil
and frequent multiphase water transferring, resulting in complex hydrological processes and
multiple water sources including rainfall, snowmelt and glacier melt (Li et al., 2019; Yao et al.,
2022). The melting processes of frozen water are determined by energy budget, and the runoff
change on the TP is extremely sensitive to climate change (Gao et al., 2019). Consequently,
understanding hydrological processes and estimating the runoff change on the TP is not only of
great practical significance, but also a frontier scientific question in global change.

The TP is undergoing significant climate change in recent decades, with a warming rate
twice the global average level (Yao, 2019). Based on the recently released Coupled Model
Intercomparison Project Phase 6 (CMIP6) (Eyring et al., 2016), the warming levels of 1.5°C,
2°C and 3°C over the TP will be attained around the 2030s, 2050s and 2070s, respectively, and
the precipitation is also likely to increase significantly (Cui et al., 2023). The hydrological
cycling and water resources will change correspondingly; thus it is important to understand the
hydrological processes on the TP and the hydrological response to climate change. Plenty of
studies have adopted hydrological models to project the runoff change on the TP in the future,
but the reported trends and changing rates varied considerably in existing studies. Wang et al.
(2021) and Lutz et al. (2014) projected an increasing runoff trend till the end of 21* century,
while Cui et al. (2023) predicted the runoff to decrease before the 2030s and turn over to an
increasing trend after that. A primary reason for the divergence in existing studies is the model
uncertainties. The parameters are usually inadequately constrained solely by the streamflow

observation data because of the complex hydrological processes, resulting in large uncertainties
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in the estimation on the contributions of runoff components (Tian et al., 2020; Nan et al., 2021a),
which influence the runoff projection significantly. For instance, Lutz et al. (2014) estimated
the contribution of glacier melt to annual runoft as 0.86~40.59% in the major TP rivers,
resulting in an increasing runoff with climate warming, while Cui et al. (2023) estimated the
contribution as 0.73~14.33% and resulting in a decreasing trend in the near future. Nonetheless,
recently developed hydrological models integrating key cryospheric processes (e.g., Cui et al.,
2023) have been proved as effective tools for hydrological simulations on the TP, and the high-
quality datasets of snow and glacier (e.g., Chen et al., 2018; Hugonnet et al., 2022) can provide
adequate validation for the corresponding models. Moreover, tracer-aided hydrological models
integrating modules of tracer storage, mixture, and transportation processes forced by the
outputs of isotopic general circulation models (iGCMs) have proved to constrain the
hydrological model uncertainties significantly (He et al., 2019; Birkel and Soulsby, 2015;
Stadnyk and Holmes, 2023), especially for the separation of runoff components (Nan et al.,
2021a, 2023). These developments of models and datasets bear the potential to provide a more
reasonable baseline for streamflow projection.

Another major source of runoff projection uncertainty is the uncertainty of climatic forcing
data (Li et al., 2014). The climatic data in the future are generally generated by the general
circulation models (GCMs), which cannot be directly adopted in the catchment scale because
of the insufficient spatial resolution and accuracy, so downscaling and bias correction are
necessary steps in using GCM data at regional scale (Xu et al., 2019; Olsson et al., 2015).
However, even being corrected by the observation data during the historical period, the
divergence among the outputs of different GCMs is still significant. For example, the difference
in the precipitation change over the TP among 22 CMIP6 products could be larger than 50%
(Cui et al., 2023). Bloschl and Montanari (2010) pointed out the large uncertainties of studies
analyzing the impact of climate change, and compared them to throwing a dice. As an
alternative method, producing hypothesized climate change scenarios by perturbing the current
temperature and precipitation data has proved to be valuable in investigating the hydrological
sensitivities to climate change (Ayguen et al., 2020; Rasouli et al., 2015; He et al., 2021b). The
range of climate perturbation is assumed based on the possible change range projected by an

ensemble of GCMs, providing a possible runoff change range accordingly (Su et al., 2023; He
4
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et al., 2021b). The climate perturbation method also allows for a deeper analysis of the separate
effect of each climatic factor and the compensation effects among them (He and Pomeroy,
2023).

Although plenty of studies have been conducted for the TP rivers to project the runoff
change or analyze the hydrological sensitivities to climate change, most of them were
conducted at the regional or basin scale (e.g., Su et al., 2023; Zhang et al., 2022b). The local
hydrological response to climate change could significantly differ among small catchments due
to the different geographical and meteorological characteristics (Bai et al., 2023), which is
important for local water resources utilization and management (Zhang et al., 2015).
Considering the strong heterogeneity in meteorological factors and land surface conditions in
the large river basins on the TP (Wang et al., 2021; Li et al., 2020), the local hydrological
sensitivities to climate change should have strong variability over the TP. However, the spatial
pattern and influence factors of the local hydrological sensitivities within the basin are poorly
explored, partly due to the scarce hydrological stations for model validation, resulting in a lack
of confidence in the spatial representation of hydrological processes.

Motivated by the mentioned background, this study utilized the spatially distributed tracer-
aided hydrological model THREW-T developed by Nan et al. (2021b) in the Yarlung Tsangpo
River basin, a typical large mountainous basin on the Tibetan Plateau, to explore its
hydrological sensitivity to perturbed temperature and precipitation. Snow, glacier, isotope data
and observation streamflow at nine stations were collected to validate the model. The spatial
pattern of the local hydrological sensitivities and the influence factors were analyzed in
particular. The main objectives of this study are as follows: (1) to test the performance of
THREW-T model on simulating all the hydrological and cryospheric processes in the Yarlung
Tsangpo River basin, (2) to analyze the sensitivities of hydrological processes in the Yarlung
Tsangpo River basin to a reasonable range of perturbed temperature and precipitation, and (3)

to analyze the spatial pattern and the influence factors of the local hydrological sensitivities.

2. Data and methodology

2.1 Study area
This study focused on the Yarlung Tsangpo River (YTR) basin, the upstream part of the

5
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Brahmaputra River basin, located in the southern TP (Figure 1). The YTR is one of the longest
rivers originating from the TP (longer than 2000 km), extending in the range of 27~32°N and
82~97°E with an elevation extent of 2900~6900 m a.s.l. (above sea level). The mean annual
precipitation and temperature in the YTR basin are around 500 mm and -0.2 °C, respectively.
The YTR has four major tributaries, i.e., DoxungZangbo, Nianchu River, Lhasa River, and
Nyang River, from upstream to downstream. The precipitation is dominated by the South Asian
monsoon in the Indian Ocean hydrosphere-atmosphere system, resulting in an obviously wet
season from June to September. The outlet hydrological station along the mainstream is the
Nuxia station, above which the drainage area is approximately 2x10° km?, and around 1.5% is

covered by glaciers.
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Figure 1. Locations and topography of (a) the Tibetan Plateau and (b) the Yarlung Tsangpo

River basin. The stations used for model validation are shown in Figure (b). The abbreviations
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NX, YC,NGS, LZ, GZ, GBJD, LS, TJ, PD and YBJ represent Nuxia, Yangcun, Nugesha, Lazi,
Gengzhang, Gongbujiangda, Lahsa, Tangjia, Pangduo and Yangbajing stations, respectively.
2.2 Data

The 30 m resolution digital elevation model (DEM) data for the YTR basin was extracted

from the Geospatial Data Cloud (https://www.gscloud.cn). Daily precipitation, temperature,

and potential evapotranspiration data were extracted from the China Meteorological Forcing
Dataset (CMFD, Yang and He, 2019) with 0.1° resolution. For the cryospheric processes, the
Tibetan Plateau Snow Cover Extent (TPSCE) product (Chen et al., 2018) and the second glacier
inventory dataset of China (Liu, 2012) were adopted to denote the snow and glacier coverage.
The yearly glacier elevation change data with 0.5° resolution developed by Hugonnet et al.
(2021) was used to represent the glacier mass balance. For the underlying conditions, the
MODIS leaf area index (LAI) product MOD15A2H (Myneni et al., 2015) and normalized
difference vegetation index (NDVI) product MODI13A3 (Didan, 2015) were adopted to
represent the vegetation coverages, and the Harmonized World Soil Database (HWSD, He,
2019) was used to estimate the soil property parameters. Daily streamflow data at nine stations
were collected (Figure 1 and Table 1).

Table 1. The name, location and data period of the hydrological stations

Station Mainstream/tributary Period

Nuxia Mainstream 1991~2015

Yangcun Mainstream 2001~2010

Nugesha Mainstream 2001~2010

Gengzhang Nyang river 2001~2015

Lhasa Lhasa river 2001~2015
Gongbujiangda Nyang river 2006~2009, wet season
Yangbajing Lhasa river 2006~2015, wet season
Pangduo Lhasa river 2001~2015, wet season
Tangjia Lhasa river 2001~2015, wet season

Grab samples of precipitation and stream water were collected in 2005 at four stations
along the mainstream of YTR, i.e., Lazi, Nugesha, Yangcun, and Nuxia, from upstream to
downstream, for isotope analysis (Table 2, Liu et al., 2007). The outputs of Scripps Global
Spectral Model with isotope incorporated (isoGSM, Yoshimura et al., 2008) with 1.875°
resolution were extracted to represent the spatiotemporal variation of precipitation isotope in

the YTR basin. According to our previous assessment based on the measurement precipitation
7
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isotope data, the isoGSM captured the seasonality of precipitation isotope well, but had
systematic overestimation biases in the YTR basin, which were highly correlated to the altitude
(Nan et al., 2021a). The corrected isoGSM in the YTR basin produced by Nan et al. (2022) was
adopted in this study.

Table 2. Summary of measurement isotope data in the YTR basin during 2005

Station Period Precipitation Stream

Number of 8180 (%) SD  Number &80 (%) SD

samples (%)  of (%o)

samples
Nuxia 14 Mar. — 23 Oct. 86 -10.33 7.18 34 -15.74 1.60
Yangcun 17 Mar. — 5 Oct. 59 -13.17 7.10 30 -16.57 1.69
Nugesha 14 May. — 22 Oct. 45 -14.29 799 25 -17.84 0.99
Lazi 6 Jun. — 22 Sep. 42 -17.41 575 22 -16.52 143

2.3 The tracer-aided hydrological model

A distributed tracer-aided hydrological model, Tsinghua Representative Elementary
Watershed-Tracer-aided version (THREW-T) model, developed by Tian et al. (2006) and Nan
etal. (2021b), was adopted to simulate the hydrological and isotopic processes in the YTR basin.
The model uses the representative elementary watershed (REW) method for spatial
discretization of basins, dividing the whole catchment into REWs based on DEM data. Each
REW is further divided into two vertically distributed layers (i.e., surface and subsurface layers),
including eight subzones (i.e., surface layer: vegetation zone, bare zone, main channel reach
zone, sub stream network zone, snow-covered zone, and glacier-covered zone; subsurface layer:
unsaturated zone and saturated zone) (Reggiani et al., 1999; Tian et al., 2006). This study
divided the YTR basin into 297 REWs, with an average area of 694 km?, ranging from 162 to
2753 km?. More model details are provided in Tian et al. (2006).

A cryospheric module representing the evolutions of snowpack and glacier was
incorporated into the model for application in cold regions. The total precipitation was
partitioned into liquid and solid precipitation according to a temperature threshold, which was
set as 0°C. The degree-day factor method was used to calculate the meltwater. The snow water
equivalent of each REW was updated based on the snowfall (i.e., the solid precipitation) and
the snowmelt, and the snow cover area was then determined by the snow cover depletion curve

(Fassnacht et al., 2016). To simulate the evolution of glaciers, each REW is further divided into
8
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several elevation bands to represent the change in temperature and precipitation along the
altitudinal profile. The glacier within the intersection of each REW and elevation band is
regarded as the representative unit for glacier simulation, similar to the discretization strategy
adopted by Luo et al. (2013). For each glacier simulation unit, the model simulates the processes
including the accumulation and melt of snow over glacier, the turnover of snow to ice, and the
ice melt. More details and equations of the cryospheric module are provided in Nan et al. (2021b)
and Cui et al. (2023).

The tracer module was incorporated into the model to simulate the isotope composition of
multiple water bodies. The Rayleigh equation was adopted to simulate the isotope fractionation
during water evaporation and snowmelt processes (He et al., 2019; Hindshaw et al., 2011). The
isotope composition of glacier meltwater was assumed to be constantly more depleted than the
local precipitation isotope and was estimated by an offset parameter (Nan et al., 2022). The
isotope compositions in each simulation unit were calculated based on the complete mixing
assumption. The isotope composition of snowpack and snowmelt was updated based on the
water and isotope mass balance of the snowpack, similarly with other water storages. Forced
by the precipitation isotope composition, the model can simulate the isotope composition of all
water bodies, including stream water, soil water, groundwater, and snowpack. More details and
calculation equations of the tracer module are provided in Nan et al. (2021b).

The THREW-T model quantified the contributions of multiple runoff components based
on the flow-pathway definition as reviewed by He et al. (2021a). The runoff was firstly divided
into surface runoff and subsurface runoff (baseflow) based on the runoff generation pathway.
The surface runoff was then further divided into three components induced by different water
sources (rainfall, snowmelt, and glacier melt). As a result, the total runoff was divided into four
components: subsurface runoff, rainfall overland runoff, snowmelt overland runoff, and glacier

melt overland runoff.

2.4 Model calibration and evaluation
The model was run for 25 years starting from 1991 to 2015, and was calibrated toward
four objectives: the discharge at Nuxia station from 2001 to 2015, the snow cover area (SCA)

from 2001 to 2015, the average glacier mass balance (GMB) from 2001 to 2010 in the whole
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YTR basin, and the stream water isotope at the four stations in 2005. The Nash-Sutcliffe
efficiency (NSE) was set as the evaluation metric for objectives with strong seasonality
(discharge and isotope), and the root mean square error (RMSE) was set as the evaluation metric
for objectives with essentially fluctuations (SCA and GMB) (Schaefli and Gupta, 2007). The
optimization objective function of calibration procedure was calculated by combining the
function of each objective with equal weights.

An automatic algorithm, the Python Surrogate Optimization Toolbox (pySOT, Eriksson et
al., 2019) were adopted for model calibration. The pySOT algorithm uses radial basis functions
(RBFs) as surrogate models to approximate the simulations, reducing the time for each model
run. The symmetric Latin hypercube design (SLHD) method was used to generate parameter
values, allowing an arbitrary number of design points. In each optimization run, the procedure
stopped when a maximum number of allowed function evaluations was reached, which was set
as 3000. In this study, the pySOT algorithm was repeated for 100 times, and a final parameter
set was selected from the calibrated parameter sets manually based on the overall performance
on multiple objectives. The physical basis, reference ranges and calibrated values of the
calibrated parameters in the THREW-T model are shown in Table 3.

Apart from the calibration functions, the model performances were additionally evaluated
by four statistical metrics: logarithmic NSE (InNSE), RMSE-observations standard deviation
ratio (RSR), Percent bias (PBIAS) and correlation coefficient (CC). The discharge simulation
was evaluated by InNSE to examine the simulation of baseflow process. Our previous studies
indicated that the discharge simulation performance during validation was highly correlated
with that of calibration period, partly due to the strong linearity of precipitation-discharge
relation in such a large basin, but large uncertainties existed in the discharge simulation at
internal stations even when the discharge at outlet station was simulated well (Nan et al., 2021b,
2022). Consequently, we not only conducted temporal validation based on the discharge data
at Nuxia station during 1991~2000, but also collected additional discharge data at eight internal
stations to assess the spatial consistency of model performance. The RMSE and CC of the
cumulative glacier mass balance since the beginning of simulation period were also calculated
to assess the glacier simulation, considering the temporal interpolation adopted by Hugonnet et

al. (2021) which led to uncertainty in the year scale data.
10
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where, X;, Xo, X; and X, are the simulated, observed, mean of simulated and mean of

observed hydrological variables, respectively, and # is the number of data.

Table 3. Physical descriptions, reference ranges and calibrated values of the calibrated

parameters in the THREW-T model

Symbol Unit Description Reference Calibrated
range value

WM cm Tension water storage capacity used to  0~10 2.92
calculate the saturation area

B - Shape coefficient used to calculate the 0~1 0.04
saturation area

KKA - Exponential coefficient to calculate the 0~6 5.92
subsurface runoff outflow rate

KKD - Linear coefficient to calculate the 0~0.5 0.21
subsurface runoff outflow rate

DDFs Mm/°C/d  Degree day factor for snowmelt 0~10 2.60

DDFqg Mm/°C/d  Degree day factor for glacier melt 0~10 1.51

To °C Temperature threshold above which -5~5 -4.28
snow and glaciers melting occurs

Ci - Coefficient to calculate concentration 0~1 0.04
process using the Muskingum method

C; - Coefficient to calculate concentration 0~1 0.80

process using the Muskingum method

2.5 Perturbed climatic scenarios design

Daily temperature and precipitation data extracted from the CMFD dataset were set as the

reference climate inputs. Linearly perturbed temperature and precipitation time series were

adopted to represent the potential climate change ranges. Perturbed temperature input data was

generated by adding one-degree increments to the reference daily temperature. The maximum
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temperature increase was set as 5 °C, because the temperature in the YTR basin is projected to
increase at 1°C/20 yrs, and will increase by about 5 °C until the end of this decade (Cui et al.,
2023). The influence of changing temperature on the potential evapotranspiration was estimated
by the regression between the two factors (Eq. 7) which was developed by Van Pelt et al. (2009)
and widely adopted in the projection of potential evapotranspiration (e.g., Xu et al., 2019; Cui
etal., 2023).

Ep = [1 - ao(T—To)] - Epo 0
where, T, and E_po are the mean daily temperature and potential evapotranspiration in each
REW during the simulation period, respectively. T is the daily temperature generated by the
perturbation method. «p is determined by regressing the input daily potential
evapotranspiration and temperature in each REW.

Perturbed precipitation input data was generated by multiplying the reference daily
precipitation data from 80% to 120% with an increment of 10%, similar to Su et al. (2023)
which analyzed the runoff change of three basins on the TP under hypothesized climate change
scenarios. Simulation during 2001~2015 was set as the reference scenario, because the data of
most objectives/stations were available during this period. In total, one reference simulation,
five simulations of perturbed temperature and four simulations of perturbed precipitation were
conducted. To focus on the influence of climate perturbations on the hydrological processes,
the changes of underlying conditions such as soil and vegetation were not considered. In each
scenario, the standard deviations (STD) of the simulated annual hydrological variables were
calculated to represent the uncertainties introduced by natural climate variability. The t-Test
analysis of paired two samples was conducted for the annual hydrological variables produced
by reference scenario and each climate perturbation scenarios, to analyze the statistical
significance of the changes. Apart from the basic hydrological variables, the concentration ratio
(CR) and concentration period (CP) (Jiang et al., 2022a) were calculated by Egs. 8~10 to

characterize the runoff seasonality.

CR = JR,% + R/ R, ®)
CP = arctan (Ry/Ry) ©)]
Ry =Y12 Ry X sin (6;); Ry = Y12 R; X cos (6;) (10)
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where, R; is the runoff in the ith month, R, and R, are the resulting vectors in the direction of x

and y, respectively. 8=360°/12xi=30°xi (i=1,2,...,12).

3. Results

3.1 Model performance evaluation

Figure 2 shows the model performances on the four calibration objectives. The discharge
was simulated well regarding both high flow and baseflow processes, as indicated by the high
NSE (0.82) and InNSE (0.84). The occurring times of peak flow were captured by the model,
showing the consistency in the temporal dynamics of simulated and observed streamflow, but
the simulated magnitudes of peak flow were slightly lower than the observation (Figure 2a),
partly due to the poor abilities of precipitation products on accurately capturing the high
precipitation in high elevation elevations and the amount of specific precipitation extreme
events (Li et al., 2021; Jiang et al., 2022b; Xu et al., 2017). The performance of discharge
simulation during validation period was similar with that of calibration period, with NSE and
InNSE of 0.80 and 0.88 respectively, as shown in Figure 2a. Nonetheless, the simulated annual
runoff (302 mm/yr) was very close to the observation (303 mm/yr), indicating that the amount
of total runoff was reproduced well. The simulated variation of SCA was smoother than the
observation, but the seasonality was captured well, i.e., decreasing sharply in May and
remaining extremely low from July to September (Figure 2b). The low RMSE (<0.1) suggested
that the model performed well on simulating the snow processes. The model successfully
simulated the declining glacier (Figure 2c), with an extremely high CC for the cumulative
glacier mass balance (~1). The model estimated the annual GMB in the YTR basin as -0.545
m/yr, very close to the value extracted from the dataset of Hugonnet et al. (2021) (-0.554 m/yr).
The calibrated melting temperature threshold was rather low (-4.28°C), which was partly due
to the fact that melting processes were simulated at the daily step. The model simulated the
variation of stream isotope well, indicated by the high NSE, CC and low PBIAS, which
provided confidence in the partitioning among different runoff components (Nan et al., 2021a;
He et al., 2019). The seasonality of the isotope was adequately captured: getting enriched in
May, reaching maximum in June, and getting depleted in late June/early July (Figure 2d). The
fact that the model simultaneously satisfied four calibration objectives ensured the proper

13



325  representation of the hydrological and cryospheric processes, and provided a reasonable

326  baseline for the sensitivity analysis.

.

T
L validation period H : ;! (a) - observation calibration period
NSE=0.82 InNSE=0.84 i | |: ; simulation NSE=0.80 InNSE=0.88
2 PBIAS=-0.3% RSR=0.02. H gl : PBIAS=-7.9% RSR=0.02
. o H ' H . $ -! .
g Pod Pl
"] L]
o 1
1
1

1991-01 1995-01 1999-01 2003-01 2007-01 2011-01 2015-01
06 RMSE=0.09 RSR=0.73 ' (b)
CC=0.75 PBIAS=-20.5% 7 1
: . A L e
s 0.4 L S
@ :

0.2 }]

0 = - il P L. - 3 -
2001-01 2003-01 2005-01 2007-01 2009-01 2011-01 2013-01 2015-01
0 ()
RMSE=0.05m RSR=0.74 PBIAS=5.0% CC=0.69
— RMSE_ =0.13m CC_ _=1.00
T2l cum cum
m
G4r
6 3
1 L L L L L L L L L 1 L L L 1 1 1
2000-01 2002-01 2004-01 2006-01 2008-01 2010-01
T T T
| | i
10 F (d) : !
NSE=0.42 RMSE=1.21 RSR=0.76 | Nugesha 1
= «**, PBIAS=0.6% CC=0.70 ! 9 !
E 14 : e ; !
° | P | I
2 I 4o [ i ]
0 o I g . | oateset !
18 Nuxia * | Yangcun ¢T3 ! S|
\ | I
22 1 1 | | 1 | | | |- | | | 1 | | 1 | ol | | 1 | | 1 L1
O S N K S SR T T SO
R S S L U R P G O (O

327

328  Figure 2. The model performances on the calibration objectives. (a) the streamflow discharge
329  at Nuxia station, (b) the snow cover area ratio in the YTR basin, (c) the average glacier mass
330  balance in the YTR basin, and (d) the stream water isotope at four stations in 2005.

331 Figure 3 shows the streamflow simulation at eight internal stations. The performance
332  ratings were evaluated based on four metrics following the guideline by Moriasi et al. (2007).
333 At the two stations located along the mainstream (Yangcun and Nugesha), the high flow
334  processes were simulated well as indicated by the high NSE, but the baseflows were
335  overestimated (Figure 3a and b). In contrast, the high flow processes were underestimated at
336  Gengzhang station, but the baseflows were reproduced well (Figure 3c). The model produced

337  fair performance on both high flow and baseflow simulation at Lhasa station, showing moderate
14
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NSE and InNSE (Figure 3d). For the four stations where only the data during the wet season
were available, the PBIASs were at good levels (within +15%) except for Gongbujiangda
station (Figure 3e-h). Overall, the streamflow simulations at internal stations were not as good
as the calibrated outlet station, but were at acceptable levels, as indicated by at least one
satisfactory metric except for Gongbujiangda station. The high flow processes and runoff
amount were reproduced relatively well, as indicated by the generally satisfactory NSE and
PBIAS. But the small time-scale fluctuations and extremes were mostly not captured well,
because the model was not evaluated toward metrics related to hydrological signatures
(McMillan et al., 2017; Majone et al., 2022; Fenicia et al., 2018). Nonetheless, the validation
based on the internal stations gave confidence in the spatial pattern of the hydrological

processes and their sensitivities to the perturbed climate.
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Figure 3. The model performances on the streamflow simulation at the internal stations.

3.2 Sensitivities of hydrological variables to perturbed temperature and precipitation
The sensitivities of annual runoff, snow cover area, and glacier mass balance to perturbed
temperature and precipitation are shown in Figure 4. The relationships between hydrological
variables and precipitation/temperature showed strong linearity, which was similar with Su et
al. (2023) analyzing the hydrological sensitivities in three other large basins on the TP (~10°
km?), but was different from He et al. (2021b) which conducted a similar analysis in a small

boreal forest basin in Canada (603 km?). The annual runoff kept decreasing significantly with
15



358
359
360
361
362
363
364
365
366
367
368
369
370

371
372
373
374
375
376
377

378

the increasing temperature at the rate of -2 mm/°C due to the increasing evaporation (Figure
4a). The decreasing rate got small when the temperature increase was higher than 3°C, partly
because the controlling factor of evaporation changed from energy limitation to water limitation
(Wang et al., 2022). The runoff change in response to increasing temperature was rather small
compared to the intra-annual runoff variability. The snow cover area ratio significantly reduced
with the increasing temperature at the rate of -1.5%/°C because of the decreasing snowfall and
increasing snowmelt, and would be smaller than half of the reference scenario for 5°C of
warming (Figure 4b). The glacier mass balance significantly got more negative with the
increasing temperature because of the reducing accumulation and increasing meltwater, at the
rate of -0.16 m/°C (Figure 4c). Among the three variables, the glacier mass balance was the
most sensitive to the warming climate, the relative change of which could be 150% for 5°C of
warming (Figure 4d). The changes of runoff, snow cover area and glacier mass balance in

response to increasing temperature were all statistically significant at 0.01 significance level.
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Figure 4. The sensitivities of annual runoff, snow cover area, and glacier mass balance to the
perturbed temperature (a-d) and precipitation (e-g). Subplots (d) and (h) are the relative changes
of runoff, SCA and GMB compared to the reference scenario.

The hydrological sensitivities to perturbed precipitation were opposite to that of
temperature. The annual runoff increased at the rate of 38.4 mm/10% with the increasing
precipitation (Figure 4e). The relative change in runoff was larger than precipitation (Figure

4h), indicating an increasing runoff coefficient with increasing precipitation. This also indicated
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a small relative change in evaporation in response to precipitation perturbation, again
suggesting that the energy limitation played more important role than water limitation on
evaporation in the reference scenario. With the increasing precipitation, the snow cover area
increased at 0.7%/10%, and the glacier mass balance got more positive at 0.014m/10% because
of the larger amount of snowfall and snow/ice accumulation (Figure 4f and 4g). Among the
three variables, the runoff had the highest sensitivity to perturbed precipitation, with a relative
change rate of 13%/10% (Figure 4h), while the changes of snow cover area and glacier mass
balance were within the range of £10% when precipitation changed by 20%. The changes of
runoff, snow cover area and glacier mass balance in response to perturbed precipitation were

all statistically significant at 0.01 significance level.

3.3 Sensitivities of runoff variation to perturbed temperature and precipitation

The sensitivities of inter- and intra-annual runoff variation to perturbed temperature and
precipitation are shown in Figure 5. The average monthly runoff were calculated based on the
simulated hydrographs during the entire simulation period, and the inter-annual runoff variation
was represented by the STD. The change of inter-annual runoff variation was consistent with
that of total runoff. The inter-annual runoff variations were also lower in the scenarios with less
runoff (increasing temperature or decreasing precipitation), showing the narrower ranges of the
error bars in Figure 5a-b, and vice versa. Despite the decreasing runoff caused by increasing
temperature, the average runoff for 5°C of warming was still much higher than the lower error
bar of the reference scenario (Figure 5a), suggesting that the runoff change tendency caused by
the increasing temperature was relatively small compared to the inherent runoff variability. On
the contrary, when precipitation increased by 20%, the average annual runoff was higher than
the runoff in wet years of reference scenario (Figure 5b), indicating that the trend of
precipitation change had a larger influence on the runoff than the inter-annual variation of

precipitation.
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Figure 5. Sensitivities of intra- and inter-annual streamflow variability to the perturbed
temperature and precipitation. (a) and (b) monthly runoff, (c) and (d) relative change of monthly
runoff.

The sensitivities of monthly runoff were different among months. Although increasing
temperature led to a decrease in the total runoff, it caused an increasing spring runoff. The
monthly runoff in April increased most significantly, which increased 20% for 5°C of warming
(Figure 5e). This could be attributed to the increasing snowmelt, because the SCA decreased
significantly during the same period (Figure 2b). The monthly runoff in all twelve months
changed accordingly to perturbed precipitation, but the change during wet seasons (August to
October) was the most significant (Figure 5f). The different monthly runoff sensitivities in
response to perturbed temperature and precipitation indicated that temperature changes
influenced more on baseflow, while precipitation changes had higher impact on high flow

processes. As a result, increasing temperature caused a more even distribution of monthly
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runoff, while increasing precipitation had the opposite effect. The CR decreased from 0.432+

0.044 to 0.402+0.046 for the warming of 5°C, indicating a more even seasonal runoff

distribution caused by increasing temperature. The CP decreased by around two days, indicating

that climate warming would result in advance of maximum runoff. The STD of CP slightly

increased from 7.09 days at the reference scenario to 7.45 days for the warming of 5°C. On the

contrary, the CR changed from 0.398+0.039 to 0.465+0.045 when precipitation increased from
80% to 120% of the reference, indicating that increasing precipitation made the distribution of
runoff more concentrated. The CP advanced by 2.2 days in response to a 20% decreasing
precipitation, but only recessed by 0.3 days in response to an increasing precipitation with the

same magnitude. Similar with the response to warming temperature, the STD of CP also slightly

increased in response to increasing precipitation. The change of CR was significant at

significance level of 0.01 in all scenarios, but the change of CP was insignificant in some
scenarios, including T +1°C, 110% P and 120% P, with p value of 0.014, 0.02 and 0.12,
respectively.

Table 4. The concentration ratio (CR) and concentration period (CP) of runoff in different

scenarios with perturbed temperature and precipitation

CR CP (days)
Average STD Average STD
Reference scenario 0.432 0.044 244 .4 7.09
T scenario +1°C 0.425 0.044 244.1 7.12
+2°C 0.419 0.045 243.8 7.18
+3°C 0.413 0.045 2433 7.26
+4°C 0.408 0.046 242.8 7.36
+5°C 0.402 0.046 2423 7.45
P scenario 80% 0.398 0.039 2422 6.86
90% 0.415 0.042 243.6 7.01
110% 0.449 0.045 244.7 7.13
120% 0.465 0.045 244.7 7.14

3.4 Sensitivities of runoff components to perturbed temperature and precipitation

The contributions of runoff components in the YTR basin under scenarios with different
temperature and precipitation are shown in Figure 6. In the reference scenario, the subsurface
runoff was the dominant component, contributing 67.8+1.7% to the total runoff. Among the

three surface runoff components, rainfall was the dominant water source contributing 21.6+
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1.3% to the total runoff. Glacier melt overland runoff had considerable contribution to the

runoff which contributed 7.4+1.4% to the total runoff, while the contribution of snowmelt
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overland runoff was only 3.2+0.9%. The annual subsurface runoff was 195.8+31.0 mm/yr (39.2
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+6.2 km¥/yr), close to the amount (30 km’/yr) estimated by Yao et al. (2021) with the

groundwater model MODFLOW. It should be noted that in our model all the glacier meltwater
was assumed to generate surface runoff directly because of the impermeable glacier surface,
while the snowmelt was assumed to be partitioned into two components (infiltration and surface

runoff) (Nan et al., 2021b, 2023; Schaefli et al., 2005).
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Figure 6. Sensitivities of the runoff components to perturbed temperature and precipitation.
(a) and (b) amounts of runoff components, (c) and (d) contributions of runoff components to
the total runoff.

With the increasing temperature, the amount and proportion of subsurface runoff decreased
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at -5.6mm/°C and -1.6%/°C, because climate warming increased evaporation and consequently
reduced the subsurface water storage and outflow. The rainfall and snowmelt overland runoff
increased at 1.3mm/°C (0.6%/°C) and decreased at -0.9mm/°C (-0.3%/°C), respectively,
because more rainfall was partitioned from total precipitation due to higher temperature. The
glacier melt overland runoff increased significantly at 3.7mm/°C (1.4%/°C) with the increasing
temperature, and the contribution to total runoff could be around 15% for 5°C of warming. The
amount of all four runoff components increased with the increasing precipitation (Figure 6b),
with rates of 30.1mm/10%, 6.8mm/10%, 1.0mm/10% and 0.1mm/10% for subsurface, rainfall
overland, snowmelt overland and glacier melt overland runoff, respectively. However, only the
proportion of subsurface runoff increased at 1.6%/10% with the increasing precipitation, while
the proportions of three other components all decreased, with rates of -0.5%/10%, -0.1%/10%
and -1.0%/10% for rainfall overland, snowmelt overland and glacier melt overland runoff,
respectively (Figure 6d), because there was a much higher increase in the total runoff. Overall,
the contributions of runoff components were more sensitive to temperature perturbation than
precipitation perturbation.

Figure 7 and Tables S1-S4 show the runoff components in different seasons and their
sensitivities to perturbed climate. The subsurface runoff was the dominant component in all
four seasons in the reference scenario, with contribution ranging from 53% in summer to 99%
in winter. The contribution of snowmelt overland runoff was extremely low in the seasons
except for spring because of the small SCA in summer and autumn and the low temperature in
winter. The contribution of snowmelt overland runoff in spring was close to that of rainfall
overland runoff (Figure 7e-h). The contribution of glacier melt overland runoff was around half
that of rainfall overland runoff in all four seasons. With climate warming, the contribution of
subsurface runoff decreased in all four seasons, while the contributions of rainfall and glacier
melt overland runoff increased. The significantly increasing glacier melt and rainfall led to an
increase in the total runoff in spring (Figure 7a). The contribution of snowmelt overland runoff
decreased in three seasons except for winter, during which its contribution slightly increased,
and got around 3% for 5°C of warming (Figure 7h). With increasing precipitation, the amounts
of four components increased in all seasons (Figure 7i-1), but the contributions of components

remained nearly unchanged in spring, autumn and winter (Figure 7m, o-p). The contributions
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of runoff components were sensitive to perturbed precipitation only in summer, during which

subsurface runoff contributed more to the runoff with increasing precipitation, while the

contributions of rainfall and glacier melt overland runoff decreased significantly (Figure 7n).
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Figure 7. Sensitivities of the seasonal runoff components to perturbed temperature and

precipitation. (a)-(d) sensitivities of amounts of runoff components to perturbed temperature,

(e)-(h) sensitivities of contributions of runoff components to perturbed temperature, (i)-(1)

sensitivities of amounts of runoff components to perturbed precipitation, (m)-(p) sensitivities

of contributions of runoff components to perturbed precipitation.

3.5 Spatial pattern of local hydrological sensitivities

Considering that the YTR basin is a large basin with drainage area of 2x10° km?, the spatial

pattern of the local hydrological sensitivity was further analyzed with the assistance of the
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spatially distributed model structure. The runoff change at REW scale in four typical scenarios
(i.e., 1°C of warming, 5°C of warming, precipitation changing to 80% and 120%) are shown in
Figure 8. All REWs have the same runoff trend with the precipitation perturbation (Figure 8c
and 8d). The runoff increasing ranged from 12.2% to 40.4% when precipitation increased by
20%. In most REWs, the runoff changed at larger rates than precipitation, with few exceptions
located in the tributaries of Nyang River, Lhasa River and the source region of mainstream,
showing shallow red/blue colors in Figure 8c and 8d. On the contrary, the REW scale runoff
changes in response to increasing temperature had strong spatial variability (Figure 8a and 8b).
Although the runoff at the basin outlet decreased with climate warming, the REW scale runoff
increased in about half of REWs. For 5°C of warming, the REW scale runoff changes ranged
from -18.6% to 54.3%. Most REWs with increasing runoff were located upstream of the
mainstream, the Nianchu River, the Nyang River, and the tributary of Lhasa River (Figure 8b).

The statistical significance of runoff change in response to climate perturbation was
analyzed. The runoff change in response to perturbed precipitation was significant in all the
REWs, but things were different for warming temperature scenarios. The number of REWs
with insignificant change trend decreased with the temperature warming level. In specify, the
runoff change was insignificant (at significance level 0f 0.01) in 26% and 15% area of the whole
basin, for the warming of 1°C and 5°C, respectively (Figure S1). The statistical significance in
response to warming temperature was related to the runoff change magnitude and drainage area
(Figure S2). Consequently, although the runoff change at basin outlet was rather small
(decreasing by 0.9% and 3.4% for the warming of 1°C and 5°C, respectively), it was still
statistically significant.

The runoff in some REWs changed non-monotonically with increasing temperature, i.c.,
the runoff change trend was reversed in different temperature intervals. Most of such non-
monotonic REWs were located in the upstream region of the mainstream, with some others
located in the major tributaries Nyang River, Lhasa River and Nianchu River (Figure 8e). In
about 75% of non-monotonic REWs, the runoff first decreased for 1°C of warming, and then
changed to an increasing trend at higher warming levels, and the reserved trends occurred in
the other 25% of REWs. The threshold temperature of trend turning differed among non-

monotonic REWs, which was 3°C in about half of the REWSs. The runoff change rates in
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response to increasing temperature were generally low in non-monotonic REWs, most within

the range of +1%/°C.
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Figure 8. The change of REW scale runoff in response to perturbed temperature and
precipitation. (a) and (b) runoff change in response to temperature perturbation, (c) and (d)
runoff change in response to precipitation perturbation, (e) the locations of REWs showing non-

monotonic runoff change in response to increasing temperature.

4. Discussions

4.1 The influence factors of local hydrological sensitivities: the role of glaciers

Our results show the strong spatial variability of the REW scale hydrological sensitivities
to perturbed climate. Consequently, the influence factors of the local sensitivities are analyzed
in this section. The basic characteristics, including mean annual temperature (MAT), mean
annual precipitation (MAP), average elevation (ELE), drainage area (DRA), and glacier area
ratio (GAR) were calculated for each REW as the potential factors. It should be noted that,
considering the runoff concentration processes between the upstream and downstream REWs,
the above characteristics were not calculated solely within each REW, but for the total drainage
area controlled by each REW. The correlations between the runoff change for
temperature/precipitation increasing by 5°C/20% and the potential influence factors were
analyzed. The relations with the two factors with the highest coefficients are shown in Figure
9. Detailed data and relations with lower coefficients are shown in Table S5 and Figure S3.

The GAR was the most correlated factor for the hydrological sensitivities to the
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perturbation of both temperature and precipitation, with coefficients higher than 0.8 (Figure 9a
and 9¢). The runoff change for 5°C of warming increased with the increasing GAR (Figure 9a),
because of the balance between the decreasing runoff caused by evaporation and the increasing
runoff contributed by glacier melt. In REWs where the GAR was higher than a threshold, the
increasing glacier melt could offset the increasing evaporation, and the runoff increased with
climate warming. The threshold GAR was different among REWs, ranging from 1~5%. For the
REWs with GAR larger than 10%, the runoff increase for 5°C of warming could be higher than
20%. The hydrological sensitivity to increasing temperature also had a weak but significant
negative correlation (#=-0.31, p<0.01) with the MAT of the REW (Figure 9b), which could be
partly attributed to the interrelation between GAR and MAT, i.e., the GAR tended to be lower
in warmer regions, and the runoff consequently decreased in response to increasing temperature.
A lower bound of runoff change could be observed in Figure 9b for the REWs with relatively
high MAT, again indicating the different limitation factors of evaporation, i.e., in relatively
warm regions, the evaporation was limited by the water condition, so increasing temperature

did not cause more evaporation (Wang et al., 2022).
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Figure 9. The correlations between the hydrological sensitivities to climate perturbation and
the dominant influence factors.

On the contrary, the runoff change in response to increasing precipitation had a significant
negative correlation (r=-0.84, p<0.01) with the GAR (Figure 9c), mainly due to the spatial
variability of the runoff components. In REWs with larger GAR, the contribution of
precipitation-induced runoff was relatively low due to the large contribution of glacier melt
runoff, thus the influence of increasing precipitation on runoff change was also small. It should
be noted that based on regression line in Figure 9c, the runoff change would be around zero in
regions with GAR higher than 35, which was a rather surprising inference. This might be due
to the small sample of REWs with high GAR based on current spatial discretization, resulting
in the poor confidence in the end of the regression line. The runoff change in response to
increasing temperature also negatively correlated with the MAP (r=-0.42, p<0.01, Figure 9d).
The contribution of subsurface runoff component was higher in wetter conditions (Figure 6d),

resulting in more evaporation and a lower runoff coefficient, which caused a relatively small
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increase in runoff, similar with the finding by He et al. (2021b).

Our results indicate that the runoff in some REWs changed non-monotonically in response
to the increasing temperature. The characteristics of these non-monotonic REWs were further
analyzed. Interestingly, the GAR of non-monotonic REWs had a good linear relationship with
their MAP (Figure 10a). The regression equation of the linear relation was
GAR(%)=0.011*MAP(mm)-2.43 (+=0.92). Moreover, this regression line was the dividing line
between the REWs where runoff increased with increasing temperature and those with opposite
runoff trends in the GAR-MAP plot (Figure 10a). The REWs located in the upper part of the
plot had larger runoff increasing rates. This indicated that the local hydrological sensitivity to
increasing temperature was determined by the relationship between GAR and MAP. In wetter
REWs with larger MAP, more glaciers were needed to offset the decreasing runoff due to the
increasing temperature and evaporation. These findings suggested the important role of glaciers
in determining the runoff change in response to climate change. Similar characteristics were
observed in the precipitation perturbation scenarios (Figure 10b). The runoff change rate was
different from the precipitation change rate in all REWs, and was consistently either higher or
lower than precipitation change rate in most REWs. But there were three REWs shifting from
AQ/AP <1 to>1, the GAR and MAP of which also had linear relationship, forming the boundary
of REWs where runoff changed more significantly than precipitation and those with lower
runoff change rate. However, there were only three such non-monotonic REWs for precipitation
perturbation scenarios, providing less confidence to the boundary line. As a result, there were
some REWs lying lower than the boundary line but with lower runoff change rate than

precipitation (Figure 10b).
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Figure 10. The interrelation among the REW scale glacier area ratio, mean annual

precipitation and the runoff change for (a) 5°C of warming and (b) 120% precipitation.

4.2 Implications of the sensitivity analysis

The sensitivity analysis indicated the important role of glaciers in providing meltwater to
offset the runoff decreasing caused by climate warming. Our study showed that glacier
meltwater had a limited contribution to the total runoff in the YTR basin, similar with some
recent studies (Wang et al., 2021; Cui et al., 2023), resulting in a decreasing runoff trend with
increasing temperature. However, the spatial pattern analysis indicated that the role of glacier
melt runoff could be rather significant in the regions with large area covered by glaciers. For
example, the runoff increased significantly in the Yangbajing tributary of the Lhasa River in
response to increasing temperature (Figure 8), consistent with previous research estimating a
high contribution of glacier melt to runoff in this region (Lin et al., 2020; Wang et al., 2023). It
is therefore necessary to address the spatial scale issue when discussing the role of glacier
meltwater on water resources.

Several studies have stressed the important role of glaciers on the TP as the largest global
store of frozen water which supplied freshwater resources to downstream regions (Yao et al.,
2022). This study quantitively estimated the role of glacier meltwater in offsetting the
decreasing runoff with increasing temperature and evaporation. Our results indicated that the
influences of glacier on hydrological processes were highly dependent on the spatial scale and
the local meteorological characteristics. Specifically, the role of glacier meltwater would
undoubtedly be more significant in regions with larger glacier cover areas (Luo et al., 2018;
Zhao et al., 2019; Khanal et al., 2021). Meanwhile, the role of glaciers was smaller in wetter
regions with higher precipitation because of the relatively low contribution of glacier meltwater
in total runoff. Consequently, the regions with larger precipitation amounts but little glacier
coverage would face a greater risk of water resources shortage in a warming future (Figure 10a),
and other regions would face the similar condition because of the shrinking glacier area. Our
results also suggested a larger influence of precipitation change on runoff than that of
temperature change (Figure 4), thus an accurate projection of precipitation is crucial for the

assessment of water resources under climate change. Recent studies showed a decreasing
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precipitation trend after 2000 in the YTR basin (Li et al., 2016; Luan and Zhai, 2022), likely
posing threats of water scarcity to the riparian regions and again highlighting the important role
of glacier in maintaining water resources.

Our results showed that the runoff responded to increasing temperature non-monotonically
in some regions. These non-monotonic REWs represented the most dynamic regions within the
basin, as they kept shifting between energy and water limited stages. Recent studies also
projected the non-monotonic runoff change on the TP at increasing warming levels (Cui et al.,
2023), i.e., the annual mean runoff for major rivers on the TP will significantly decrease by
0.1~3.2% at the warming level of 1.5°C, and increase by 1.5~12% at 3.0°C in the future.
Although seemingly similar, the two studies revealed two different phenomena. In particular,
the non-monotonic runoff change projected by Cui et al. (2023) was driven by the output put
of climatic projection data CMIP6 (Eyring et al., 2016), and the runoff change was dominated
by the tendencies and periodicities of climate factors, especially precipitation (Wu et al., 2022).
Our study analyzed the runoff change in response to climate warming with fixed precipitation
input, and the trend was the result of the comprehensive response of multiple water balance
components to climate change. The local non-monotonic hydrological sensitivity was
essentially a borderline condition of increasing and decreasing trend, which reflected the

balance of increasing meltwater and evaporation in response to climate warming.

4.3 Limitations

This study explored the sensitivities of hydrological processes to climate change by
designing temperature and precipitation perturbation scenarios, rather than projecting future
runoff using the forcing data from general circulation models (GCMs). The assumed climate
perturbation method is widely used in runoff projection studies (He et al., 2021b; Su et al., 2023;
Rasouli et al., 2014; Rasouli et al., 2015), with the advantage of avoiding the computation cost
of correcting biases and downscaling GCMs to regional scale (Piani et al., 2010; Xu et al.,
2019). However, the assumed climate perturbation did not reflect the gradual process of climate
change. Specifically, the temperature should go through relatively low warming levels before

arriving at the assumed highest level, but the climate perturbation method actually assumed an
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abrupt climate change. Because of the relatively short simulation period, the potential trend
turning of meltwater caused by the combined effect of increasing melting rate and shrinking
glacier area cannot be reflected by the sensitivity analysis (Yao et al., 2022; Zhang et al., 2022a).
We can expect that the role of glaciers when temperature increases by 5°C in the future should
be less than our results, because the glacier covered area at that time will be less than the current
condition (Yao et al., 2022). Meanwhile, the potential influences of temperature and
precipitation change on soil and vegetation conditions (Boulanger et al., 2016) were not

considered when designing the climate perturbation scenarios. Besides, because climate

perturbation rather than climate ensemble was used to force the model, the representation of

uncertainties related to climate forcing was very simplified. Nonetheless, the simple sensitivity

analysis in this study helped better understand the separate effect of changing temperature and
precipitation on runoff, and informed the role of glaciers in controlling the spatial pattern of
runoff change.

Another limitation comes from the uncertainties of hydrological model. Although
validated by the measurement data of multiple objectives and several internal stations, the
model still had potential uncertainties. First, as the most important forcing data, the common
precipitation datasets in the YTR basin all had large uncertainties, due to the lack of validation
data in high elevation regions (Xu et al., 2017), leading to uncertainties in hydrological
simulation. The model underestimated the peak streamflow for most stations, which could be
attributed to the underestimated precipitation during wet seasons by CMFD dataset. Further
correction on the precipitation product based on more station data could be helpful to remove
the bias. Second, because of the complex hydrological processes and runoff components, the
parameter equifinality problem usually existed in the hydrological model in large mountainous
basins (Gupta et al., 2008; Nan et al., 2021a). He et al. (2019) indicated that the uncertainties
of runoff component contributions could be nearly 20% even when the simulations of
streamflow, snow, glacier and isotope were satisfied simultaneously. The misestimation of the
runoff regime would undoubtedly influence the sensitivity analysis. Third, the calibration
procedure of this work was rather simple, based on a combination of automatic algorithm and
manual selection. The influences of calibration scheme, optimized objective function (Gupta et

al., 2009; Majone et al., 2022) and the weights of multiple objectives (Tong et al., 2021) on
30
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hydrological sensitivities were not analyzed deeply. For instance, different types of evaluation
metrics for multiple objectives were added together directly, which may result in different

impacts on the integrated objective function. Besides, the use of pySOT algorithm did not allow

for a comprehensive hydrological uncertainty analysis, because it aimed to achieve the best

fitness between observations and model outputs. Lastly, the calibrated parameters were

assumed to be spatially uniform within the whole basin to avoid introducing too many
parameters. Although this is similar to several large-scale modeling studies (e.g., Cui et al.,
2023; Lutz et al., 2014), the uniform parameter might be inadequate to represent the spatial
variability of hydrological processes, which may influence some conclusions of the sensitivity
analysis. For example, considering the potential spatial variability of glacier melting rate, the
characteristics of non-monotonic REWs in Figure 10 may not form a straight line. Currently
this work only considered the uncertainties introduced by natural climate variabilities. More
works are needed in the future to analyze the parameter sensitivities and the uncertainties from

calibration schemes.

5. Conclusions

This study adopted the tracer-aided hydrological model THREW-T in a typical large
mountainous basin Yarlung Tsangpo River (YTR) on the Tibetan Plateau (TP). The model was
validated against multiple objectives (streamflow, snow, glacier and isotope) and the
streamflow at internal stations. The sensitivities of hydrological processes to perturbed
temperature and precipitation were analyzed. The spatial pattern of local hydrological
sensitivities and the influence factors were explored. Our main findings are as follows:

(1) The THREW-T model performed well on simulating the streamflow, snow cover area
(SCA), glacier mass balance (GMB), and stream water isotope, ensuring good representation
of the key cryospheric processes and a reasonable estimation of the contributions of runoff
components. The model performed acceptably on simulating the streamflow at eight internal
stations located in the mainstream and two major tributaries, which indicated that the spatial
pattern of hydrological processes was reflected by the model, and provided confidence in the
sensitivity analysis.

(2) Most hydrological characteristics responded to increasing temperature and
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precipitation oppositely. Increasing temperature led to decreasing annual runoff, SCA and GMB,
and changed the runoff variation showing a smaller inter-annual variation, a more even
distributed intra-annual distribution, and an earlier maximum runoff. It also influenced the
runoff regime by increasing the contributions of rainfall and glacier melt overland runoff, but
decreasing the subsurface runoff and snowmelt overland runoff. Increasing precipitation had
the opposite effects to increasing temperature.

(3) The distribution of local hydrological sensitivities had a strong spatial variability. The
local runoff change in response to increasing temperature varied significantly, with changing
rate of -18.6% to 54.3% for 5°C of warming. The glacier area ratio (GAR) was the dominant
factor of the spatial pattern of hydrological sensitivities to both perturbed temperature and
precipitation. Some regions had a non-monotonic runoff change rate in response to climate
perturbation, which represented the most dynamic regions within the basin, as they kept shifting
between energy and water limited stages. The GAR and mean annual precipitation (MAP) of
the non-monotonic regions had a linear relation, and formed the boundary of regions with

different runoff trends in the GAR-MAP plot.

Code and data availability

Code and data availability. The isotope data and the code of THREW-T model used in this study
are available from the corresponding author (tianfq@tsinghua.edu.cn). Other data sets are
publicly available as follows: DEM (http://www.gscloud.cn/sources/details/310?pid=302, last
access: 1 January 2019, Geospatial Data Cloud Site, 2019), CMFD

(https://doi.org/10.11888/AtmosphericPhysics.tpe.249369.file, Yang and He, 2019), glacier

inventory data (https://doi.org/10.3972/glacier.001.2013.db, Liu, 2012), glacier elevation

change data  (https:/doi.org/10.6096/13,  Huggonet et al., 2021), NDVI

(https://doi.org/10.5067/MODIS/MOD13A3.006, Didan, 2015), LAI
(https://doi.org/10.5067/MODIS/MOD15A2H.006, Myneni et al, 2015), HWSD
(https://data.tpdc.ac.cn/zh-hans/data/3519536a-d1e7-4bal-8481-6a0b56637baf/2q=HWSD,

last access: 1 January 2019, He, 2019). These datasets not publicly available are referred to in

the main text (Chen et al., 2018; Liu et al., 2007).
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