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ARTICLE INFO ABSTRACT
Keywords: Study region: Lhasa River Basin (LRB) on the Tibetan Plateau, China.
Lhasa River Basin Study focus: Tibetan Plateau has been undergoing climate warming in the past five decades. The
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Groundwater flow
Climate change
Numerical modeling

hydrological processes in the LRB, a representative alpine headwater region basin on the Tibetan
Plateau, are changing in response to climate warming. However, characteristics of groundwater
recharge and discharge and response of the groundwater flow system to future climate change in
this region remain unclear. This study constructed a three-dimensional numerical model to
simulate the groundwater flow variations under different future climate change scenarios.

New hydrological insights for the region: Approximately 13.6 % (~71.6 mm/yr) of annual precip-
itation recharges groundwater. Glacier meltwater recharge is 10 % of the total groundwater
recharge across the entire LRB, and this proportion increases to 34.8 % in the Yangbajing sub-
basin. More than 80 % of the groundwater circulates within 0~0.3 km below ground surface. The
groundwater flow system is dominated by travel times between 10-100 years and flow path
distances less than 10 km. The baseflow shows an increasing trend in response to future climate
change, and the increasing trends range from 0.07 to 0.21 m>/s per year under different future
climate change scenarios. The baseflow variation indicates that wet year will become wetter and
dry year will become drier in the future.

1. Introduction

Tibetan Plateau, known as the “Asian Water Tower”, is the source region of the five major rivers (i.e., Indus, Ganges, Brahmaputra,
Yangtze, and Yellow Rivers) in Asia, feeding more than 1.4 billion people (~20 % of the world’s population) in downstream areas
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(Immerzeel et al., 2010). It is the most sensitive place in low-latitudes to and as the amplification of climate change (Duan and Wu,
2006; Liu and Chen, 2000; Zhang et al., 2013). Previous studies have shown that the Tibetan Plateau is experiencing a remarkable
warming during the past 50 years (Kang et al., 2010; Kuang and Jiao, 2016; Bibi et al., 2018). The hydrosphere on the Tibetan Plateau
has been affected significantly by the raising temperature, such as the rainfall changes (Gao et al., 2014), permafrost degradation
(Cheng and Wu, 2007; Li et al., 2008; Chen et al., 2019), and glacier retreat (Xiao et al., 2007; Yao et al., 2012). These variations
recharacterized the hydrological cycle; thus, redistributed the components of water recharge and discharge on the Tibetan Plateau
(Yao et al., 2004; Bianduo et al., 2009). Therefore, investigating the hydrological cycle under climate change is meaningful for better
water resources sustainability and ecosystem health on the plateau (Langridge and Daniels, 2017).

Groundwater is an important component of the hydrological cycle, serving as a water reservoir and providing considerable amount
of water in both wet and dry seasons (Andermann et al., 2012). Water level drop has been found across the globe, which will potentially
impact the aquatic ecosystem (de Graaf et al., 2019; Green et al., 2011; Jasechko and Perrone, 2021) while the groundwater storage
shows an increasing trend on the Tibetan Plateau (Xiang et al., 2016). To investigate the response of groundwater to climate change,
many numerical models have been constructed to simulate groundwater flow pattern and evaluate the potential effects of climate
change on groundwater systems (Kirshen, 2002; Ge et al., 2011; Goderniaux et al., 2011; Cao et al., 2013; Yao et al., 2017). The
warming climate accelerates the thawing of permafrost and retreating of glaciers, alters the hydraulic properties of the aquifers and the
surface water-groundwater interactions (Kurylyk et al., 2014). On the Tibetan Plateau, glacier and permafrost are widely distributed
and the interactions between groundwater and the cryosphere become more active than 30 years ago (Cheng and Jin, 2013; Cheng and
Wu, 2007; Ma et al., 2017; Shi et al., 2020). In snowmelt-dominated regions, groundwater recharge and discharge are significantly
affected by the rising temperature (Tague and Grant, 2009; Huss and Hock, 2018; Saberi et al., 2019; Shi et al., 2020). As permafrost
area shrinks, meltwater is disrupting the topographically controlled groundwater flow pattern in the Tibetan Plateau and increasing
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Fig. 1. Study area description: (a) satellite image (Google Earth) of the Tibetan Plateau, red dashed line indicates LRB; (b) Lhasa meteorological
data from 1979 to 2000 (redrawn from Prasch, 2010); (c) aquifer map of LRB. Key to the legend: 1) alluvial aquifer; 2) volcanic and mélange zone
aquifer; 3) granite aquifer; 4) terrigenous sequence aquifer; 5) permafrost; 6) glacier; 7) hydrological stations; 8) sub-basin dividing lines. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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the fraction of groundwater (baseflow) in runoff (Evans et al., 2015; Gao et al., 2021a; Gao et al., 2021b; Ran et al., 2021).

The LRB is a representative alpine catchment and a typical arid region on the Tibetan Plateau (Wu et al., 2005). Glacier meltwater
has been shown to contribute 26 % of annual runoff, while groundwater contributes 28 % of the annual runoff (Liu, 1999). In the
downstream reaches of the Yarlung Zangbo Basin, groundwater has been found to contribute approximately 27 % of the total river
discharge (Yao et al., 2021). During the past two decades, there is a significant increase in runoff in the Lhasa River (Lin et al., 2008),
reflecting the hydrological changes due to climate change. Liu et al. (2015) coupled the VIC (Variable Infiltration Capacity) model
(Liang et al., 1996; Liang and Xie, 2001) with the optimization method of SCE-UA (Shuffled Complex Evolution developed at the
University of Arizona) (Duan et al., 1994) to simulate the impacts of climate change on hydrological components such as evaporation,
soil moisture, and runoff, and extrapolated these variations to the next 50 years in the LRB. Qiu et al. (2014) found that snowmelt water
contributed 3~6% to the total runoff in the LRB when the Snowmelt Runoff Model was employed based on the MODIS (Moder-
ate-resolution Imaging Spectroradiometer) data. The simulations show an increasing trend in runoff but the magnitudes of increase
vary spatially and temporally. Hu and Jiao (2015) constructed a groundwater flow model in the Qaidam Basin, northern Tibetan
Plateau via data derived from GRACE (Gravity Recovery and Climate Experiment), but this approach is not applicable in the LRB as the
spatial resolution is too low. Groundwater studies in the LRB are limited, and the groundwater flow changes in response to climate
warming remain unknown. In such an alpine area, numerical modeling is an effective tool to investigate the groundwater flow pat-
terns, characterize groundwater recharge and discharge, and project the change of the groundwater flow system in response to future
climate change.

In this study, a three-dimensional numerical groundwater flow model has been built for the LRB, combining precipitation,
evapotranspiration, glacier, and permafrost. The presented model is further calibrated via observed baseflow and water table mea-
surements. The purposes of this study are to (1) characterize the flow pattern and quantifying recharge and discharge of groundwater
in the LRB, (2) investigate the contribution of baseflow to runoff, and (3) simulate the effects of future climate change on the
groundwater flow system in the LRB. A sensitivity analysis has also been conducted to investigate the effect of model parameters on the
modeling results. This is the first high resolution groundwater flow model coupled with glaciers and future climate change in the LRB.

2. Materials and methods
2.1. Site description

Lhasa River is one of the main tributaries of the Yarlung Zangbo River, located in the southern Tibetan Plateau. It is originated in
the central part of the Nyenchen Tanglha Mountains, with a river length of about 551 km (Fig. 1a) (Wu et al., 2019). The LRB, covering
an area of 32,526 kmz, is located within the latitudes of 29°20'~31°18'N and longitudes of 90°04'~93°21’E (Shi et al., 2014). Ele-
vations of the region range from 3500 to 7000 m above mean sea level, with a mean altitude of over 4000 m and an average river
channel gradient of 0.29 % (Chen et al., 2019). Lhasa is the capital city of the Tibet Autonomous Region, with population of 2.7 million
and the highest degree of urbanization (Peng 2010). There are four hydrological stations in the LRB, governing four sub-basins
respectively (Fig. 1c). Pangdo, Tangga, and Lhasa stations are located in sequence along the mainstream of the Lhasa River, and
the Yangbajing station is situated in a tributary joining the Lhasa River downstream the Lhasa city (Peng and Du, 2010; Qiu et al.,
2014).

The spatial and temporal distributions of climate factors in the LRB are nonuniform during the year. Annual mean air temperature
of the LRB is 7.7 °C and annual mean precipitation is 437.8 mm (Fig. 1b), both gradually decreasing from South to North (Liu et al.,
2019). The hottest and wettest months are June to August, because of the monsoon storms occurring from April to October (Prasch,
20105 Liu et al., 2019). According to the meteorological features, May to October can be regarded as the summer-hot season and
November to April in the next year as winter-dry season (Bookhagen and Burbank, 2010). Most of the rainfall is distributed in the
summer-hot season, accounting for approximately 95 % of the annual precipitation (Shi et al., 2014).

The total glacierized area in the LRB is 656 kmz, accounting for ~2% of the total area of the LRB (Table 1), including discontinuous
glaciers in the upper Lhasa River and continuous glaciers in the northwestern mountain ranges (Liu, 1999; Prasch, 2010). Glaciers are
mainly found in high elevation (>4000 m) areas, especially the northwestern watershed along the Nyenchen Tanglha Mountains.
Permafrost is detected in the upper basin with altitude over than ~4800 m (Liu et al., 2011).

There are 6 land use types on the LRB, including farmland, grassland, forest, water body, urban, and unused land. About 60 % of the
LRB is covered by grassland, with an area of 20,010 km? (Fig. 2). The second largest land use type is unused land, covering ~30 % of
the total area, and the rest land use types take up 10 %.

Table 1
Hydrological stations in the LRB and observed annual runoff (Prasch, 2010).
Monitoring Point Area (km?) Glacierized Area (%) Annual Runoff (m>/s)
Yangbajing 2654 11.5 23
Pangdo 16,416 2.0 204
Tangga 19,940 1.7 237

Lhasa 26,248 1.3 279
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2.2. Data

The 90 m Shuttle Radar Topography Mission (SRTM) digital elevation model (DEM) was utilized to define surface topography and
extract the catchment boundaries of the LRB. Geological map of the LRB is from Tibet Geological Survey (1979). The monthly data of
precipitation and evaporation within the LRB during 1979~2000 were obtained from the China Meteorological Information Center
(http://data.cma.cn/). Monthly runoff data at Pangdo, Tangga, Lhasa, and Yangbajing stations during 1979~2000 were collected
from Institute of Tibetan Plateau Research. Runoff data during 2003-2014 were obtained from Huang et al. (2020). The water table
data were obtained from pumping wells in the downtown Lhasa city, which are multi-year average data during 1979~2000. Distri-
butions of glacier and permafrost were obtained from the Second Glacier Inventory Data Set of China (Zou et al., 2017). The land use
and land cover data were obtained from National Tibetan Plateau Data Center (Liu, 2019). The future climate change scenarios were
downloaded from the World Climate Research Programme CMIP6 (Coupled Model Intercomparison Project, Phase 6). The four climate
change scenarios (SSP1—2.6, SSP2—4.5, SSP3—7.0, SSP5—8.5) used in model are the Tier-1, i.e., a higher simulated priority (O’ Neill
et al., 2016). The name of each scenario is a combination of the Shared Socioeconomic Pathways (SSPs) and the Representative
Concentration Pathways (RCPs) (O'Neill et al., 2016). More details about the four climate change scenarios were provided in the
supplementary material.

2.3. Baseflow separation

As LRB is vast and only limited water table monitoring data are available, baseflow is an important indicator to calibrate the
groundwater flow model. Previous studies show that baseflow is the main constrain to calibrate a groundwater flow model (Okello
etal., 2018; Zhang et al., 2014). Although there are many baseflow separation methods in the literature (e.g., Price, 2011; Yang et al.,
2019), the methods are not verified in the LRB. Because of the complicated hydrological processes, the constructed model simply
assumed the winter-dry season streamflow as baseflow, when precipitation is limited and snowmelt water is rare (Walvoord et al.,
2012). Similar studies also used the winter season streamflow as baseflow (Singh and Jain, 2003; Tongal et al., 2013). According to the
calculation results, the baseflow of Lhasa River accounts for 26.3 % of the runoff, which is similar to the result (~28 %) of isotope and
chemistry baseflow separation method (Liu, 1999).

2.4. Hydrogeological parameters

Hydrogeology of the LRB was simplified from the geological map of the Tibet (scale 1:1,000,000). Geological profiles, stratigraphic
profiles, and hydrogeological map of each model layer were obtained from the geological map and integrated into the groundwater
flow model (Fig. 1c). Hydrogeology of the region can be simplified into four units: the alluvial sequence (Quaternary), volcanic and
mélange clastic sequences (Upper Mesozoic to Paleogene), granite intrusion (Upper Mesozoic to Paleogene) and terrigenous sequence
(Paleozoic to Mesozoic) (Figs. S1 and S2). Hydraulic conductivity of the units was initially estimated from empirical values that are
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Fig. 2. Land use distribution on the LRB in 2000.
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reported in previous studies (Ge et al., 2008; Gleeson et al., 2011) and slightly modified during model calibration (Table 2). Decrease of
hydraulic conductivity with depth was included in the model and the depth dependent hydraulic conductivity is described by the
integrated model (Kuang and Jiao, 2014):

logk = logk, + (logk, — logk,)(1 +2z)™” 1)

where k, is the residual permeability (logk.is suggested to be -25.4 m? for Earth’s continental crust in general), k; is the surface
permeability, f is the decay index, and z is the depth below ground surface. This model provides improved fit to the measured
permeability data and can be used to describe the permeability-depth relationship through the entire Earth’s crust (Kuang and Jiao,
2014). The permeability can be transformed to hydraulic conductivity K by (Fetter, 2001):

K = kpg/p (2)

where p is the water density, g is the gravitational acceleration, and y is the dynamic viscosity at 15 °C. Other parameters including
specific storage (S;) and specific yield (S,) are also listed in Table 2.

2.5. Numerical model

The three-dimensional groundwater flow model was built based on the geological and land use maps of the LRB, using the finite-
difference code MODFLOW-2005 (Harbaugh, 2005) with the NWT solution (Niswonger et al., 2011). The model was first built in
steady-state and then converted to transient state after calibration. The steady-state model represents a long-term averaged condition
and was used to figure out the groundwater flow pattern and water budget in the LRB. The transient model aims to forecast the
evolution of the groundwater flow system under different future climate change scenarios.

The model is ~2.8 km thick in average and was discretized into 10 layers (Table S1). The thickness of the model layers ranges from
5 m of surface layer to 500 m of the deepest layer. Each layer’s thickness increases exponentially with depth and layers under mountain
areas are thickened while layers beneath valleys are thinned (Yao et al., 2017). Such model layer setup can improve the simulation
accuracy of near-surface active layer and ensure groundwater flow within 2 km depth can be modeled adequately (Ge et al., 2008).
There are 219 rows and 323 columns in each model layer, and the model was discretized to 707,370 cells with 1 km x 1 km resolution.

The lateral boundaries on the LRB’s east, west, and north were specified as no-flow conditions (Fig. S3). The boundary type on the
south is not clear because the basin topography is higher in the north and lower in the south, and cross-basin groundwater exchange
may occur near the southern boundary as deep groundwater flow (Yao et al., 2017). The southern lateral boundaries were set as a
specified flux boundary and the groundwater exchange through this boundary can be changed in the model calibration (Fig. S3).
Groundwater recharge was specified on the top layer of the model, indicating the portion of rainfall or snowfall meltwater that in-
filtrates through the unsaturated zone and reach the water table. Infiltration coefficient of precipitation (a), i.e., ratio of groundwater
recharge to precipitation, is one of the main parameters controlling groundwater recharge rate. In this model, the parameter a depends
on the topsoil texture, which means land use of the LRB (Fig. 2) is the main consideration when assigning a to the hydrological zones.
Values of « in the model vary from 0.03 to 0.4 (Table 2), in consistence with the a values reported in a semiarid and arid area similar to
the LRB (Scanlon et al., 2006).

Groundwater seepage to river in the form of baseflow and evapotranspiration (ET) are the main ways of discharge of the
groundwater flow system. Drainage network was extracted from the hydrological analysis based on DEM using QGIS (QGIS Devel-
opment Team, 2020) and then discretized to the model grid. River stage and bed elevation were also obtained from the DEM. The
evapotraspiration package (EVT) was used to simulate the transpiration effect of plants and direct evaporation that reduce the po-
tential groundwater resources (Banta, 2000). Throughout the studied area, the maximum evaporation rate and the extinction depth are
respectively 13.7 mm/yr and 4 mm/yr (Shi et al., 2014). At the southern boundary, the Yarlung Zangbo riverbed collects the regional
groundwater flow and was characterized via specified flux boundary conditions. Groundwater flow was assessed in the first four layers
characterized by sediments with high conductivities.

Glacier and permafrost distributions are important model inputs that can alter the groundwater recharge rate and hydraulic
conductivity. Glaciations change the pressure overlying the aquifer and the ice melting rate during glacier receding or advancing,
affecting the recharge and discharge relationships between groundwater and surface water (Provost et al., 2012). Given that the
glaciers are increasingly retreating due to climate warming (Yao et al., 2012), glacier meltwater water is becoming a considerable
resource in the LRB. Glacier’s effect on groundwater can be regarded as a constant-head boundary condition (Boulton et al., 1995;

Table 2

Parameters in the validated model.
Land use type a Recharge rate (mm/yr) Hydrogeological unit Ks (m/d) p Ss (10~*m™) Sy
Farmland 0.030 12.0~18.0 Alluvial 16.5 0.25 4.49 0.25
Forest 0.090 36.1~58.5 Granite 0.3 0.25 2.01 0.01
Grassland 0.115 45.4~83.5 Granite (weathered) 1.0 0.25 3.44 0.01
Water body 0.400 158.4~288.1 Terrigenous Sequence 0.3 0.25 2.26 0.01
Urban 0 0 Volcanics 5 0.25 3.65 0.01
Unused 0.210 82.8~152.4 Permafrost 0.001 / 1.13 0.01
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Bense and Person, 2008; Cohen et al., 2010; Normani and Sykes, 2012; Mackay et al., 2020) or a constant-flux boundary condition (van
Weert et al., 1997; Breemer et al., 2002; Carlson et al., 2007; Somers et al., 2019). In the model, a constant-flux boundary condition was
assigned to the grids covered by glacier on the top layer and subsequently calibrated by the observed baseflow. This approach has been
proven to be reasonable in numerical groundwater flow models with glaciation (van Weert et al., 1997; Breemer et al., 2002; Carlson
et al., 2007; Lemieux et al., 2008; Markovich et al., 2016). Glacier recharge rate was assigned ~300 mm/yr (after calibration) as a
constant-flux condition on the top layer where the glacier distributed, roughly equal to the annual precipitation. The glacier recharge
rate was set as an initial estimation and then adjusted during the model calibration. Permafrost is generally a low permeability layer
and treated as an aquitard by previous studies (Breemer et al., 2002; van Weert et al., 1997; Cheng and Jin, 2013; Wang et al., 2019).
The cells located in permafrost area were assigned a hydraulic conductivity of 10~ m/d initially (Ge et al., 2008), far lower than those
of the aquifers. Cells within the seasonally frozen ground area were treated as normal grids (Kurylyk et al., 2016). The thickness of
permafrost layer is 4~30 m, depending on the distance from the edge of the frozen ground (Feng, 2015).

2.6. Transient model

The steady-state model was changed into a transient model to predict the evolution of the groundwater system in response to future
climate change. The model setting of the transient model is the same as that of the steady-state model. Changes of precipitation from
the CMIP6 scenarios (SSP1—2.6, SSP2—4.5, SSP3—7.0, SSP5—8.5) were used as input for the transient model. Specific storage and
specific yield were also added to the transient model (Table 2). Other parameters including hydraulic conductivity, infiltration rate,
evapotranspiration, and glacier recharge remain the same as those in the steady-state model. The transient model simulates the
evolution of the groundwater flow system in the next 80 years (2020-2100) under the four future climate change scenarios.
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Fig. 3. Comparison of simulated and observed data. (a) Computed and observed baseflow at the four hydrological stations for the steady-state
model. Red triangles are the computed baseflow from the steady-state model. Boxplot indicates observed streamflow in winter-dry period. Or-
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wells in the Lhasa city for the steady-state model. (c) Computed and observed baseflow during 2003-2014 at the Lhasa hydrological station for the
transient model. Red triangles are the computed baseflow from the transient model. Other symbols have the same meaning as Fig. 3a. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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3. Results
3.1. Model calibration

Parameters including hydraulic conductivity (K) and infiltration coefficient of precipitation (@) were first assigned and then
adjusted during model calibration. Parameters that give the best agreement between simulated and observed data after calibration are
listed in Table 2. Calibration followed the trial-and-error method, supported by the baseflow and water table observation data. Both
the observed baseflow and water table measurements come from the winter-dry period, i.e., from November to April in the next year.

To evaluate the performance of the groundwater flow model, the absolute error (AE), relative error (RE), and the Fit-NRMSE (Yao
et al., 2017) was used (Supplementary material). Fig. 3a shows the comparison between simulated and observed baseflow of the four
sub-basins in the LRB for the steady-state model. The RE values vary from 1.7 % to 6.6 % and the Fit-NRMSE coefficient is 0.96. The
simulated baseflow agrees well with the observed values. Fig. 3b presents a comparison of the simulated and observed water tables
(multi-year average during 1979-2000) for the steady-state model. The AE values ranges from 2.84 to 8.08 with a mean of 3.67. The
Fit-NRMSE coefficient is 0.80. All the observed water table data were obtained from pumping wells in the downtown Lhasa city, where
the water table may be disturbed by pumping. The resolution of the grid (1 km x 1 km) is greater than the influence radius (~800 m) of
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a extraction well (Wang and Wang, 2020). Thus, the computed water table should be higher than the observed water table values. As
can be seen in Fig. 3b, most of the computed values are higher than the measured water tables, which shows that the model should be
reliable. Fig. 3c presents a comparison of computed and observed baseflow during 2003-2014 at the Lhasa hydrological station for the
transient model. The RE values vary from 2.7%-20.7% with an average of 10.8 % and the Fit-NRMSE coefficient is 0.74. Overall, the
model calibration indicates that the model can provide reasonable and reliable results.
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3.2. Groundwater flow pattern

Hydraulic head distribution in the LRB is mainly controlled by topography and the hydrogeological setting as the hydraulic head
variations are subdued version of the surface elevation (Fig. 4a). Simulated hydraulic heads decrease from northeast to southwest, in
accordance with the topography. Such a hydraulic head distribution indicates a general northeast to southwest groundwater flow
direction. The highest hydraulic head of 5435 m is located in the Nyenchen Tanglha Mountains in the western part of the basin, while
the lowest hydraulic head of 3586 m is observed at the outlet of the LRB. These two points correspond to the highest and lowest
elevations of the study area. The mean hydraulic gradient in the LRB is 2.9 %. Relatively high hydraulic gradients are located in the
upper reaches of the basin. The greatest hydraulic gradient is up to 16 % in the mountain areas of eastern and western LRB near the
divide. Hydraulic gradient in the central LRB becomes small as the slope decrease to 1% in this area, in correspondence of the
Quaternary deposits characterized by relatively high hydraulic conductivities. A typical profile from the glacierized area through the
Lhasa city showing the groundwater flow system is presented in Fig. 4b. The groundwater flow system is relatively complicated with
both local and regional flowlines.

Variation of the infiltration coefficient of precipitation (@) depends on the different types of topsoils. Approximately 13.6 % of
precipitation (~71.6 mm/yr) infiltrates into the saturated zone and become groundwater, among which 93.4 % discharges to streams
as baseflow and 5.5 % returns to the atmosphere as evapotranspiration (~4.2 mm/yr). Only 1.1 % flows out through the southern
boundary. More than 80 % of the groundwater flow is constrained within 0~0.3 km below ground surface.

Recharge of glacier meltwater to groundwater is not a significant component. The amount of groundwater recharge from glacier
meltwater is 5.4 mm/yr, which is 7.1 % of the total groundwater recharge. For the Yangbajing sub-basin, in which glaciers are
extensively distributed and the glaciers are retreating massively due to global warming (Yao et al., 2007, 2004), the simulated glacier
melting rate is 29.1 mm/yr and accounting for 34.7 % of the total groundwater recharge.

Interactions between groundwater and surface water and the magnitude of exchange rates are shown in Fig. 5a. The positive value
means water flow from river to groundwater, and the negative value means groundwater to river discharge. In most river reaches
groundwater discharges into rivers as baseflow, with a magnitude of -28.8~0 m>/d per meter. Relatively high discharge rates appear in
the middle reaches of the Lhasa River. The river reaches with positive values indicate that the river water feed groundwater, where
water level in the rivers should be higher than that of groundwater. The positive values are mostly distributed in the first-order
tributaries in the upper stream of the Lhasa River, with magnitude of 0~40.1 m>/d per meter.

A MODPATH analysis was carried out based on the MODFLOW simulation results (Fig. 5b). A total of 4536 pathlines were
described where groundwater flow terminated by discharging to rivers, with particle tracking distances and tracking times. The
shortest tracking distance is 0.5 km and the longest is 43.6 km. The particle tracking time ranges from 67 days to 753,482 years. The
area with dense pathlines, such as the mid-southern LRB and depressions located at mountain front on the western LRB, gain more
recharge from groundwater and the range of groundwater tracking time tends to be wider. Mountain areas in the Pando sub-basin,
especially if permafrost is present, tend to have sparser and shorter pathlines, indicating short refreshing periods in these places
and young groundwater ages. The particle tracking time is related to the tracking distance but there is not obvious functional rela-
tionship because of the various depth-dependent hydraulic conductivity (10~6~10' m/d). As shown in Fig. 6, tracking time between
10-100 years account for 52.6 % of the pathlines. The tracking distances less than 10 km long account for 85 % of the pathlines, which
means local circulation plays a predominant role in groundwater flow.

0.1
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¢

562 1000 1778 3162 5623 10000 17782 31622 00 01 02
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Fig. 6. The relationship between particle tracking distance and time. The vertical and horizontal histograms are the distribution of particles
tracking times and distances, respectively.
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3.3. Parameter sensitivity analysis

Infiltration recharge, hydraulic conductivity, aquifer thickness, and distance between surface water features are significant pa-
rameters for configuring water table (Haitjema and Mitchell-Bruker, 2005). A sensitivity analysis was carried out characterizing the
hydraulic conductivity (K;), ratio of horizontal to vertical hydraulic conductivity (Ky/K,), infiltration coefficient of precipitation (a),
decay index (), glacier recharge, specific storage (S;), specific yield (S,), southern boundary discharge, hydraulic conductivity of
permafrost, maximum evapotranspiration rate, and extinction depth (Table S2). The two model output variables of baseflow and
hydraulic head were used to quantify how the model change with the input variables. Results of sensitivity analysis show that a and K;
affect the hydraulic head and baseflow the most (Table S2). The infiltration recharge and hydraulic conductivity are the main pa-
rameters during the model calibration. In this model, the infiltration recharge is mainly affected by the infiltration coefficient of
precipitation (a) and the hydraulic conductivity is mainly affected by the decay index () in the permeability-depth model. Thus, the
following sensitivity analysis is focused on the infiltration coefficient of precipitation («) and the decay index ().

The infiltration coefficient of precipitation (a) was set to vary between 0.03 to 0.40 for different land use types (Table 2). In the
sensitivity analysis, a was changed 10 % for each land use type at each time. Fig. 7a shows the differences of baseflow in the four
hydrological stations and average water table of the LRB varying a. As a increases, both baseflow and mean water table increase
linearly. Meanwhile, the discharge percentage of baseflow and evapotranspiration are slightly increased and decreased with variation
less than 5%, respectively. The discharge percentage of southern boundary discharge remains constantly at about 1%.

The decay index f controls the rate of decrease of permeability with depth (Kuang and Jiao, 2014). A sensitivity analysis on the
decay index g was also conducted to evaluate its effect on groundwater flow. Kuang and Jiao (2014) suggested that for Earth’s
continental crust in general, the decay index fj is equal to 0.25. The decay index  was set to vary from 0.1 to 0.45 in the sensitivity
analysis (Fig. 7b). As § increases, permeability decreases faster with depth, thus leads to steepened groudwater table and reduces
groundwater flow velocity according to the Darcy’s law. The baseflow discharge decreases with g but the evapotranspiration and
southern boundary discharge increases with g (Fig. 7b). Simulated hydraulic head distributions along the A-A' profile as ff increases are
shown in Fig. 8. As § increases, strata’s permeability at great depths become smaller. Thus, the vertical velocity of groundwater flow
decreases and less groundwater flows into deep aquifers. The decrease of strata’s permeability will also lead to less groundwater
discharge to the downstream areas, and the groundwater flow system also tends to be simpler.
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Fig. 7. Changes in baseflow in the four hydrological stations and mean water in the LRB with infiltration coefficient of precipitation (@) and the
decay index (f). The discharge percentage is the ratio of baseflow, evapotranspiration or southern boundary discharge to the total ground-
water discharge.
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3.4. Groundwater flow system in the next 80 years (2020~2100)

The groundwater flow system was simulated for the next 80 years (2020-2100) based on the future climate scenarios using the
transient model. The four climate change scenarios show different trends in annual air temperature during 2020-2100 (Fig. S4). A
combination of groundwater flow patterns in the four scenarios in four typical years (2020, 2040, 2060, 2100) is shown in Fig. 9.
Hydraulic head in the whole basin is related to precipitation. Under the same future climate change scenario, higher precipitation
corresponds to higher hydraulic head in the basin. The variations of the hydraulic heads in the high-altitude areas also becomes more
significant. The rise of hydraulic head in mountainous areas (upstream sectors and the Nyenchen Tanglha Mountains) is greater than
that of the other areas, indicating that changes in groundwater flow system in high mountain areas are greater than the other areas. The
results also imply that the groundwater flow system in high mountain areas is more sensitive to climate change.

Fig. 10 shows the variations of baseflow and hydraulic head under the four future climate change scenarios. The period of
1998-2014 represents the past and 2020-2100 represents the future. The past and future annual precipitation data were obtained from
observation and the CMIP6 climate change scenarios. The baseflow and hydraulic head fluctuate with the variation of future annual
precipitation. The baseflow shows increase trends under the four climate change scenarios, and the increase trends range from 0.07 to
0.21 m3/s per year (Table 3). The baseflow shows the greatest increasing trend in SSP5—8.5 and the smallest trend in SSP1—2.6. The
mean hydraulic head also increases with the precipitation increment. The greatest increase in hydraulic head is also in SSP5—8.5 as the
smallest occurs within SSP1—2.6. The magnitude of variation in baseflow becomes greater after about 2035, which indicates that wet
year will become wetter and dry year will become drier in the future (Fig. 10). Extremely high precipitation and corresponding high
hydraulic head and baseflow will become more frequently than the past, and the change of groundwater flow system will be intensified
in the future.

4. Discussion
4.1. Model uncertainties

Uncertainties analysis of the model is based on the sensitivity analysis. Results of the sensitivity analysis show that « is the most
sensitive factors affecting baseflow in the LRB (Table S2). Glacier recharge and surface hydraulic conductivity K; are also sensitive
factors affecting the baseflow (Table S2). Baseflow increase in the LRB is predictable in the future result from the climate warming.
Surface hydraulic conductivity (K;) affects the hydraulic head the most, and glacier recharge is the next.

In the transient model, glacier and permafrost are constant inputs. From the results of uncertainty analysis, the hydraulic con-
ductivity of permafrost has the smallest effect on both baseflow and hydraulic head among all the input values, so ignoring the changes
of permafrost has an almost null impact on the model. However, glacier recharge is the second significant factors affecting the
groundwater flow model. The largest uncertainty of the transient model comes from glacier recharge. The glacier recharge rate in the
transient model for prediction uses the historical value, i.e., the glacier recharge rate averaged from 1979~2000. Uncertainty of the
transient model is mainly due to the difference in the glacier recharge rates between the past and the future. According to the trend of
temperature change in the Lhasa River Basin, the annual warming rate from 1979 to 2000 is 0.053 °C/year, while the annual warming
rate from 2003 to 2014 is 0.067 °C/year with the maximum and minimum value of 1.3 °C/year and -0.78 °C/year, respectively.
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Table 3
Trend in precipitation, baseflow, and mean hydraulic head in the past (1998~2014) and in the next 80 years (2020~2100).
2020~2100
Trend 1998~2014
SSP1-2.6 SSP2—-4.5 SSP3-7.0 SSP5-8.5
Precipitation(mm/yr) —3.96 0.52 1.58 1.33 1.84
Baseflow (m®-s L.yr 1) —0.35 0.07 0.11 0.08 0.21
Hydraulic head (m/yr) —4.18 0.10 0.19 0.17 0.37

Assuming that the trend of glacier melt and recharge is consistent with the trend of temperature, the rate of glacier recharge varies by
+26.4 %, leading to the uncertainty of about 141007.7 m3/d (~2.1 %) in baseflow and 2.1 m (<0.1 %) in hydraulic head.

Even if the model is not very sensitive to some parameters, their cumulative effect may be significant. Evapotranspiration in the
model was assigned a uniform value (constant extinct depth and constant maximum evapotranspiration rate) over the whole LRB.
Factors affecting groundwater evaporation, such as land use type and vadose zone porosity, were not fully taken into account in the
model. Specific storage and specific yield were important parameters in the transient model, but they were set as constants for each
type of the aquifer material. Similar to hydraulic conductivity, specific storage also decreases with depth (Kuang et al., 2021). The
decrease of specific storage with depth was not taken into account in the transient model.

The water table observation data used in the model calibration also have some uncertainties. As the water table observation data
were obtained from pumping wells, the water table were affected by the groundwater withdrawal. The observed water tables are lower
than the natural values without groundwater withdrawal. In addition, the measured water table data are all located in the Lhasa city,
because there is no well in the remaining portions of the study area. The lack of water table observation data will also lead to some
uncertainties of the model.

4.2. Limitations

This study made the first attempt to construct a numerical groundwater flow model coupled with the effects of glacier and
permafrost for the LRB. Due to the scarce groundwater literature in this alpine region and the not abundant observation data to
calibrate the model, there are some limitations in the current model. First, the transient model coupling future climate change was built
based on the steady-state model and the calibration of the transient model (Fit-NRMSE = 0.74) is not good as the steady-state model
(Fit-NRMSE = 0.96). The calibration targets come from annual baseflow separation and no baseflow time series are available for model
calibration. The model also cannot reflect the glacier and permafrost changes due to climate warming. An accurate groundwater
recharge rate from glaciers is yet to be clarified as the climate warming. The influence of seasonal permafrost freeze-thaw processes
and the thaw of permafrost due to future climate warming are not considered. In addition to the influence of precipitation, there are
many other factors such as evaporation, temperature, and radiation that will affect the groundwater flow system in the future climate
change scenarios. Ignoring these factors will reduce the reliability of the prediction results of the model.

Despite these limitations and uncertainties of the current model, the results agree with observation data and provide preliminarily
the interactions between groundwater and surface water. The model also provides for the first time the patterns of the groundwater
flow system and the response of the groundwater system to future climate change in the LRB.

5. Conclusions

A three-dimensional numerical groundwater flow model was built for the LRB accounting for precipitation, evapotranspiration,
land use, glacier, and permafrost. The model was calibrated by baseflow data during winter-dry season and water table observed in
pumping wells in the Lhasa city. Reasonable agreement is achieved (Fit-NRMSE = 0.96) between simulated and measured data.
Response of the groundwater flow system to future climate change was also predicted based on different future climate changes
scenarios.

Results show that about 13.6 % of precipitation infiltrates and becomes groundwater. More than 80 % of the groundwater flow
within depth less than 0.3 km below the ground surface. Baseflow is the most important component of the model. About 93.4 % of the
groundwater discharges to streams as baseflow, 5.5 % evaporates and 1.1 % flow out through the southern boundary. The overall
recharge of glacier meltwater to groundwater is 10 % of the total groundwater recharge across the LRB. Most groundwater flow within
localized flow systems with tracking time less than 100 years and tracking distance shorter than 10 km.

The predicted baseflow and mean hydraulic head fluctuate with the variation of future annual precipitation in 2020-2100. Both
baseflow and mean hydraulic head increase with precipitation in the different future climate change scenarios. The increasing trends in
baseflow for the four scenarios range from 0.07 to 0.21 m3/s per year during 2020-2100. The baseflow variation will become greater in
the future as wet year will become wetter and dry year will become drier.

Groundwater flow pattern and interactions between groundwater and surface water are important to an improved water resources
management and sustainable water usage in the LRB. Studies on groundwater in the LRB are becoming even more important due to
climate warming. Groundwater flow model construction for such alpine areas with limited observation data and previous studies is still
an unresolved issue. This study makes the first attempt to build a groundwater flow model. Results of this study will help construct
numerical groundwater flow models in river basins with geological and hydrogeological characteristics similar to the LRB on the
Tibetan Plateau and other alpine regions.
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