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Climate warming is the greatest future challenge to the hydrosphere and the

human community, especially in arid and semiarid regions. This study took the

Golmud river watershed on the Tibetan Plateau as an example to numerically

identify the development of groundwater flow systems in a large arid

sedimentary basin and explore what would the dramatic climate warming

pose on groundwater flow system. The numerical results show that the

Golmud river watershed has developed three hierarchical groundwater flow

systems. River seepage is the predominant recharge for the groundwater

systems inside the basin. The local groundwater flow system discharges

some 82.69% of all groundwater in the basin, followed by the intermediate

system with 14.26% and the regional system with 3.05%. The local system is

mainly distributed in the shallow area of the alluvial-pluvial fan at the piedmont

and provides the dominant water resource for human exploitation and oasis

ecological usages. Climate warming would increase about 30.78% of the

quantity of the recharge water to the groundwater system inside the basin

via river seepage due to the increasing precipitation and increased glacier melt

in the headwater region of the watershed. These waters would pose

disturbances to all groundwater flow systems but to different degrees. The

local flow system exhibits the largest response to the climate warming with

more than 90% of increased water cycled in and discharged through it. The

significant groundwater level rising leads to the trailing edge of the overflowbelt

at the piedmont moving ~5 km towards to the mountain pass, which would

potentially pose a water disaster to the local region. The influences of climate

warming on the intermediate and regional flow system are relatively limited.

This study provides a preliminary understanding of the influences of climate

warming on the groundwater flow systems in arid endorheic basins and is
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essential for tackling future climate change challenges faced by arid and

semiarid regions.
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Introduction

Groundwater is a crucial constitutive part of the hydrosphere

of our planet and accounts for approximately 97% of continental

liquid freshwater resources (Hatch-Kuri and Carrillo-Rivera,

2021). It is essential for maintaining the eco-environment,

irrigating agriculture, and for supporting the development of

industry and human communities (Gu et al., 2018; Xiao et al.,

2018; Adimalla, 2019; Li et al., 2019; Zhang et al., 2021a). It is

estimated that 50% of agricultural production, 40% of industrial

consumption, and 40% of domestic water consumption of the

global population rely on groundwater resources (Dash et al.,

2019; Xiao et al., 2021). In fact, groundwater is the only water

supply for the daily consumption of about 2.5 billion people

around the world (Díaz-Alcaide andMartínez-Santos, 2019; Xiao

et al., 2022b). The intensive exploitation of groundwater resource

has resulted in groundwater resource depletion, ecological

degradation, and geohazards in many regions worldwide (Xu

et al., 2015; Gu et al., 2017b; Antonellini et al., 2019; Li et al., 2019;

Huang et al., 2020; Zhang et al., 2021b). It is a more significant

factor in arid and semiarid regions where surface water is scarce

(Moharir et al., 2019; Hao et al., 2020; Mookiah et al., 2021; Qu

et al., 2021; Xiao et al., 2022c; Liu et al., 2022). Groundwater and

its behaviors are a fundamental part of the scientific management

of groundwater resource for implementing the sustainable

development of human society and eco-environment systems.

In addition to anthropogenic disturbances, dramatic climate

change is another factor that has posed and will continue to pose

unprecedented challenges and threats to water safety and

sustainability globally (Brolsma et al., 2010; Ghimire et al.,

2021). The planet is suffering from rapid climate warming,

and this is expected to continue for the foreseeable decades or

centuries (Hemmerle and Bayer, 2020; David Raj et al., 2022;

IPCC, 2022). Climate warming not only results in increased

temperatures but also poses a series of related influences on earth

system (Bussi et al., 2022; Gan et al., 2022). The hydrosphere is

expected to be the main sphere that is directly and significantly

affected by the global climate change (Kim et al., 2022; Rafiei-

Sardooi et al., 2022). The warming climate will significantly

change the status of the balance of water reservoirs on earth.

It is widely known that the polar icecaps and glaciers on high

plateaus and mountains are melting under the climate warming

(Straneo and Heimbach, 2013; Kraaijenbrink et al., 2017). This is

releasing a giant quantity of liquid water, increasing the amount

of liquid water in water circulation and leading to geohazards like

global sea level rising (Minea et al., 2022). Compared to the

effects on sea level, the influence on continental water and its

circulation are more significant and will present more complex

challenges, especially for arid and semiarid regions that have

relatively fragile eco-environments (Sarzaeim et al., 2017). Due to

the scarcity of surface water, groundwater is the critical water that

participates in water circulation and supports the natural

ecosystems and human communities in arid and semiarid

regions (Goderniaux et al., 2011; Xiao et al., 2022a). Thus,

groundwater and its behaviors in arid and semiarid regions

under climate change should be given special attentions.

The Tibetan plateau has been called the third pole of the

earth, and it features the largest amount of water in glaciers

anywhere on earth apart from the north and south poles (Qu

et al., 2019). Although the Tibetan plateau is known as the water

tower of Asia (Hao et al., 2021), the northern part of it is typically

arid and semiarid (Gu et al., 2017a; Hao et al., 2018; Luo et al.,

2021; Wang et al., 2022). The potential giant quantity of melted

water from glaciers for the arid and semiarid regions can amplify

the effects of climate warming for the continental hydrosphere

(Ma Y. et al., 2017; Chen et al., 2021). Thus, a typical endorheic

watershed in the arid northern Tibetan plateau was selected as

the study area to obtain insights into the likely outcomes of

climate warming for the hydrosphere, groundwater circulation,

and behavior of the groundwater system.

The specific aims of this study are 1) modeling the status of

groundwater at present climate conditions, 2) revealing the

development of the hierarchical groundwater flow systems in

an arid and semiarid large sedimentary basin, and 3) developing a

preliminary understanding of groundwater behaviors and the

evolution of groundwater flow systems in arid sedimentary

basins due to climate warming. This study can provide

scientific support for managing groundwater resources, coping

with the water crisis and related geohazards posed by climate

warming, and implementing the sustainable development of arid

and semiarid regions in the future challengeable environment.

Study area

General setting of the Golmud river
watershed

The Golmud river watershed is a typical endorheic watershed

on the Tibetan Plateau. It is located at the south margin of the

Qaidam basin, which is the largest basin on the Tibetan Plateau.

This watershed is bounded by the Kunlun Mountains in the
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south and Lake Dabusun in the north (Figure 1), and it extends

between 36°59′43.60″ and 35°50′12.34″ latitude and from

94°16′13.86″ to 95°20′19.56″ longitude with a covering area

of ~12180 km2. The Golmud river, the second largest river in

the basin, runs through this watershed and flows from the

Kunlun Mountains to Lake Dabusun. This watershed is

characterized by the dry continental climate of the plateau.

The precipitation and evaporation are extremely variable in

time and space. Annual precipitation can reach 200 mm in

the mountainous area, but it is below 50 mm in the basin.

Most of precipitation occurs in the rainy season (June to

August), and accounts for more than 60% of the precipitation

over the course of the year. Conversely, evaporation presents an

increasing trend from south to the north and even exceeds

2600 mm per year in the basin. The high annual evaporation

and low precipitation in the basin result in nearly no effective

production of water resources for surface and ground water from

local precipitation. The water resources of the watershed are

mainly produced in the south and source from precipitation and

snow/ice melt water in the mountainous area. The water

resources in the basin are dominantly derived from river

water and a part of underground lateral flow at mountain

passes. River water flows into the basin, and almost all water

seepages into the aquifers in the middle-upper part of the alluvial

fan. Only in the flooding season, some river waters reach the

lower part of the alluvial fan. As a result, the ecology in the basin

is groundwater dependent. Due to the scarcity of precipitation

and surface water, groundwater is also the main supplying water

source for the various purposes of the human community. Thus,

understanding groundwater and its behavior is significant for the

sustainable development of this hyper arid region.

Geology and hydrogeology

The Qaidam basin is a closed basin, formed during the uplift

of the Tibetan Plateau. The Golmud watershed is one of

numerous endorheic watersheds in the basin (Figure 1). This

watershed has an outcropping stratigraphy at an age from

Proterozoic to Quaternary. The pre-Quaternary strata are

dominantly located in the mountainous areas. Inside the

basin, the strata are dominated by hundreds and thousands of

meters of Quaternary deposits. There are four types of aquifer

systems in the watershed, including the permafrost aquifer

system, carbonate karst aquifer system, fractured aquifer

system, and porous aquifer system (Hu and Jiao, 2015). With

FIGURE 1
Location of (A) the Tibetan Plateau, (B) the Qaidam Basin, and (C) the Golmud river watershed.
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the exception of the porous aquifer system, the other three

aquifer systems are only distributed in the mountainous area.

A porous aquifer system occurs along the river valleys in the

mountainous area and inside the basin. The lithologies of

Quaternary deposits inside the basin are spatially variable,

varying from pebble and gravel in the upper parts of the

alluvial fan to coarse sand in the middle-lower alluvial fan

and then to fine sand and clay in the middle-lower lying

depression of the watershed. Regionally, there are three

continuous clay layers distributed at the depths of 60, 290,

and 450 m in the basin (Figure 2). As a result, the aquifer

system in the basin has a variable structure and changes from

a single thick phreatic structure to a multilayer one.

The Quaternary porous aquifer system in the basin mainly

receives its recharge water from river seepage in the middle-

upper areas of the alluvial fan. The lateral inflow at the mountain

pass also contributes recharge water to the Quaternary aquifer

systems in the basin to some degree. Groundwater flows from the

upper area of the Golmud alluvial fan towards the basin center

and experiences several transformations between groundwater

and surface water. The groundwater level has great depths in the

middle-upper areas of the alluvial fan, which can reach to

hundreds of meters, but it gradually evolves to a much

shallower depth along the groundwater flow path towards the

basin center. Most of the groundwater level in the areas from the

front of alluvial fan to the basin center has depths of less than

3 m, so significant evaporation occurs. All groundwater and

surface water finally discharge into the salt Lake Dabusun, the

terminal of the Golmud watershed, and is lost to evaporation.

Due to the shortage of surface water in human-settled areas, the

groundwater has been greatly exploited for supporting the

development of human community in the watershed.

Additionally, the ecology in the oasis and the lower areas of

the watershed is dependent on the groundwater. Overall, the

groundwater inside the basin is mainly recharged by river

seepage in the middle-upper area of the alluvial fan and

lateral inflow at the mountain pass and discharges through

evaporation, human pumping, and plant usage.

Materials and methods

Development of the groundwater flow
model

Conceptual model and numerical model
methodology

Aquifers inside the basin can be generally divided into

hydrogeological layers using three regional aquitards

(Figure 2). The upper layer is distributed from the mountain

pass to the low-lying depression (Lake Dabusun) of the basin,

with lithologies, varying from high hydraulic permeability to

relatively low hydraulic permeability. This layer is regarded as the

upper aquifer, which is phreatic in the alluvial fan area and semi-

confined in parts of the middle to lower areas of the watershed. It

has great thickness in the alluvial fan but smaller thickness from

the front of the alluvial fan northwards. The second layer is

distributed from the front of the alluvial fan to the lower parts of

the fine-soil plain. This layer is constrained by the regional

continuous aquitards at the depths of 60 and 290 m. It is

semiconfined at the front of the alluvial fan and confined in

the lower stream area. Below the continuous clay layer, at a depth

of 290 m, there are still two further regional aquifers, which are

divided by a regional aquitard at a depth of 450 m and all

FIGURE 2
The hydrogeological profile along I-I’.
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confined. The third aquifer has a relatively good hydraulic

connectivity and great thickness. The fourth aquifer is

intercalated with many layers of differing relative permeability

in the fine soil plain and salt marsh plain, and as a result, the

groundwater there flows very slowly.

To investigate the groundwater flow system in the basin

and its behaviors due to climate change, a cross section

parallel to the main groundwater flow direction in the

watershed (I-I′ presented in Figure 1) is chosen as the

geometry for the simulation of two-dimensional steady

flow. This geometry ranges from the mountain pass to the

terminal lake with a length of 100 km (Figure 2). To illustrate

the strong evaporation effects on the groundwater level

fluctuation in the fine soil plain and salt marsh plain, the

geometry of the simulation is discretized vertically as irregular

cells with the aid of the gradient mesh size method. The

smallest cells have a thickness of 0.1 m and are located near

the surface (Figure 3). The thickness of the cells gradually

increases with increasing depth, reaching ~80 m at the deepest

point. Horizontally, the geometry is discretized using the

equal discretization method. The viscosity and density of

the groundwater are assumed to have negligible spatial

variatio. Thus, groundwater flows inside the basin can be

considered to be driven by gravity, as described by the

following equation:

σ(h) zh
zt

− ∇[K(h)∇(h + z)] � q (1)

where σ (h) is the specific storage, h represents the pressure head,

z is the elevation, t signifies time, K(h) denotes the unsaturated

hydraulic conductivity, and q represents the source or sink. The

two-dimensional groundwater flow simulations are established

and solved using the TOUGH 2 program (Transport Of

Unsaturated Groundwater and Heat).

Parametrization and boundary conditions
In the model domain, five predominant lithologies are found

inside the basin, including sandy gravel/pebble, sand, silty soil,

silty clay, and clay. The hydrogeological parameters of these

lithologies are initially given in the model according to the

borehole drilling records, pumping tests, and empirical values

from similar studies (Gu et al., 2017a; Hao et al., 2018). The

parameters are adjusted in the calibration and validation

process, with the aid of hydraulic head observation data.

There are two types of recharge for the groundwater,

including river infiltration (seepage) and lateral inflow. The

river infiltration mainly occurs at the piedmont (i.e., the

alluvial fan area). The lateral inflow only exists at the

boundary between the bedrock at the mountain pass and

the sediments of the alluvial fan plain. These two

groundwater recharges are set as the specified flow

boundary and introduced by the WATE module of

TOUGH2 in the model. The groundwater in the study area

is mainly discharged via human pumping, evaporation, and

springs. Human pumping is dominantly located in the alluvial

fan plain, which is also set as a specified flow boundary and

modelled using the WATE module. The evaporation and

springs are defined as mixed boundary and simulated using

the EVAP and DELV module of TOUGH2, respectively. The

EVAP module is a new development module for evaporation

calculation, which is based on the content of soil water (Hao

et al., 2016). The lake boundary at the low-lying depression of

the watershed is defined as the specific head boundary. The

DELV module is similar to the Drain module of MODFLOW.

The bottom boundary and the northern lateral boundary of

the model geometry are generalized as impermeable

boundaries (Figure 2), i.e., a zero flux boundary. The

parameters of the aforementioned boundaries are given

according to the field survey and measurement.

FIGURE 3
The model mesh of the simulation domain.
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Scenario analysis

Scenario 1: Present status
Scenario 1 illustrates groundwater flow patterns under

present climatic and pumping condition. The sources and

sinks of the model are assigned according to the annual

average seen in 2016. Potential evaporation is defined as

2600 mm, drawing on local meteorological data (Table 1). The

seepage/infiltration of the river water is given based on

hydrological station data and is set as 135.65 m3·d−1 along

the profile. The lateral inflow of the bedrock from the

mountainous area is estimated using Darcy’s section

method and is 0.04 m3·d−1 for the model geometry

(Table 1). The pumping quantity is obtained according to

the results of the regional hydrogeological survey and assigned

as 20.65 m3·d−1 for the cross section domain.

Scenario 2: Climate warming
Scenario 2 presents the evolution of the groundwater

flow system under the influence of global climate warming.

Previous research indicates that the Qaidam basin has

experienced significant warming over the past few

decades, and it is estimated that this trend will continue

(Kuang and Jiao, 2016). This warming will significantly

influence the climatic and hydrological features of the

watershed. The quantity of melting snow and ice water

would increase. The same trend would occur for the

annual precipitation in the watershed. As a result, the

quantity of recharge water into the basin from the

mountainous area would increase. However, evaporation

would decrease along with the climate warming due to

increased humidity. Overall, the influence of climate

warming on water resources inside the basin would be via

the recharge water quantity at the piedmont and through

evaporation inside the basin.

It is estimated that about 40% of the total water at the

mountain pass originates from the precipitation in the

mountainous area, and the remainder is from the snow and

ice melt water (Chen et al., 2014). The temperature of the Qaidam

basin is expected to increase at a rate of 0.26°C/10 a (Table 1)

(Nan et al., 2004). As a result, the precipitation and melt water

will increase to approximately 110.35% (Hu et al., 2015) and

160% (Shi, 2001), respectively, by 2100, and the evaporation rate

in 2100 would be 52% of the present rate (Table 1) (Ma R. et al.,

2017). According a previous survey, the quantity of water seepage

from the riverbed has no significant relationship to the river

water runoff flux from the mountain pass to the hydrology

station (Figure 1C) but relates to the one from the hydrology

station north. The seepage water quantity of different parts of the

Golmud river can be estimated using the empirical equation

below:

QS � 0.05 × Qms + 6.686 (2)
QN � Qhs (if Qhs ≤ 10.2m3·s−1) (3)

QN � 4.0286 × [Qhs]0.4 (if Qhs＞10.2m3·s−1) (4)

where QS and QN represent the river seepage water quantity from

the mountain pass to the hydrology station (Figure 1C) and from

the hydrology station northward, respectively. Qms and Qhs are

the river water runoff flux at the mountain pass and the

hydrology station, respectively.

TABLE 1 Meteorological and hydrological scenarios for groundwater modelling.

Scenario Years Temperature Potential
evaporation (%)

Precipitation
(%)

Melt
water (%)

River
runoff
flux (%)

River
seepage
quantity (%)/°C

Scenario 1 2016 6.85 100 100 100 100 100

Scenario 2 2100 9.06 52 110.35 160 140.14 130.78

FIGURE 4
Comparison of observation head and simulation head.
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Results and discussion

Model calibration and validation

The model was calibrated to minimize the difference between

the model simulation results and real hydrogeological conditions

to an acceptable threshold. Hydraulic heads from 63 boreholes

from the mountain pass to the terminal lake were observed in this

process. Trial and error correction was employed to adjust the

hydraulic parameters to reflect the real hydrogeological

conditions of the watershed.

The comparison of the simulated hydraulic heads after

parameter calibration and observed hydraulic heads is given

in Figure 4. The deviation between the simulated and

observed hydraulic heads varied in spatial terms, from a small

one in the fine soil plain and salt marsh plain to a relatively large

one in the alluvial fan (the piedmont area). The maximum

deviation between the simulated hydraulic head and the

observed hydraulic head was within 0.8 m in the fine soil

plain and salt marsh plain and reached 4.8 m in the alluvial

fan. Large seasonal hydraulic head fluctuation and a steep

hydraulic gradient were the main causes of relatively large

deviations for model results (Islam et al., 2017). The deviation

for the simulated hydraulic heads in the middle- to lower-stream

area (the fine soil plain and the salt marsh plain) is attributed to

the lithological heterogeneity of the aquifers (Gu et al., 2017a).

For the whole model cross section, the root mean square error

(RMSE) of the simulated hydraulic head and the observed

hydraulic head was only 1.57 m. Overall, the simulated results

reflect the real regional hydrogeological conditions.

To further validate the calibrated model, the isotopic ages of

the groundwater were introduced to compare the hydraulic age

of the groundwater. Groundwater samples along the cross section

were collected for radioactive isotope analysis (Figure 5). A total

of 13 groundwater samples were obtained, including 4 from the

phreatic aquifers in the alluvial fan and 9 from the deep aquifers

of the fine soil plain and salt marsh plain. Isotopic ages of the

groundwater were estimated using the tritium approach if the

water had a tritium content greater than 1 TU (tritium unit) and

obtained by the radiocarbon method if the tritium content was

below 1 TU. Particle tracking was employed for calculating

groundwater hydraulic age, contoured by linear interpolation

(Gu et al., 2017a). As shown in Figure 5, the simulated hydraulic

ages of groundwater are largely consistent with the isotopic ages

of the groundwater. Thus, the calibrated model has superior

performance in simulating the groundwater flow in the study

area and can be used for exploring the flow pattern and behaviors

of groundwater.

The calibrated hydrological parameters of the two-

dimensional groundwater model are presented in Table 2. The

horizontal permeabilities (Kh) of sand and sandy gravel/pebble

are in the range of 13.7–56.3 m·d−1, with an anisotropy ratio (Kh/

Kv) of 10. For the silty soil and silty clay, the horizontal

permeabilities (Kh) were 0.62 m·d−1 and 0.13 m·d−1,
respectively, with an anisotropy ratio (Kh/Kv) of 5. The clay

had the horizontal permeability (Kh) of 0.001 and an anisotropy

ratio (Kh/Kv) of 5. The porosity of sandy gravel/pebble, sand, and

silty soil ranged from 0.35 to 0.50, and those of silty clay and clay

were in the range of 0.60–0.65.

The present groundwater flow system

The groundwater flow pattern in the present climate and

pumping condition is presented in Figure 6. The present study

area is a typical Tóthian basin and features several hierarchical

FIGURE 5
Comparison of isotopic age and hydraulic age of groundwater.
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groundwater flow systems. Three hierarchical groundwater flow

systems, including the local, intermediate, and regional system,

have developed inside the basin. The flow patterns of

groundwater are strictly governed by the distribution of

lithology distribution along the profile. The groundwater flow

lines present an upwardly convex shape when meeting poor

permeable strata. This is significant at the front of the alluvial fan

and in the middle area of the fine soil plain, where a lot of

continuous clay exists.

The local groundwater flow system is distributed in the

alluvial fan plain. The groundwater in this flow system

obtains recharge water from the seepage of the Golmud river

in the middle and upper parts of the alluvial fan. It generally

discharges at the front of the alluvial fan, where the overflow area

of the watershed is found. The cycled groundwaters in this flow

system provide the predominant water source for domestic usage

and industrial purposes. The shallow buried features of the

groundwater level and the largely natural overflow quantity of

this system at the lower area make the front of the alluvial fan

plain being the oasis of the watershed and suitable for perch.

The intermediate groundwater flow system occurs below the

local groundwater flow system and ranges from the upper part of

the alluvial fan plain to the lower parts of the fine soil plain. This

system receives recharge water from the seepage of the Golmud

river in the upper part of the alluvial fan plain. The groundwater

in this flow systemmoves northward and sinks into the aquifer in

the upper and middle areas of the alluvial fan. However, due to

the influence of continuous clay layers in the lower parts of the

alluvial fan, groundwater presents an upward-flowing patterns

there, and the flow paths are constrained by the two continuous

clay layers. The largest cycle depth of the groundwater in this

system reaches approximately 600 m at the middle to lower parts

of the alluvial fan and adjacent to the continuous clay layers. All

groundwaters in this system are discharged in the middle to

lower parts of the fine soil plain through springs and evaporation.

The groundwater in this system supports the ecology of the fine

TABLE 2 Hydrological parameters of the calibrated model.

Lithology Porosity Horizontal permeability Kh

(m·d−1)
Anisotropy ratio Kh/Kv

Sandy gravel/pebble 0.35 56.3 10

Sand 0.40 13.7 10

Silty soil 0.50 0.62 5

Silty clay 0.60 0.13 5

Clay 0.65 0.001 5

FIGURE 6
The present groundwater flow pattern of the Golmud watershed.
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soil plain and is significantly important for the environment

maintenance of the watershed.

The regional groundwater flow system ranges from the

mountain pass to the low-lying depression (Lake Dabusun) of

the watershed and is distributed below the local groundwater

flow system and the intermediate groundwater flow system. This

groundwater flow system is mainly controlled by a continuous

clay layer at a depth of 290 m regionally and is developed below

it. The groundwater in this system is dominantly recharged by

river seepage at the top of the alluvial fan and discharged as

evaporation and salt lake water in the salt marsh plain. The flow

paths of groundwater in this system are disorganized in middle to

lower area of the watershed (i.e., the fine soil plain and the salt

marsh plain). The distribution of clay layers has a great influence

on the shape of groundwater flow paths.

The discharge water quantity of various groundwater flow

systems at present were identified. The three hierarchical flow

systems perform quite differently in terms of cycling and

discharging water quantity in the basin (Table 3). Most

groundwater in the basin is cycled and discharged through the

local flow system and flows in the shallow parts of the watershed.

This part of the groundwater accounts for more than 80% of the

cycling groundwater in the watershed. The intermediate

groundwater flow system accounts for the second-most

amount of the cycling groundwater in the watershed but far

less than the local groundwater flow system. In its cycling and

discharging quantity, it accounts for approximately 14.26% of the

water of the entire watershed. Although the regional

groundwater flow system has the largest distribution area in

the watershed, it features the lowest cycling and discharging

water quantity, only 3% of the entire basin. This is ascribed to the

relatively poor permeability of the aquifer regionally. Thus, the

surface water in salt lakes in low-lying depression (Lake Qarhan

and Lake Dabusun) is not dominantly recharged by the water

cycle beneath the ground. It is supported and maintained by the

flowing water of various spring-fed rivers of the watershed. It is

also suggested that the rich salt minerals in the low-lying

depression of the watershed are not simply brought and

formed by the regional groundwater flow. The water of the

ancient salt lakes migrating from the west to the center of the

Qaidam basin over the course of geological history may form the

predominant contribution of these rich salts of the low-lying

depression of the Golmud watershed.

The evolution of groundwater flow system
under climate warming

Climate warming has a significant influence on the

groundwater system in the study area. The water balances of

the modeled profile under the present climate scenario and the

climate warming scenario are presented in Table 4. Compared to

the present climate, climate warming would greatly increase the

recharge water quantity from the mountainous area. River

seepage, which is the dominant recharge water for aquifers

inside the basin, has increased from 135.61 m3·d−1 to

177.35 m3·d−1 for this profile. Climate warming would cause

the river seepage water quantity to increase 30.78% over its

present quantity. Due to the limited water quantity from

bedrock lateral inflow, climate warming would not

significantly change the percentage of each recharge in the

total recharged water. The increase in river seepage water

quantity has had a significant influence on the discharges of

groundwater system inside the basin, and the quantities of all

natural discharges would increase under the climate warming

scenario. The discharge quantity of the springs has the largest

variation and would increase from 78.59 m3·d−1 to 120 m3·d−1 for
the whole profile. The quantities of discharge water due to

evaporation and outflow into the lake would also increase

under the climate warming, but their changes are not significant.

The percentage of each discharge shows that the climate

warming would not change the order of the recharge and

discharge quantities inside the basin (Table 4). River seepage

would still be the predominant means of recharge for

groundwater systems in the basin and would account for

99.98% of the total recharge water quantity under climate

warming scenario. The bedrock water quantity in lateral

inflow is limited and only accounts for about 0.02%. For the

discharge in the groundwater system, although the order of water

quantities would not be changed by climate warming, the

percentage of each discharge in the total discharge of the

profile would be significantly changed. The percentage of

TABLE 3 The discharge of various groundwater flow systems of the profile.

Groundwater flow system Scenario 1 Scenario 2

Discharge
water quantity/m3·d−1

Percentage/% Discharge
water quantity/m3·d−1

Percentage/%

Local system 112.16 82.69 152.40 85.91

Intermediate system 19.34 14.26 20.05 11.30

Regional system 4.14 3.05 4.95 2.79
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spring discharge on the total discharge water quantity would

greatly increase, from 57.94 to 67.65%. On the other hand, other

natural discharge and human pumping would decrease in the

percentage of the total discharge quantity. Evaporation discharge

would decrease from 25.86 to 19.79% in percentage, and the

human pumping would decrease from 15.22 to 11.64%. The

percentage of outflow into the lake would have a small influence,

only decreasing from 0.98 to 0.93%.

Climate warming would also significantly change the flow

characteristics of groundwater along the profile (Figure 7). The

groundwater level in the alluvial-pluvial fan would greatly

increase as a result, and the trailing edge of the overflow belt

would move about 5 km toward to the mountain pass. This

would make most of the urban area of the city of Golmud into the

overflow area of the groundwater, increasing the susceptibility of

the region to water disasters. The hierarchical groundwater flow

systems developed in the basin would also be disturbed by

climate warming. Overall, the influences on the three flow

systems would differ. Significant influences would only be

observed in the local groundwater flow system. The largest

cycle depth of groundwater in this system would increase

from the 280 m of present climate (Scenario 1) to 360 m in

the climate warming condition (Scenario 2). Climate warming

would not have a significant influence on the intermediate

groundwater flow system or the regional groundwater flow

system, and the discharge water ranges of these two systems

would experience nearly no change under climate warming.

The cycling water of all hierarchical groundwater flow

systems would increase in quantity due to climate warming,

but the degree of increase varies among the systems. The increase

in cycling water in local groundwater is especially significant. The

cycling water quantity of this system would increase from

TABLE 4 Groundwater balance of the modeled domain.

Scenario 1 Scenario 2

Water quantity/m3·d−1 Percentage/% Water quantity/m3·d−1 Percentage/%

Recharge River seepage 135.61 99.97 177.35 99.98

Bedrock lateral inflow 0.04 0.03 0.04 0.02

Total 135.65 100.00 177.39 100.00

Discharge Spring −78.59 57.94 −120.00 67.65

Evaporation −35.08 25.86 −35.10 19.79

Pumping −20.65 15.22 −20.65 11.64

Outflow into the lake −1.33 0.98 −1.65 0.93

Total −135.65 100.00 −177.39 100.00

FIGURE 7
The groundwater flow pattern of the Golmud river watershed after climate warming.
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112.16 m3·d−1 to 152.40 m3·d−1. Although the quantities of

cycling water of the intermediate groundwater flow system

and the regional groundwater flow system would increase due

to climate warming, the increase would not be significant for

these two systems. The cycling water quantities of these two

systems would only increase from 19.34 m3·d−1 to 20.05 m3·d−1
and from 4.14 m3·d−1 to 4.95 m3·d−1, respectively. On a

percentage basis, the quantity of cycling water in the local

system would increase from 82.69 to 85.91% of the total

cycling water of the profile, but in the intermediate and

regional systems, it would decrease from 14.26 to 11.30% and

from 3.05 to 2.79%.

Overall, the climate warming would increase groundwater

recharge in the basin predominantly through the river seepage at

the piedmont, and most of the additional water would discharge

out of the groundwater system via springs. It should be noted that

the discharge outflow into the lake would be relatively stable and

not significantly disturbed by climate change. All hierarchical

groundwater flow systems would respond to climate warming.

Local groundwater shows the strongest response to the climate

warming, ranked by the intermediate system. The regional

groundwater flow system has the weakest response to climate

change andmay be negligible. The local groundwater flow system

cycles and discharges most of the water added by climate

warming. Thus, the local groundwater system developed at

the piedmont should be examined with a view to reducing

and eliminating potential water disasters posed by climate

warming in this arid region.

Conclusion

Climate change is an unprecedented challenge facing the

human community and will significantly influence the earth’s

hydrosphere. The present study examines a large sedimentary

watershed in the arid northern Tibetan Plateau as an example to

numerically investigate the development of groundwater flow

systems in an arid basin and their behaviors under climate

warming. The main findings are as follows:

The study area is a typical Tóthian basin and has developed

three hierarchical groundwater flow systems, i.e. the local,

intermediate, and regional systems, under present climate

condition. The river seepage that occurs at the middle to

upper part of the alluvial-pluvial plain is the predominant

recharge water for all systems in the basin, and it accounts for

more than 99% of the total water quantity. The distribution of

groundwater flow systems is controlled by the sedimentary

lithology inside the basin. The local system is distributed in

the alluvial-pluvial plain with the shallowest buried features and

largest quantity of cycling water. Approximately 82.69% of the

cycled groundwater inside the basin is discharged through the

local flow system and provides the dominant water resource for

human exploitation and the oasis in the watershed. The

intermediate system distributing below the local system has

the largest cycled depth of ~600 m. The cycled water in this

system accounts about 14.26% of the total groundwater quantity

in the basin and is significantly important for the eco-

environmental maintenance in the middle and lower

watershed. The regional system is located below all the other

flow systems and ranges from the mountain pass to the low-lying

depression of the basin. The cycled water quantity in this system

only accounts for ~3% and is not the dominant contribution of

water and salt minerals for the basin center.

Climate warming would have a significant influence on

groundwater systems in the basin. More water would be

yielded in the headwater area, and the recharge water of the

groundwater system in the basin would be greatly increased. By

2100, climate warming would increase the river seepage water

quantity 130.78% of its present level. This giant recharge water

quantity would cause a significant disturbance to the

groundwater system. Most of the increased water would

discharge out of the groundwater system through springs.

Influences on other means of discharge would not be

significant. Groundwater flow systems produce different

responses to climate warming. The local system has the

strongest response, followed by the intermediate system. The

influence on the regional system is limited and negligible. Most of

the increased water due to climate warming would cycle and

discharge through the local system and result in a significant

increase in groundwater level. This leads to the trailing edge of

the overflow belt at the piedmont moving about 5 km toward the

mountain pass, threatening a potential water disaster to the local

regions. Climate warming would result in a slight increase in the

cycled water quantity in the intermediate system but nearly no

change for its discharge range. This study can provide scientific

insights into the development of groundwater flow systems in a

large arid sedimentary basin and their behaviors under climate

warming, and is essential to address the water challenges induced

by future climate warming in arid and semiarid regions.
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