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Abstract:

Comprehensive assessment of the long-term evolution of water scarcity and its driving
factors is essential for designing effective water resource management strategies.
However, the role of water withdrawal and water availability components in
determining water scarcity and potential mitigating measures in large water-scarce
basins are poorly understood. Here, an integrated analytical framework was applied to

the Yellow River basin (YRB), where the water crisis has been a core issue for

Compared to the period from 1965 to 1980, the regional water stress index (WSI), the

frequency and duration of water scarcity, increased by 76%, 100%, and 92%

respectively, over the recent two decades. Water withdrawal was the primary driver of

the increased WSI before 2000: however, it has since contributed equally with water

shown to be important in determining total water availability at the sub-basin scale.

Water demand in the 2030s is predicted to be 6.5% higher than during 2001-2020 (34.2
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THEREI A2 of the water scarcity index (WSI) and other

critical indicators, including frequency, duration, and exposed

population,

{M%ﬁg P ZS: water crisis during J
{M%mg 1965-2013 J

/| MIBXHIAZ: Lirigation dominated the increase in WSI in the

" | northwest part of the basin before 2000, whereas climate

change was primarily responsible for changes in the WSI in

most sub-basins during the recent decade.

PEREI A2 water deficit
MIERIKI 2 The p

J0.7%,, compared to the 2000s. Our results have vital implications for water resource

Y

management in basins facing similar water crises to that in the YRB.

| MERHIAZS: of the total population
MIBRIIAZ: respectively.

BRI A % In conclusion, the integration of water supply

and demand-oriented strategies is essential to effectively

- JC

alleviate the water crisis in the YRB.
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1 Introduction

Water resources underpin human life, socio-economic development, and ecosystem
health (Oki and Kanae, 2006; Han et al., 2023), but often have an uneven spatiotemporal
distribution as well as a mismatch with water demands (Veldkamp et al., 2017; Wang
et al., 2020; Scanlon et al., 2023). This problem has been worsened by an increased
human water demand during the last few decades, driven by population growth,
improving living standards, and expansion of irrigated agriculture (McDonald et al.,
2011; Wada et al., 2016b; Huang et al., 2018). Climate change poses an additional threat
to already stressed water resources by adding uncertainty, especially in terms of changes
in interannual and seasonal precipitation and temperature (Schewe et al., 2014; Rodell
and Li, 2023). Water scarcity is challenging the stability and sustainable development
of human society in many regions of the world, especially in developing countries
(Munia et al., 2020; Huang et al., 2021). Approximately one-third to half of the global
population is currently experiencing water scarcity, with most water scarcity occurring
in India and China (Mekonnen and Hoekstra, 2016; Qin, 2021). By 2030, half of the
global population is predicted to experience severe water stress (UNEP, 2015).
Droughts and floods would further intensify water stress, with high-income areas not
immune to these threats (Rodell and Li, 2023). Water scarcity results in many social
and environmental issues, such as food production reduction, drinking water shortage,
and ecosystem health degradation (Porkka et al., 2016; Wang et al., 2017; Long et al.,
2020). Thus, it is essential to understand the evolution of water stress and the associated
driving factors; this is a prerequisite for designing effective water resource management

strategies and achieving Sustainable Development Goal (SDG) target 6.

The Yellow River basin (YRB), the second-largest river basin in China, is known as
the "Chinese cradle". It is responsible for 13% of national grain production but only
possesses approximately 2% of national water resources (Zhuo et al., 2016). Meanwhile,
the reserves of coal and oil in this basin account for 70% and 50% of China's total,
respectively (Ma et al., 2020b). The large-scale exploration of energy sources also

comes at the cost of a large amount of water usage. Accompanying a boom in

3
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agriculture and prosperous economy, the total water consumption (both surface and
groundwater) in the YRB increased by 120% between the 1960s and 2009 (Zhuo et al.,
2016). In contrast, natural runoff significantly decreased during the period 1960—1990s,
before slightly recovering in recent years (Tang et al., 2013). Owing to climate change-
induced natural water availability and intensive human water usage, the YRB has been
problem has constrained the ecological protection and high-quality development of the
YRB, which was stressed as a major national strategy in 2019 by the Chinese

government.

Water scarcity in the YRB has been widely reported in global assessments, which
have provided general overviews of water stress for both historical and future periods
(Veldkamp et al., 2017; Greve et al., 2018; Qin et al., 2019). However, these estimates
were based on data having a coarse spatial resolution, such as a whole river basin or at
0.5° x 0.5° level (Huang et al., 2021). The insights obtained at such spatial resolution
might be difficult for water resource managers and policymakers to utilize (Degefu et
al., 2018). Moreover, due to the lack of validation of most global hydrological models
used to simulate runoff, there may be large biases in water supply assessment. A wealth
of previous studies in China have explored the general feature of water stress in the
YRB at different spatial scales, ranging from provincial or prefectural (Zhao et al., 2015;

Huang et al., 2023), to river basin scale (Yin et al., 2020), to sub-basin scale (Zhou et

al., 2019; Xu et al., 2022), to grid scales (Zhuo et al., 2016). Recently, considering

;‘[ BRI A% scarcity

| BRI A2 scarcity

periods, overlooked environmental water needs, or suffered
from the same problems faced by global water stress

assessments. In addition

‘ MBRIIAZ: , these assessments often covered only short
[ BRI A %: usually

| BRI N2 taken

/| BB A28 into account

| MIBRIIAZS: An

| MBI A2 on

TR A %: means

| MBREI I ZE: that

Previous work in China showed that the difference in population affected by severe

PRI 2 scarcity

water stress was 60% with and without consideration of upstream water resources

) T AT A 25 will be overestimated

| BB HIPIZE: Liu et al., 2019,
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which is even larger in northern water-limited areas (Liu et al., 2019). Incorporating

upstream flows and water consumption provides a more accurate assessment of water

stress in the real world. Some studies have significantly advanced the understanding of

water stress in the YRB by accounting for upstream components, reservoir operations,

and water transfer projects (Omer et al., 2020; Xie et al., 2020; Albers et al., 2021; Sun

et al., 2021). Yet, these studies often covered only short periods (less than 20 years),

thereby limiting the comprehensive documentation of the temporal dynamics of water

stress. More importantly, human water usage estimates in both the historical and future

| MIBRHI P2 activity

i

| MR )

Huang et al., 2021). A long-term water withdrawal dataset at the prefectural scale, based

on nationally coordinated surveys, was recently constructed by Zhou et al. (2020).

A8 S e

Utilizing this newly developed dataset could bring new insights into the changing

resolution using this dataset (Zhang et al., 2024). Nevertheless, the role of water

withdrawal (i.e., different sectors) and water availability components in determining

sub-basin scale, taking into account environmental flow requirements (EFR) and

upstream flows. The objectives of our study were to: (1) assess the evolution of water
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and explore potential solutions. Our findings provide valuable information for
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designing policies towards integrated water resource management in the YRB.

2 Materials and methods

Multiple datasets and methods were used to develop an integrated analytical framework,
including multi-dimensional water stress indicators (i.e., intensity, duration, frequency,
and exposed population), driving factors of changes in historical water stress, and
surface water deficits in the future along with potential solutions to address these (Fig.

1). A more detailed description can be seen in the following section.
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colors indicate water stress assessment, water withdrawal, water availability, and future

surface water deficit, respectively. The rectangles and rounded rectangles indicate the

main and detailed components of the aforementioned four parts, respectively. The

dashed and solid arrows indicate impact factors and mitigation measures, respectively.

2.1. Study area

The YRB is the second-largest basin in China, with a total drainage area of 79.5 x 10*

km? and a mainstream length of 5464 km. It runs through nine provinces or

{ﬂﬂll%&‘] PYZ: scarcity

J




230

235

240

municipalities and three geomorphological units: the Qinghai-Tibet Plateau, Loess
Plateau, and North China Plain (Fig. 2). Our study focused on the areas above the
Huayuankou hydrological station, the outlet of the middle reaches of the YRB, owing
to the negligible runoff downstream of this. Based on the Soil and Water Assessment
Tool (SWAT), the study area was further divided into 425 sub-basins _(Fig. S1). Most
parts of the YRB are arid or semi-arid regions, with the mean annual precipitation being
450 mm. The rapid expansion of irrigated agriculture has induced a very large irrigation
water demand, while population growth and socio-economic development have led to
an increase in domestic and industrial water use (Zhou et al., 2020), leading to an

intensified water crisis in this water-limited basin (Song et al., 2023).
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Figure 2. Location of the study area. TNH = Tangnaihai, LZ = Lanzhou, TDG =
Toudaoguai, LM = Longmen, and HYK = Huayuankou. Yellow and red numbers
indicate the ratio of mean annual natural runoff above the TNH station and the section

between TDG and HYK station to that of the HYK station, respectively.

2.2. Critical indicators of water stress

The water stress index (WSI), widely used to assess the water stress intensity, is defined

{ﬂﬂl‘%ﬂgl’ﬂﬁ scarcity

{ﬂﬂ”‘%ﬂglﬁﬁ scarcity

Hﬂ%&gmg which is
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water resources cannot sustain environmental or anthropogenic needs and water

scarcity occurs.

_ WWiy

WSlim = g2, ()

where, WW, ,,, is the total water withdrawal (irrigation, industry, urban, and rural) in
sub-basin i and month m; WA, ,,, is the total water availability for sub-basin i in month
m, which consists of the locally generated runoff and incoming discharge from upstream
sub-basins taking into account the EFR and upstream water consumption (Liu et al.,

2019):
WA, m = Rim + X5=0(Qjm — WCi) — EFR;, , )

where, R;,, is the local water yield, including surface, baseflow, and lateral flow,
simulated by the SWAT model; Qj,, is the discharge entering sub-basin i from all
upstream sub-basins j in month m; WC,, is the total upstream water consumption in
month m; and EFR; ,, is the environmental flow requirements in sub-basin i and month

m. Pastor et al. (2014) compared and tested different calculation methods for estimating

EFR. They demonstrated that the Variable Monthly Flow (VMF) method was most

compatible with actual environmental water requirements, distinguishing between low-

flow (60% of a water resource allocated to EFR), mediate-flow (45%), and high-flow

conditions (30%). Given its performance in the seasonal assessment of water

availability (Veldkamp et al., 2017), we therefore adopted the VMF method in our study.

In addition to the severity of water stress (WSI), frequency and average duration of

_ NMWS;

Frequency; = e 3)

Average duration; = 5t 4)
NEWS;

where, NMWS; is the number of months with WSI>1 in sub-basin i; TM is the total

ez

BRI Z5: , which is determined based on the variable
monthly flow method (Pastor et al., 2014).

{Mﬁ%ﬁg P Z¥: scarcity
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number of water scarcity events in sub-basin 7.

In terms of the population exposed to water scarcity, we categorized sub-basins into
four groups with varying WSI values between two consecutive periods: moving into/out

of water scarcity and alleviation/aggravation of water scarcity (Table S1).

2.3. Attribution analysis

To identify the dominant factor affecting the changing pattern of water stress at the sub-
basin scale, we first calculated the differences in WSI between consecutive time steps

(AWSI) at the decadal scale (P1: 1965—1980, P2: 1981-2000, and P3: 2001-2020),

.

AWSI = WSI,,; — WSI, , )

Then, the relative contributions of water withdrawal (different water use sectors) and
water availability (climate change) to changes in WSI (AWSI) were obtained by keeping

one factor constant, as follows:

WWe WWg
AWSlyy = ( e W—A:) JIAWSI| , (6)
WWw; Ww;
AWSIy, = (WA; - W—A:) JIAWSI| | (7)
Drivery,s; = maximum (|[AWSIyy, AWSIy 1) - 8)

where, AWSIy,,, and AWSI,,, are the contributions of water withdrawal and water

availability, respectively.

According to Equation 2, water availability comprises local water availability
(ALocal WA), upstream flows (AUp WA), and upstream water consumption (AUp WC). We
further explored the relative changes in components of water availability for each sub-

basin between two consecutive periods (Munia et al., 2020).

ALocal WA = Local WA,,; — Local WA, , )

MIBREI A 10

TIBRAI A ZE: 120

1 BRI 2T 1979

TIBRA A ZE: 1980

BRI A% 1989

BRI AZ: 1990

| BRI A 1999

BB PIZE: , and P4: 2000-2013)

o A JC




AUp WA = Up WA, — Up WA, , (10)

AUp WC = Up WC,q — Up WC; , (11)

310 Similarly, the dominant driver of water availability (Drivery,,) was calculated as
follows:

Drivery, = maximum (|ALocal WA, AUp WA, AUp WC|) . (12)

Additionally, to assess the impact of vegetation restoration on water availability, we ,,,«‘”{W%W W% Besides

Fan the SWAT model with two simulation scenarios. Under a normal scenario, the model {ﬂlﬂ%ﬂg A& re-

315  was driven by land cover data from 2015 and climatic data from 2001 to 2020. Another ‘{M%WW@ u

scenario was driven by land cover data from 1990, while maintaining the same climatic

| MIBRHI I Z5: with the fixed land use in 1990 and varied

climatic conditions.

'{ﬂlﬂ[‘%&ﬁl’iﬁ: P4

320  2.4. Water availability and water use data processing

Natural water availability data for the period 1965-2020 at the sub-basin scale are based H]'J BRifIAZ: 2013

on the SWAT model simulation that have been validated against natural discharges from

hydrological stations. Generally, the SWAT model performed well in most cases. with

the Nash—Sutcliffe efficiency (NSE) and the coefficient of determination (R?) exceeding { iR SRHY: Ok iR

(#m=Rm: LiF

325 0.7 for stations along the main stream, and exceeding 0.6 for most stations along the

tributaries during the validation period (Fig. S2). Historical annual prefectural-level

human sectoral water withdrawal data during 1965-2013, including irrigation, Vipdgsrtrr&{.f”{M FRIIPIZR: (7 sub-sectors)
urban, and rural water uses, were obtained from Zhou et al. (2020), which is based on ‘{)ﬂﬂ[‘%&ﬁwg : 4D
QEN%@@U@@U@@M@yﬁ@@@mﬁﬂ@%@Q%@ﬁ@@@ﬂﬂ@@R%W@@;\jmﬁmW@(m
330  Bulletins (2001-2013). We extended this dataset at the prefectural-level to 2020 by :\\\[)NIJ%BQW@ @
[ Btz e

.

collecting Water Resources Bulletins from various provinces within the YRB. For cities

that did not distinguish between urban and rural water use (presented as an aggregate

under domestic water use), we disaggregated the data using the 2013 ratio. This annual

water withdrawal dataset from 1965-2020 was first disaggregated at the 1-km spatial

10



resolution grid scale according to land use and population density data

(https://www.resdc.cn/),

Specifically, irrigation water withdrawal, was downscaled based on the irrigated

350 cropland land use and net irrigation requirement, as follows:

jmxA4;

N
E}r%=1 Yr=1TkmXAk

IRW , = x IRW, (13)

where, IRW;,, is the irrigation water withdrawal of grid cell j in month m; I;,, is the
net irrigation requirement of grid cell j in month m for different crops, which was
calculated as the difference between the reference crop evapotranspiration and effective
355  precipitation; A; is the irrigated area; IRW, is the annual irrigation water withdrawal

in the city where grid cell j is located; N is the number of irrigated cropland grid cells

in that city.

Similarly, industrial water withdrawal was downscaled according to the maps of .»*"’/

industrial and mining land, and assumed equally distributed within a year. The urban
360  and rural water withdrawals were disaggregated based on the urban and rural residential

areas, population density, and a monthly factor:

Pop;
URW, , = :

= ———J % X M;
E}r%:l ley=1 My mXPopg URWa Mj’m

(14)
where, URW,, is the monthly urban and rural water withdrawals in grid cell j; Pop;
is the population in grid cell j and URW, is the annual urban and rural water

365  withdrawals in the city where grid cell j is located; M;,, is a monthly factor

considering seasonal water use variations (Huang et al., 2018).

Then, the grid-level water withdrawal datasets were aggregated at the sub-basin scale.

370

11

)

(EBa®EA) (3]
TSR Then, the grid-level water withdrawal datasets

were aggregated at the sub-basin scale. The detailed

calculation process of historical water availability and water

withdrawal can be found in Zhang et al. (2024).
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2 B [3]: Then, the grid-level water withdrawal datasets

were aggregated at the sub-basin scale. The detailed

withdrawal can be found in Zhang et al. (2024).
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| BRI AZ: 2000

| MR 2R 2013

[ msaz: pe

[ msopvz: e

BRI A2 predicted water demand

FIRRET 925 obtained

BRI A% 2009

BRI A —

grid scale under the five Shared Socioeconomic Pathways (SSP1-5) during 2020-2040

TIBRAT A Z: 2013

were used to estimate industrial and domestic water use in the 2030s (Tong et al., 2024).

BRI 9% adopted

Statistical data at the prefectural level in 2020 from the Statistical Yearbook of various

TR Y 25: water demand

provinces were used as the benchmark to correct the projected industrial value added BIBEAZE: in the 2030s
(IVA) and population under different SSPs. Future industrial water withdrawal was AW K2 based on the corresponding water withdrawal
estimated by multiplying the IVA by the water use intensity (Florke et al., 2013; Wada {to fie e e i il (] (Eretioa 19)

W A2 FWD

et al., 2016b). The IVA was estimated by multiplying its share of the second industrial

BRI A ZE: W
value added, and the water use intensity was calculated as follows: i

TERHIAZ: FWD

HBRI A% demand

WUl = WUpq,00 X a1- Cind)t_to 16y~

TIBR AT A 25: 2030

where, WUI;,;_is the water use intensity for industry; WUI;,4 ¢ _is the industrial

BRI AZS: 2039

water use intensity for the base year (2020 in this study): C;,4_is the annual change

BRI AR WW,,

rate in water use intensity (%), which varies according to different SSPs: 1.1% for SSP1 MEREIKE: water

and SSP5, 0.6% for SSP2, and 0.3% for SSP3 and SSP4 (Wada et al., 2016b). B K2 water

TR P 25 withdrawal

-

Similarly, urban and rural domestic water withdrawal was estimated by multiplying

MBRES A2 P4

the population by the domestic water use intensity. The latter was calculated as follows: ;

MBRIAZ: (10* m? per year)

WUIdom = WUIdom,tO + Cdom X (t - tO) (17)4

where, WUI44,,_is urban and rural domestic water use intensity;: WU, ro_is the

' (Helen: ok ik L0

domestic water use intensity for the base year (2020); Cyop,_is the annual change in

12
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water use intensity (liter per day per person), which varies according to different SSPs

(Hanasaki et al., 2013)_(see Table S2).

The future livestock water withdrawal was assumed to be equal to the average of the* ™™

past five years (2016—2020) due to the general unavailability of related data.

2.5. Future water stress and potential solutions

Given the high uncertainty in climate change projections (Greve et al., 2018), we only

its proportion of the total water withdrawal in 2020, which was obtained from the Water

Resources Bulletins of each province and the Yellow River. We considered water use

Competition between the agricultural and other sectors for water is increasing.

Irrigation water usage accounts for the largest proportion of total water demand, which

at the prefectural scale from the 14th Five-Year Plan for water resources for various

cities and provinces within the YRB. Based on previous similar water resource planning

documents released by the Chinese government, these irrigation efficiency targets are

generally attainable. It thus was assumed that irrigation efficiency would continue to

increase at the same rate after 2025, allowing us to project irrigation efficiency into the

2030s (see the relative change in Fig. S3). Next, we estimated future net irrigation water
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withdrawal (NIR) by multiplying the current irrigation efficiency (2020) by the

projected irrigation water withdrawal (Equation 15). The future irrigation water

withdrawal, accounting for improved irrigation efficiency, was then calculated by

| BIBRHIPIZE: We thus quantified the required improvements
505  dividing the NIR by the improved irrigation efficiency values. We further quantified the | in irrigation efficiency (IE) to address future water deficits

contributions of improved irrigation efficiency to the surface water deficit and water minilo AT ey ST, Wi, bred o

/ the predicted IE increase rate from Zhao et al. (2015) (Table
stress in the future. S2), we further calculated the contributions of IE

improvement to the regional water deficit.
[
3 Results { TUBREI A2 scarcity

| MR consistently increased during the last five

510  3.1. Multi-dimensional assessment of water stress and attribution of changes in /| decades, almost doubling from

WSI ;, ,{ﬂlﬂ%ﬁﬁ M2 0.59 in Pl to 1.17 in P4,
i HBR R I 2 exacerbated
BRI A% dominated

As shown in Fig. 3a, annual WSI exhibited a rapid upward trend before 2002, followed

by a gradual decrease, with water scarcity first occurring in the 1990s. On a decadal

scale, the regional WSI increased from 0.55 in P1 to 0.78 in P2 and 0.96 in P3

| BB in
| MBI P2 moving
| BRI A2 one sub-period
| BB K the nex,

515

of water stress was primarily driven by jncreased water withdrawals from P1 fo P2, ;

However, the contributions of water withdrawals and water availability to the changes

| MIBRHIPIZS: except for the phase from P2 to P3 when water

withdrawals and climate change combined to an increased
WSL. In other sub-periods, climate change had a minor

520  demand but limited water availability (Fig. S4). In contrast, water stress was low in st Giie O W i

regions above Lanzhou station and the middle parts of the Loess Plateau, with annual

/| BRI A ZS: increased

WSI values < 0.2. The regional average duration and the frequency of water scarcity

[
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[z s
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>
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| BRI P4

Y ) MIBREKIAZS: , and the frequency increased from 0.43 in P1 to
" | 0.65inP3

525  pattern to that of severity (WSI value). For example, in areas where large irrigated

districts or cities are located (e.g., Lanzhou—Toudaoguai section and eastern parts of

| B E A%, then dropped slightly to 0.63 in P4

Shanxi province), the frequency was > 0.6 and average duration was at least four [
|

months, with some sub-basins facing year-round water scarcity (Fig, S5).

| BIBRHIAZ: S2a
| Wi PI%: and S2b
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Generally, the change directions of WSI, frequency, and duration presented similar

from P1 to P2, with the highest increases occurring in the Lanzhou—Toudaoguai section

and the Fen River irrigation area (Fig. 4a). From P2 to P3. the areas with the largest

increases in WSI were primarily concentrated in the northern part of the YRB and in

some cities (Fig. 4b). In contrast, decreases in WSI were observed mainly around the

Ningxia irrigation area. Compared fo WSI, fewer areas showed decreases in poth the

frequency and duration of water scarcity (Figs. 4c and A4d). Most sub-basins downstream |

of the Lanzhou station experienced increases in both the frequency and duration, with

1.4
@ WSI
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1.2 [ Water availability - 47%
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0.6
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BRI A2
Figure 3. (a) Evolution of the regional water scarcitrﬁ

BRI A2 S2¢...5¢-h...). Specifically, Generally, the
change directions of WSI, frequency, and duration of water
scarcity presented similar patterns (Figs. 4 and S2c—h).
Specifically, m...ost sub-basins experienced increases in
WSI,...from P1 to P2, with the highest increases occurring in
the Lanzhou—Toudaoguai section and the Fen River irrigation
area (Fig. 4a). From P2 to P3, the areas with the largest
increases in WSI were primarily concentrated in the northern
part of the YRB and in some cities (Fig. 4b). In contrast,
decreases in WSI were observed mainly around the Ningxia
irrigation area. Overall, the WSI decreased in more sub-
basins c...ompared with ...o the other indicators...SI, and
there were ...ewer areas showed decreases in where ...oth the

frequency and duration of water scarcity decreased ...Figs. 4c

and 4f (T30

analysis showed that the population moving out of and experiencing alleviation in water *

scarcity accounted for 0%—7.8% and 3.5%—6.6%, respectively, of the total population

during different periods; this was always much lower than the proportion of the

population moving into (7.5%-10.3%) or experiencing an aggravation 27 3%—34.7%)

in water scarcity in the corresponding periods_(Figs. 4e and 4f). Much greater

differences were found in the proportion of the population experiencing both changes

in frequency and duration of water scarcity; 54.2%-71.2% of the population

‘\[ﬁ*gﬁl?‘]: FAk: (BKiA) Times New Roman, /NPy ]
T MIBREIAZS: were more spatially confined.

spatially confined.

EL R [1]: Figure 4. Changes in the (a, b, and ¢) water

From P2 to P3, frequency, and duration of water scarcity from
P1 to P2, except for some southern parts of the YRB and the
western Hetao irrigation area (Figs. 4a and 4d). From P2 to
P3, decreases in the three indicators were concentrated in the

eastern YRB, whereas, from P3 to P4, changes were not

... [4]

scarcity index (WSI), (d, e, and f) frequency, and duration of

water scarcity.

experienced an increase in both indicators, while only 1%, experienced a decrease in

both indicators, In summary, changes in critical indicators of water stress suggest that

the YRB has been facing an increasingly unfavorable water crisis during the last five

15

BRI PIZS: 2...-2.7....8% and 3.2...%-13.9....6%,
respectively, of the total population during different periods;
this was always much lower than the proportion of the
population moving into (4....5%—11.2...0.3%) or
experiencing an aggravation (14...7.1...%-17.7...4.7%) in
water scarcity in the corresponding periods (Figs. 4?3”‘3-4—%7
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use by other sectors (industry, urban, and rural) was also the main reason for the increase
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in water stress in the central parts of the Loess Plateau. In contrast, water availability -

was the primary driver of changes in WSI in 178 sub-basins from P2 to P3 (Fig, Sb),

underscoring the climatic controls on changes in water stress in these regions_over the

recent decades. Specifically, climate change contributed to a reduction in water stress

in regions above Ningxia but exacerbated it in other parts of the YRB. Water

withdrawals were responsible for the increased WSI in only 34 sub-basins.

Driving factors

(a) P2—P1 s

— Industry

(b) P3- P2

-+ Rural
= |
+ Urban

— Water availability + Water availability

+ Irrigation

Driving factors of it
changes in WS1

— Irrigation No change

whereas a '-' indicates a negative effect.

3.2. Important roles of local water availability and upstream flows

We further jnvestigated the drivers of changes in total water availability in terms of

ey Y

Jocal water availability, upstream flows, and upstream water consumption (see

Equations 9-12). We found that upstream flows were responsible for changes in total

water availability in 36%-43% (154-184) of the sub-basins (Fig. 6a), most of which

were located along the main stem of the Yellow River (Fig. S6). The upper regions

above Tangnaihai and Lanzhou hydrological stations had the largest shares of total
natural flows of the study area (Huayuankou station), with mean annual ratios of 0.39

and 0,64, respectively. More importantly, these ratios consistently increased over the

study period (Fig. 6b), suggesting that these regions have increasingly dominated the

determination of] total water yesources of the whole YRB owing to climate change.
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for ...fincreased ...hanges in WSI in most

(BBRR: T

/| MIBRKIANZ: Climate change also led to some alleviation of

water stress in Shanxi province from P2 to P3 but exerted the
opposite effect in central and southern parts of Shaanxi
province (Fig. 6b). Irrigation of wheat, rice, and vegetables
and fruit was the key factor leading to intensified water stress
in the Lanzhou-Toudaoguai section (Figs. 6e, 6h—6k, S3b,
and 3e). The recent two decades witnessed mixed and more
spatially distributed patterns of changes in WSI, and ...ater

availability irrigation ...as not ...he primary reason ...river

... [8]

MIBRKIAZS: s.... 6¢c ...band 6f..., underscoring
highlighting ...he climatic controls on changes in water stress

in these regions over the recent decades. Speciﬁcallw

BRI A ZF: Meanwhile, we found that despite the rapid

growth of irrigation in vegetables and fruit in southern Gansu
and Shaanxi provinces since the 1980s, its influence on
changes in WSI was less than that of water availability (Figs.

6b and 6c¢), [10]

MBI P2 6.... Driving factors of changes in (a, b, and

¢)...WSI and (d, e, and f) irrigation [11]

MIBREIAZS: or irrigation... whereas a ' indicates a
negative effect. (g-1) Interannual variation in water
withdrawals from 1965 to 2013 in typical cities across the
study area. Gray shadings show the periods: from P1 to P2

(g), from P2 to P3 (h-k), and from P3 to P4 (i). The dashed
lines show the start year of the latter period (i.e., I%RDJLW

BRI A 25: Given the important role of water availability in
changes in water scarcity at the sub-basin scale, w...e further
explored ...nvestigated its ...he drivers of changes in total
water availability in terms of changes in ...ocal water

availability, upstream flows, and upstream water consumption

(see equations ...quations 9-12). We found that up: [13]
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However, this is also mostly beyond the control of local decision-makers.
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Figure 6. (a) Number of sub-basins experiencing different drivers of total water /,,,,--iw%ﬂgwgﬂ

availability between two consecutive periods. For the drivers, a '+' prefix indicates a

positive effect on water availability, whereas a '~ indicates a negative effect. (b) Runoff {MF‘%&‘J PI%¥: Natural r

at the Tangnaihai (TNH) and Lanzhou (LZ) stations during different periods. The inset

shows the runoff ratio of TNH and LZ to the Huayuankou station. (c) Reduction in

water availability | BRI W

!

local) and_for the YRB with and without vegetation restoration, (d) WSI in P3 with | IWBR 93+ reduction of

(Change) and without (Constant) vegetation restoration. (e) Population moving into

- S . | MIBREIPIZ: sub-basins
water scarcity and experiencing aggravated water scarcity (increased WSI expressed as :

MBREINZE: (ic., land use in 1990)
a percentage) owing to vegetation restoration. k

ﬂ
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Y [MF‘%E‘J PIZ¥: -dominated
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[
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The effects of local water resource management were also prominent in half of the

| BRI ~
sub-basins (220), Owing to the implementation of large-scale ecological restoration %ﬂﬂl[‘%&ﬂl’iﬁ p—
: (Fig. 7a
projects (e.g., the Grain for Green Program) since the end of the 1990s, the vegetation [ IR B been
coverage of the YRB has gsignificantly improved and large amounts of cropland and /,{M%m WZ: were
i ssa
underlying surface changes reduced local water yield as a result of increased Hﬂ[‘%&ﬁ A& 5c
evapotranspiration (Fig. S7d). In terms of local water availability-dominant sub-basins, {MF%E‘J A% availability
[ sse

o G JC A JC
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(Fig. 6¢c). Over the entire basin, this generally decreased natural flows by 7.9% during

P4, giving a corresponding regional WSI of 0.89 (Fig. 6d), Vegetation restorations led

to 1 .1% of the regional population moving into water scarcity and 10-20% increase in

WSI for 9.7% of the total population (Fig. 6e). This implies that local vegetation

restoration in some places should be approached with caution to avoid water stress. For

some sub-basins (Jess than,12%) where water availability is controlled by changes in

upstream water consumption, integrated water management strategies, such as water
resource recycling, should be considered to indirectly reduce water consumption and

meet the water usage needs of downstream areas (Zhou et al., 2021).

3.3. Future water stress and potential solutions

Plateau (Fig. 7b). With the development of industry and the rapid growth of urban

population under different SSPs (Fig. S8), a general jncrease in industrial and urban

water usage_is projected. This increase is expected to be above 20% _in most sub-basins |

(despite a reduction in some areas) and over 100%, respectively (Figs. 7c, 7d, and S9).

Rural water use has a moderate growth rate of 38% across five SSPs. In total, the water

use of the study area in the 2030s is projected to be 34,2 km? (6.5% higher than the \

current 32,1 km? during P3), 56 2% (19.2 km®) of which will be contributed by

irrigation (Fig. 7f). The industrial and urban sectors will account for the second-largest

shares of total water use, with nearly equal proportions of 18.3% and 18.8%

respectively, The rural sector will have the smallest share (6.7%),

19

MIBRKIANZS: 4.5...2.3%/9.2...% (Fig. 7c...c). Over the entire
basin, this generally decreased natural flows by 7.2...%
during P4, giving a corresponding regional WSI of 0.997 ...9
(Fig. 7d...d), i.e., moving out of water scarcity or just
approaching the threshold (WSI = 1)... Vegetation
restorations led to 3....8...% of the regional population
moving into water scarcity and a ...0—> 5...0% increase in
WSI for 13.1....7% of the total population (Fig. 7e...e). This
implies that local vegetation restoration in some places should

be approached with caution to avoid water stress. For some

sub-basins (approximately ...ess than 10 4]

MBI A2 Total water usage in the 2030s is projected to
decrease (except for Ningxia regions) but increase in
southeastern parts (Fig. S6), (Fig. S7a).At the...s shown in
regional scale, despite the continuous increase in water use
for maize, and vegetables and fruit (...ig. 8a...a)... regional
total irrigation is projected to decrease by 10.7...3.3% in the
2030s compared to the recent two decades (P3). This decrease
is mainly attributed ascribed ...o reductions of ...n irrigation
in northwestern parts of the YRB and central parts of the
Loess Plateau (Fig. 7b). With the development of industry
and the rapid growth of urban population under different
SSPs (Fig. S8), there is ... general projected ...ncrease in
industrial and urban water usage is projected. This increase is
expected to be with rates of increase generally ...bove 20% in
most sub-basins (despite a reduction in some areas) and over
100%, respectively (Figs. 7c, 7d, S7b ...nd S7c...9). Rural
water use has a moderate growth rate of 38% across five
SSPs. . Urban water use shows the largest rate of increase

(117%), followed by industrial (63.8%) and rural (%

(BERN: i

TBRIRIAZE: 37...44 ... km? (12......5% higher than the
current 33...2.2 ... km? during the period...3 2000-2013...,
55...6.5...% (20.8...9.2 km®) of which will be contributed by
irrigation (Fig. 8b...f). The industrial and urban sectors will
account for the second-largest shares of total water use, with
nearly equal proportions of 18.3% and 18.8%,
respectively.have the second-largest share of total water use

(24.2%),...The rural sector will have the smallest
sharefollowed by ...urban ...16....7%), then rural 0. [16]
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maximum values for different SSPs. Panels (b-e) illustrate the spatial patterns of

relative changes in sectoral water withdrawal. For the industrial, urban, and rural sectors,

the mean annual values across five SSPs were used (see changes in individual SSP in

Fig. S9). The numbers at the bottom indicate the values at the regional scale. (f) Water

use in the 2030s and the proportion of use by different sectors (pie chart).

be 0,6-8.36 km?® jn the absence of additional measures when considering sectoral water

(WA BEREEN: 0 5

use with different priorities (Fig. 83). When all sectoral water usages need to be fulfilled,

the possible improvement of irrigation efficiency in the futurg, could solve 25% of the

water deficit, leading to a net surface water deficit of 6.3 km>. From the perspective of

water supply, the inter-basin water diversion project is regarded as an important

measure to alleviate the severe water stress problems experienced in northern China.
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MBI A2 8.... (a) Relative C...hanges in water use of
different sectors from the recent two decades (2000...001—
2013...020) to the 2030s (%). The numbers in brackets are
the minimum and maximum values for different SSPs. Panels
(b-e) illustrate the spatial patterns of relative changes in
sectoral water withdrawal. For the industrial, urban, and rural
sectors, the mean annual values across five SSPs were used
(see changes in individual SSP in Fig. S9). The numbers at

the bottom indicate the values at the regional scale 7]

MBI 25 Improving water use efficiency is a key solution
to alleviate water scarcity. Thus, we first determined how
much water stress could be alleviated by improving water
efficiency by 10% via technical and economic progress in
different sectors. We focused on the top 5% of water use sub-
basin sectors (Fig. S8), the combination of which accounted
for 43.8% of all water withdrawals in the 2030s (Fig. 9a). In
other words, a decrease in water use intensity of 10% in these
sub-basin sectors could save 4.38% of the total water use in

the YRB. Four of the top five sectors were related (18]

~(CBHE@EN) [2]

BRI A2 |, respectively ...Fig. 10...ac.... When all

sectoral water usages need to be fulfilled (Fig. 10b (191

{ EL_E# [2]: in the absence of additional measures

MBI A2 s T...he possible improvement of irrigation
efficiency in the future (Table S2)...could solve 26...5% of

the maximum ...ater deficit (all sector demands are met)...

leading to a net surface water deficit of 7....39 [20]
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The Hanjiang-to-Weihe River (HWR) project and the South-to-North Water Diversion
(SNWD) project are the two most important projects for the YRB. The total water

coming from the HWR project to Guanzhong Plain and from the Middle Route of the

SNWD project to Henan province (SN-HN) would be 5.27 km? (Fig. 8b). The planning

[ mrstoraz: 10a |

{ MERAT A 25: Combined these projects with IE improvements,

the water scarcity in the YRB can be effectively alleviated.

action, 23

{ MBRAT A Z8: in the absence of any water use efficiency

Western Route of the SNWD project (SN-WR), which links the headwaters of the

Yangtze and YRB, is 8 km® in the first phase. The implementation of irrigation water-

saving strategies can effectively alleviate the water supply pressure of these external

water diversion projects. In the 2030s, the WSI is projected to reach 1.02, i.e., water

resources cannot sustain environmental or anthropogenic needs (Fig. 8¢). However,

improving irrigation efficiency could counterbalance the growth in water demand from

other sectors and even reduce water stress below P3 level (0.95). As a result, water

stress would decrease in the northwestern and northern regions, but it will increase

further in most other areas, with some sub-basins experiencing WSI increases of more

than 30% (Fig. 8d). Between the recent two decades and the 2030s, 42% (10,2%) and |

2.9% (0,5%) of the population will experience aggravated (alleviated) and be moved

into (out of) water scarcity conditions, respectively (Fig. 8¢). An additional 4.5%, of the ;

=0

total population would penefit from improvements in irrigation efficiency,
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in the 2030s. (a) Surface water deficit in the 2030s under different sectoral water -~

project to Henan Province (SN-HN), and Western Route of the SNWD project (SN-WR)

in the first phase._(c) Future WSI with and without IE improvement. The red numbers

are the relative change in WSI from P3 to the 2030s. (d) Spatial pattern of relative

changes in WSI with IE improvement (from P3 to the 2030s). (e) Percentage of the

population experiencing aggravated/alleviated water scarcity and moving into/out of

water scarcity (from P3 to the 2030s).

4 Discussion

4.1. Water stress in the past and futures: comparison with other studies

Water stress hotspots were mainly concentrated in areas between the Lanzhou and
Toudaoguai hydrological stations and in large cities with higher water demands (Fig.
2020; Sun et al., 2021). However, the severity of water stress was not the same as that

reported in previous studies because of the choice of different water withdrawals, water

contribution of water withdrawals by various water use sectors on the evolution of water

22

| MBI N2 : (a) urban, rural, and irrigation (URIr) and (b)

all sectors including urban, rural, industry, and irrigation
(URInlr). Red color denotes sub-basins where improvement
in IE > 100% or water deficit would exceed the irrigation
demand. The inset in panel b shows the number of sub-basins

with different IE improvement levels with the consideration

\ of URIr (left bar) and URInIr (right bar).
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PERET N2 (Wada et al., 2011; Huang et al., 2021),

TR A 25 while

BRI A% scarcity

TR I A 25: we found that changes in water stress and its
drivers in the YRB were sub-basin and study period

dependent (Fig. 4). In addition,
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stress at the sub-basin scale (Fig. 5), which was rarely considered in previous studies.

We found that water withdrawals, particularly for irrigation_and industrial water use

dominated the increase,in WSI in the northwestern regions and the Loess Plateay, before

2000. However,_since 2000, China's State Council and Ministries have implemented a

series of laws, regulations, action plans, and technology related fo water, conservation

(Zhao et al., 2015; Zhou et al., 2020), especially the strict Three Red Lines in 2012.

This led to a, widespread stagnation and even a reduction jn human water withdrawals

in porthern China (Huang et al., 2023), indicating the remarkable success of |

government-led water conservation efforts. As a result, human water use is no longer

the main reason for the increased WSI in most sub-basins (Fig. 5b). Thus, a regional |

deceleration in the rate of WSI increase was observed (41.8% versus 21.4%) and the

changes in WSI were driven almost equally by water withdrawals and water availability

from P2 to P3 (Fig, 4a), underscoring the important role of climate change in

influencing water stress under increasingly stringent water management strategies.

Additionally, we found that the frequency and duration of water scarcity in the YRB

and some sub-basins exceeded 0.5 and 6 months, respectively (Figs. 4b and S5),

indicating that water scarcity occurred more than half the time at the monthly scale

despite WSI being less than 1 at the decadal scale. These seasonal analyses can provide

valuable scientific guidance for the planning of reservoirs and water diversion projects.

from the other three sectors (industry, urban, and rural), the final fotal water use in the

2030s was predicted as 342 km? based on the trajectory of historical withdrawal and

different SSPs, (Fig. 7). When further water withdrawals of ~12 km® below the

Huayuankou station_(the lower reaches of the Yellow River) were taken into account

(http://yrcc.gov.cn/gzfw/szygb/index.html), the total water demand of the entire YRB

was approximately 46 km?. This value is 10-20 km? lower than that reported by Yin et

al. (2020), based on different global hydrological models (GHM) and SSP,combinations.

On the one hand, our analysis based on historical survey data showed that irrigation

water use has presented a steady downward trend over the past 20 years, which was not

23
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previous studies. We found that water withdrawals,

., this ...hich was rarely considered in

particularly for irrigation and industrial water use,, for wheat,
rice, and vegetables and fruit,...dominated the increases...in
the ...SI in the northwestern parts ...egions (except for the
source regions) ...nd the Loess Plateauof the basin...before
2000. In some sub-basins, industry was the primary driver of
WSI increases. ...owever, since 2000, China's State Council
and Ministries have implemented owing to the
implementation of ... series of laws, regulations, action plans,
and technology related related ...o saving ...ater promoted by
China's State Council and Ministries after
2000...conservation (Zhao et al., 2015; Zhou et al., 2020),
especially the strict Three Red Lines in 2012. This led to
aa...widespread stagnation and even a reduction decrease ...n
human water withdrawals in the ...orthern China (Huang et
al., 2023), indicating the remarkable success of government-
led water conservation efforts. As a result, human water use is
no longer the main reason for the increased WSI in most sub-
basins (Fig. 5b). northwestern parts of the basin and t...hus, a
regional deceleration in the rate of WSI increase was
observed (41.8% versus 21.4%) and the changes in WSI were
driven almost equally by water withdrawals and water

availability from P2 to P3 (Figs... 3a ...aand S3c.. [21]

BRI A ZS: Despite some increase in water withdrawals in

the middle and southern parts of the basin owing to the
irrigation of vegetables and fruit, the withdrawal magnitudes
were lower than those of water availability (Figs. 6 and S3);
hence water stress conditions were alleviated.

Because the decrease in irrigation water use was offset by an
increase in water use from the other three sectors (industry,
urban, and rural, and industry..., the final estimated ...otal
water use in the 2030s was calculated ...redicted as

37...4.4 ... km’ based on the trajectory of historical

water ...ithdrawal and different SSPss...(Fig. 8...). When
further water withdrawals of ~12 km? below the Huayuankou
station (the lower reaches of the Yellow River) were taken
into account (http://yrcc.gov.cn/gzfw/szygb/index.html), the
total water demand of the entire YRB was approximately

50 ...6 km?. This value is 5...0-15 ...0 km® lower than that
reported by Yin et al. (2020), based on different global
hydrological models (GHM) and shared socio-economic

pathways (...SP) (221
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often captured by large-scale GHMs (Haddeland et al., 2014; Liu et al., 2019), On the .| BEREIPIZ: One reason for this is that large-scale GHMs,

) o . . . N used to simulate sectoral water withdrawal, assume simple
other hand, we calibrated the SSP predictions using the latest socio-economic data.

changes in technological factors and the effect of water

Overall, we believe that including data from the most recent decade can incorporate the conservancy measures was often negligible

effect of water efficiency improvements and current water-saving technologies, thereby [M%WW@ :

making water withdrawal predictions more reliable and providing valuable insights for

policymakers. When water availability remained stable (constant at the 2001-2020 ;{M%&Wiﬁ level of 2000

‘{m&mwagms

TSI Y 28: especially in the southern parts of the basin
(Fig. S6),

Omer et al. (2020)_indicated that critical water scarcity would occur in the YRB if the

\\TM%WW§my

current trend of water use continues in the near future. However, we found that if

improvements in irrigation efficiency are taken into account, regional water stress could

be maintained at its current level (0.95), a finding rarely reported previously.

| MIBRHIPAIZ: changes in technological factors and the effect

of water conservancy measures

¥

4.2. Broader implications for water resources management

In terms of water supply, the upper YRB including the source regions (above the
Tangnaihai station) provides a vital water source for the whole YRB. However, water
availability in this region is highly sensitive to global warming (Zhang et al., 2014;
Kuang and Jiao, 2016; Ji et al., 2023), which can then further exert a considerable
impact on the security of food, energy, and water in downstream regions (Cui et al.,
2023). Meltwater from snow and glaciers can help mitigate water stress for both local
and downstream areas. However, meltwater acting as an additional source of water is
not sustainable in the long term (Wang et al., 2023). Influenced by global warming, the
terrestrial water storage deficit is predicted to expand northwards on the Tibetan Plateau
by the end of the century, which threatens the sustainability of water supplies in the
upper YRB (Zhang et al., 2023b). Worse still, the acceleration of glacier mass loss may
bring about a series of unintended and detrimental environmental and ecological
consequences (Hugonnet et al., 2021). Therefore, it is necessary to urgently reduce
carbon emissions and slow climate warming to alleviate the water stress of millions of

people living downstream in the YRB.
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Meanwhile, we found that total water availability in more than half of the sub-basins {

7| BRI N Ta

water management strategies. Owing to several ambitious programs to conserve and

/| IR s

expand forests (Bryan et al., 2018), vegetation greening of the YRB has been strikingly

prominent during recent years (Zhang et al., 2023a); however, a strain on water

BRI A 25: 7c—e and

A
A
1

resources has been observed in our study (Fig.'S7) and many other previous studies ]

(Feng et al., 2016; Wang et al., 2019; Zhang et al., 2023¢; Yao et al., 2024). By scenario

/| MBI P9 Z: fixing the land cover in 1990 and varying

climatic conditions

Simulation',' we estimated that vegetation reéstoration led to a reduction in runoff of 7 2'9% 1 { MRRINE: 2

over the YRB during 2001-2020. This is generally in line with results from semi-arid - "WJ s it mesan dearde

and arid regions in China (Zhang et al., 2018), where vegetation restoration resulted in {M%WW@ those

8.5% and 11.7% reductions in runoff in the 1990s and 2000s, respectively. In ateas” {M%WW@ o
e [ Btz can

already_experiencing a decrease in water availability induced by climate changg, '

—

IR P 25: adopted

vegetation greening has undoubtedly exacerbated the water crisis. Therefore, to

/| IEREIAI: 5

alleviate regional water stress, in addition to climate change adaptation strategies and / {

/| PRI A% for

i

MIBRKIAZ: .

| A

be ‘considered. For example, controlling the scale of reforestation and conducting ;

|

MIBREKIAZE: This can

o J . JC  JC  JC  JC G JC A JC 0

appropriate grazing activities in excessively restored grasslands (Liang et al., 2019;

ecological protection, and water resource security.

With changes in the economic structure and rapid urbanization, urban domestic water

use is projected to equal or even exceed industrial water use by the 2030s, highlighting

the importance of effective urban water resource management in alleviating future

water stress. Irrigation still accounts for the largest share of total water use in the future;

/| MBI Py 2

" | Despite considerable changes in economic structure,

irrigation still accounts for the largest share of total water use
in the 2030s; therefore, its efficiency improvement likely
provides the most feasible solution for mitigating water stress
in the YRB. Industrial water use also comprised a large share
of total water use, but most efforts in promoting efficiency
gains in the industrial sector are currently in the pilot projects
requiring high investment for low return (Blanke et al., 2007;
Zhao et al., 2015). . ik, BREIAEHKFREE N T
P K 0 P 2 S it

therefore, enhancing its efficiency will likely provide the most feasible solution for

TIBRHI A 25: area

MIBRKIAZ:

BB P2 it is difficult to entirely solve

challenging. Wg, found that it will be almost impossible to meet both productive and

TR A 25: problem

domestic water demands through irrigation efficiency improvements_ alone in most sub-

BRI ZE: As shown in Fig. 10b, w

IR RIZE: e

TIBRATAZE: R

o G JC A
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transfer projects can significantly and directly mitigate water stress in the region, such .~
[y sariy
[ g b
sy projects
N —.
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[ mmmnaa
[
|
|
|
|

measures should be approached with caution, as these large-scale infrastructures often

allow the water stress in the study area to be maintained at its current level (0.95) in the

future (Fig. 8¢), which is approaching the threshold of water scarcity (WSI =1). Given

the great water demand in the lower reaches of the YRB (below the HYK station) and

the task of supplying water to other basins (such as the Hai River), water scarcity is

inevitable across the entire YRB. However, there is a positive development: since the

ecological protection and high-quality development of the Yellow River Basin was

designated a national strategy in 2019, the Chinese government has implemented

River Protection Law (2023) has legally constrained the intensity and total volume of

water usage (http://en.npc.gov.cn.cdurl.cn/2022-10/30/c_954870.htm). Moreover, the

recently planned Bailong River Water Diversion_project is expected to provide 774

million cubic meters of water resources to Gansu and Shaanxi provinces in 2040

(https://www.mee.gov.cn/xxgk2018/xxgk/xxgk11/202307/t20230725_1037157.html).

4.3. Uncertainty

Our study contains several uncertainties. First, the impact of reservoirs was not
considered in our study due to data inaccessibility at a finer time scale. Although of
little impact on the decadal scale, this may result in overestimations of the frequency
and duration of water scarcity. This is because there are many reservoirs in the YRB
and occasionally monthly water scarcity in some sub-basins may be addressed or

alleviated through seasonal flow regulations (Ma et al., 2020a; Ji et al., 2023). Second,
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MWEREINZ: (Fig. 10c)

[ mstm: 10d

o

{ﬂ]ﬂ%ﬂg A2 recent

| MIBRHIPIZ5: In addition, the strict Three Red Lines in 2012

and, which may also alleviate the pressure on water resources

to a certain extent.
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in calculating water availability, we adopted the method widely used by previous

estimates (Liu et al., 2019; Munia et al., 2020; He et al., 2021), which only considers

the water resources in the river (see section 2.2). The water storage in lakes, aquifers,

and groundwater, for which the absolute volumes were not known, was assumed to be

in a state of equilibrium (Veldkamp et al., 2017; Huang et al., 2021). Thus, without

considering groundwater pumping from deep aquifers, water availability may be

underestimated in regions heavily dependent on such resources, potentially leading to

a lower anticipated water stress level in reality. Moreover, the future WSI only

considered the effects of water withdrawals and overlooked the impacts of climate

change. Previous studies projected that changes in annual runoff in the YRB would not

be evident in the near future during the period from 2000 to the 2030s (Yin et al. 2017;

MBI A ZS: we may have overestimated the number of
people exposed to water scarcity. In the real world, non-
agricultural water use has a higher priority than agricultural
water given the fact that limited water resources are firstly
allocated to maintain human domestic demand (Florke et al.,
2018). Cropland is also generally far from urban areas, so
water scarcity in a sub-basin does not necessarily mean a

shortage of domestic water.

[

Yin et al. 2020), but the long-term and seasonal climatic impacts should be considered

in our further research.

Reclaimed water is regarded as an important alternative water source for cities (Liu®

the potential for reclaimed water utilization in the future is likely to be enormous.

Previous analyses from China have shown that water reuse could alleviate up to 12%

of the national water stress by 2030 (Chen et al., 2023). Thus, further studies are ,;';

water-saving technologies have already been widely adopted (Zhou et al., 2020). We

considered the effects of improved irrigation efficiency in future water stress

assessments, assuming that water management policies would be implemented

effectively. However, as water use efficiency increases, the marginal cost of

and thus the WSI largely depends on the chosen method for determining EFR (Liu et

al., 2021). A higher EFR ratio results in higher water stress, and vice versa. However,

(

| st nen
(
(

x[ﬂlﬂ%&ﬁ K2 Finally,

TR AZ: it is challenging to predict water withdrawals
because future water demand will depend on the integrated
effects of many factors related to economics, policies, and
population (Bijl et al., 2018; Ren et al., 2024). We assumed
that the water use trends of the historical period would
continue in the future period. According to the predictions
under various SSPs, the population of the YRB and northern
China will peak around 2030 (Yin et al., 2017; Yin et al.,
2020). However, the National Bureau of Statistics' latest
demographic assessments show that China's population has
begun to show negative growth since 2022. This is bound to
affect future economic growth and changes in water use.

Moreover

BB P2 : future projected water use partly incorporated

the effect of water efficiency improvements and

< MBRRIAZ: W

| s A2 for

| s R trend

h BRI % Therefore, the ability to conserve water would

gradually diminish in the future and

gt m 2 reliet

identifying an appropriate EFR method to assess water stress is beyond the scope of
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this study. BB EI P2 : limited, highlighting the important role of
" | climate change in affecting water stress under increasingly

stringent water management strategies.

/| BRI I scarcity

| BRI P9 amount of people

| BRHTPI%E: to

| MBS A 25 the past five decades

driving factors of changes in WSI, and future predictions of water stress along with | MBI AZ: the

| BIBRHIAZS: s

potential feasible solutions. Generally speaking, analysis of critical indicators (WSI,

| BRI A 25 had

| MBI I 2%: 98.3

| BRRIAZ: 112

BRI A 46.5

| BIERRI A by

| AR A28 20008

contributed to a 36.8% and 5% increase in WSI, respectively, from P1 to P2. In contrast,

/| MBREIAIZE: Changes in the WSI and its drivers

these contributions were 10.4% and 11%. respectively, from P2 to P3. At the sub-basin

74 MIBREKIAZS: , including wheat, rice, and vegetables and fruit,

MBI A2 dominated increases in

| IR B Z5: northwestern parts of the basin

| BIBRHIA % climate change

| RN 2

for the changes in WSI in most of the sub-basins during the most recent decades studied. /
[ | MERIINZE: O

Meanwhile, further analysis showed that upstream flows and local water yields were i
| MW IZS: basis of the

the main factors contributing to changes in total water availability at the sub-basin scale. [ ——

Pressure from upstream regions of the YRB on downstream water use has gradually { mimtmzs: of

increased and will be unsustainable in the future. Vegetation restoration led to a | MR HI A2 YRB
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Considering sectoral water use with different priorities, the surface water deficit jn the | BT [4]: In this context, the water crisis will worsen for

AT O T

28.7% of the total population and ease for 12.5% of the

population in the absence of any other action.

BRI 25 the

leading to a net surface water deficit of 6.3 km?, This reduction would greatly alleviate : BRI A of

Such THBRIAZ: be

efficiency gains would allow the water stress in the study area to be maintained at its ANBRE P17 0.87-10

MIBRHIAZE: in the 2030s

current level (0.95) in the future. Under these conditions, the water crisis is expected to

TR I 25: possible

IR A2 of

| B P solve 26

[ B AES: he

MBI A Z: 7

important implications for coping with water scarcity not only in the YRB but also in

MIBRKIAZ: 9

other basins facing similar situations. THERHT A2 .

TR A 25: These measures could

BRI A2 alleviate
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