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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
sustainable development. The analysis suggests that the YRB has experienced
unfavorable changes in critical water stress indicators over the past fifty-six years.
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
availability. Meanwhile, local water management and climate change adaptation were
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
km?), based on the trajectory of historical irrigation water use and corrected socio-
economic data under different Shared Socioeconomic Pathways (SSPs). To meet all
sectoral water needs, a surface water deficit of 8.36 km® is projected. Potential
improvements in irrigation efficiency could address 25% of this deficit, thereby
alleviating the pressure on external water transfer projects. Such efficiency gains would
enable the WSI of the YRB in the 2030s to be maintained at the current level (0.95),
which would worsen conditions for 44.9% of the total population while easing them for
10.7%, compared to the 2000s. Our results have vital implications for water resource

management in basins facing similar water crises to that 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
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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
facing severe water stress (Xie et al., 2020; Niu et al., 2022; Zhang et al., 2023c). This
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
quality requirements, a comprehensive series of assessments of nationwide water stress
at multiple temporal and geographic scales has been performed in China (Ma et al.,
2020a), which has markedly advanced our understanding of current water stress
conditions. However, upstream inflows and water consumption were typically not
considered in most of these assessments. Neglecting upstream water availability leads
to an overestimation of downstream water stress (Munia et al., 2020; Sun et al., 2021).
Previous work in China showed that the difference in population affected by severe

water stress was 60% with and without consideration of upstream water resources,
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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
have mostly been based on macroscale socio-economic data, such as gross domestic
product and population (Wada et al., 2016a; Yin et al., 2017; Liu et al., 2019). However,
changes in water use efficiency, particularly in irrigation, were not considered. This
omission may underestimate the effects of technological factors and water conservancy
measures, introducing uncertainties into water stress assessments (Zhou et al., 2020;
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).
Utilizing this newly developed dataset could bring new insights into the changing
pattern of historical water stress and lead to more reliable future projections. A previous
study has explored the spatiotemporal features of water stress in the YRB at finer
resolution using this dataset (Zhang et al., 2024). Nevertheless, the role of water
withdrawal (i.e., different sectors) and water availability components in determining
water stress remains unclear. Meanwhile, potentially feasible solutions in terms of water

use efficiency improvement for mitigating future water stress have not been quantified.

Here, we provide a spatially explicit assessment of water stress in the YRB at the
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
stress over the past fifty-six years in terms of critical indicators, including the intensity,
frequency, duration, and exposed population of water scarcity; (2) identify the dominant
driver of changes in water stress during 1965-2020; and (3) quantify future water stress

and explore potential solutions. Our findings provide valuable information for



designing policies towards integrated water resource management in the YRB.

140

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
145  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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Figure 1. Framework for water stress assessment. The red, orange, blue, and green
colors indicate water stress assessment, water withdrawal, water availability, and future
150  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

155  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



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
160  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
165  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
170  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
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as the ratio of water withdrawal to water availability. When the WSI is greater than 1,
water resources cannot sustain environmental or anthropogenic needs and water

scarcity occurs.

WWw;
WSI, = SWim
’ WAi,m

(1)

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):
WAi,m = Ri,m + Z;":O(Qj,m - WCm) - EFRi,m s (2)

where, R;,, is the local water yield, including surface, baseflow, and lateral flow,
simulated by the SWAT model; Q;,, 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 7 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

water scarcity were also used to describe water stress (Veldkamp et al., 2017):

Frequency; = Nzr;si , (3)

NMWS;
NEWS; °

Average duration; =

4)

where, NMW S; is the number of months with WSI>1 in sub-basin i; TM is the total
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number of months in different periods (e.g., 20 years = 240 months); NEWS; is the

number of water scarcity events in sub-basin i.

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, , (5)

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:

WWw; WWw;
AWSlyy = ( s W—A:) JIAWSI| | (6)
WWw; WW;
AWSIyy 4 = (WAHtl - W—A:) /|AWSI| | (7)
Driveryg; = maximum (|AWSIyy, AWSIy4]) . (8)

where, AWSI,,, 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, , 9
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AUp WA = Up WA, — Up WA, , (10)
AUp WC = Up WC,, — Up WC, , (11)

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
ran the SWAT model with two simulation scenarios. Under a normal scenario, the model
was driven by land cover data from 2015 and climatic data from 2001 to 2020. Another
scenario was driven by land cover data from 1990, while maintaining the same climatic
conditions as in the normal scenario (2001-2020). The WSI and population exposed to

water scarcity in P3 have been recalculated.

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
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
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, industry,
urban, and rural water uses, were obtained from Zhou et al. (2020), which is based on
the National Water Resources Assessment Programs (1965-2000) and Water Resources
Bulletins (2001-2013). We extended this dataset at the prefectural level to 2020 by
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
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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

cropland land use and net irrigation requirement, as follows:

Ij,m XAJ'

2 N
Zrln=1 Yi=1lkm*Ak

IRW, ,, = X IRW, (13)

where, IRW;p, is the irrigation water withdrawal of grid cell j in month m; [, 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
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
and rural water withdrawals were disaggregated based on the urban and rural residential

areas, population density, and a monthly factor:

Popj

2111%=1 ZIIX=1 Mk,mXPOPk

URW, X URWy X 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
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.
The detailed calculation process for historical water availability and water withdrawal

is described in Zhang et al. (2024).

The annual irrigation water withdrawal at the sub-basin scale for the 2030s (mean
value from 2031 to 2040) was estimated based on historical trajectories. Specifically,

linear regression was employed to identify the trend in irrigation water withdrawal from

11
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2001 to 2020 (P3 period). If the trend was significant (p<0.05), future irrigation
withdrawal was predicted using Equation 15; otherwise, the irrigation water withdrawal

for the base year (mean value from 2016 to 2020) was used as the future value.
FIR = IRW,, + trend X (t —t,) (15)

where, FIR is the future irrigation water withdrawal for each year during 2031-2040;
IRW,, is the irrigation water withdrawal for the base year; trend is the linear slope

of the irrigation during P3 period.

The projected second industrial value added and population (urban and rural) at the
grid scale under the five Shared Socioeconomic Pathways (SSP1-5) during 2020-2040
were used to estimate industrial and domestic water use in the 2030s (Tong et al., 2024).
Statistical data at the prefectural level in 2020 from the Statistical Yearbook of various
provinces were used as the benchmark to correct the projected industrial value added
(IVA) and population under different SSPs. Future industrial water withdrawal was
estimated by multiplying the IVA by the water use intensity (Florke et al., 2013; Wada
et al., 2016b). The IVA was estimated by multiplying its share of the second industrial

value added, and the water use intensity was calculated as follows:
WUljpg = WUIind,tO X (1 - Cind)t_to (16)

where, WUI;;,,4 is the water use intensity for industry; WUI;,,; .o is the industrial
water use intensity for the base year (2020 in this study); Cj,q is the annual change
rate in water use intensity (%), which varies according to different SSPs: 1.1% for SSP1

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

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

the population by the domestic water use intensity. The latter was calculated as follows:
WUlgom = WUlgom,co + Caom X (¢ — t0) (17)

where, WUl ;,y, is urban and rural domestic water use intensity; WUlyo, ¢ 1S the

domestic water use intensity for the base year (2020); C40m, 1s 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
focused here on the impact of changes in human water usage on water stress. Thus,
future water availability in the 2030s was maintained at the same level as the historical
P3 period. Because the absolute values of water storage in groundwater aquifers are
difficult to estimate and often unknown (Veldkamp et al., 2017; Huang et al., 2021), we
calculated only the future surface water deficit by subtracting surface water demand
from water availability for each sub-basin. Surface water use was estimated based on
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
in different sectors. The first priority was urban and rural water demand, the second
priority was industrial water demand, and the last priority water was irrigation. From
first priority to last priority, greater water stress equated to greater socio-economic loss.
Competition between the agricultural and other sectors for water is increasing.
Irrigation water usage accounts for the largest proportion of total water demand, which
also provides the most practical solution for alleviating water stress across all sectors.
Therefore, we collected data on irrigation efficiencies for 2020 and 2025 (target values)
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

13
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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
dividing the NIR by the improved irrigation efficiency values. We further quantified the
contributions of improved irrigation efficiency to the surface water deficit and water

stress in the future.

3 Results

3.1. Multi-dimensional assessment of water stress and attribution of changes in

WSI

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,
representing a relative increase of 76% over the entire study period. This exacerbation
of water stress was primarily driven by increased water withdrawals from P1 to P2.
However, the contributions of water withdrawals and water availability to the changes
in WSI were nearly equal from P2 to P3 (10.4% versus 11%). Water stress hotspots
were mainly found in the Lanzhou—Toudaoguai section, characterized by high water
demand but limited water availability (Fig. S4). In contrast, water stress was low in
regions above Lanzhou station and the middle parts of the Loess Plateau, with annual
WSI values < 0.2. The regional average duration and the frequency of water scarcity
have almost doubled, increasing from 3 months and 0.25 in P1 to 5.8 months and 0.5
in P3, respectively (Fig. 3b). These indicators showed a similar spatial distribution
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
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).

14
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Figure 3. (a) Evolution of the regional water stress index (WSI) and its drivers. (b)

Frequency and average duration of water scarcity.

Generally, the change directions of WSI, frequency, and duration presented similar
patterns (Figs. 4 and S5c—f). Specifically, most 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. Compared to WSI, fewer areas showed decreases in both the
frequency and duration of water scarcity (Figs. 4c and 4d). Most sub-basins downstream
of the Lanzhou station experienced increases in both the frequency and duration, with
these increases becoming more spatially confined over the past two decades. Further
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
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
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Figure 4. Changes in the (a and b) water stress index (WSI), (c and d) frequency, and
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of (Out) water scarcity, experiencing aggravated (Aggr.)/alleviated (Alle.) water

scarcity, and (right-hand side of dashed line) experiencing both increases and decreases

in both frequency and average duration of water scarcity between two consecutive

periods.

However, the dominant drivers of changes in WSI varied (Fig. 5). For example, the

increased WSI in the western parts of Gansu, Ningxia and Henan provinces can mainly

be ascribed to the rapid rise in irrigation from P1 to P2 (Fig. 5a). Additionally, water

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. 5b),
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.

1401 [

Driving factors

(a) P2—-P1 \L; (b)y P3 - P2
Driving factors of — Industry — Water availability + Water availability + Industry + Rural
changes in WSI I L]

— [rrigation No change I Irrigation I Urban

Figure 5. Driving factors of changes in WSI between two consecutive periods at the
sub-basin scale. For the drivers, a '+' prefix indicates a positive effect on AWSI,

whereas a ' indicates a negative effect.

3.2. Important roles of local water availability and upstream flows

We further investigated the drivers of changes in total water availability in terms of
local 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 resources of the whole YRB owing to climate change.
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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
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
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 for sub-basins dominated by local water availability (— local and +
local) and for the YRB with and without vegetation restoration. (d) WSI in P3 with
(Change) and without (Constant) vegetation restoration. (¢) Population moving into
water scarcity and experiencing aggravated water scarcity (increased WSI expressed as

a percentage) owing to vegetation restoration.

The effects of local water resource management were also prominent in half of the
sub-basins (220). Owing to the implementation of large-scale ecological restoration
projects (e.g., the Grain for Green Program) since the end of the 1990s, the vegetation
coverage of the YRB has significantly improved and large amounts of cropland and
barren land have been converted into forest and grassland (Figs. S7a—7c). However, the
underlying surface changes reduced local water yield as a result of increased

evapotranspiration (Fig. S7d). In terms of local water availability-dominant sub-basins,
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land cover transitions led to a mean annual reduction in natural flows of 12.3%/9.5%
(Fig. 6¢). 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 (less 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

As shown in Fig. 7a, regional total irrigation is projected to decrease by 13.3% in the
2030s compared to the recent two decades (P3). This decrease is mainly attributed to
reductions in 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), a general increase 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%).
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Figure 7. (a) Relative changes in water use of different sectors from the recent two
decades (2001-2020) 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. (f) Water

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

Further analysis showed that the surface water deficit of the YRB in the 2030s would
be 0.6-8.36 km? in the absence of additional measures when considering sectoral water
use with different priorities (Fig. 8a). When all sectoral water usages need to be fulfilled,
the possible improvement of irrigation efficiency in the future 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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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
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. 8c). 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

total population would benefit from improvements in irrigation efficiency.
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Figure 8. Impacts of improvement in irrigation efficiency (IE) on water stress
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alleviation in the 2030s. (a) Surface water deficit in the 2030s under different sectoral
water demand. (b) Water transfer volumes to the study area from the HWR project,
SNWD project to Henan Province (SN-HN), and Western Route of the SNWD project
(SN-WR) in the first phase. (¢) 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.
S4); this was similar to the findings of previous studies (Ma et al., 2020a; Xie et al.,
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
availability datasets, proportion of EFR, and even study period in the WSI estimation.
We also found that water stress over the whole study area has generally intensified
during the past few decades, which also generally corroborates previous findings at
different scales (Liu et al., 2019; Zhou et al., 2019; Huang et al., 2021; Huang et al.,
2023). Regarding the driving factors of changes in WSI, previous studies have
concluded that rapid growth in water use was the primary factor leading to increased
WSI in northern China over the past four decades (Wada et al., 2011; Huang et al.,
2021). In contrast, increased water availability owing to enhanced precipitation was the
main contributor to alleviating water stress in the YRB during 2001-2020 (Huang et al.,
2023). These results were confirmed by our study (Fig. 4a). By using survey-based
water withdrawal datasets and SWAT simulations, our study further isolated the

contribution of water withdrawals by various water use sectors on the evolution of water
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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 Plateau before
2000. However, since 2000, China's State Council and Ministries have implemented a
series of laws, regulations, action plans, and technology related to 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 in human water withdrawals
in northern 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.

Because the decrease in irrigation water use was offset by an increase in water use
from the other three sectors (industry, urban, and rural), the final total water use in the
2030s was predicted as 34.2 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
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often captured by large-scale GHMs (Haddeland et al., 2014; Liu et al., 2019). On the
other hand, we calibrated the SSP predictions using the latest socio-economic data.
Overall, we believe that including data from the most recent decade can incorporate the
effect of water efficiency improvements and current water-saving technologies, thereby
making water withdrawal predictions more reliable and providing valuable insights for
policymakers. When water availability remained stable (constant at the 2001-2020
level), the water stress was projected to be further aggravated, which was also reported
in earlier studies (Yin et al., 2017; Liu et al., 2019; Yang et al., 2023). For example,
Omer et al. (2020) indicated that critical water scarcity would occur in the YRB if the
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.

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
was controlled by local water yields (Fig. 6a), underscoring the importance of local
water management strategies. Owing to several ambitious programs to conserve and
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
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., 2023c¢; Yao et al., 2024). By scenario
simulation, we estimated that vegetation restoration led to a reduction in runoff of 7.9%
over the YRB during 2001-2020. This is generally in line with results from semi-arid
and arid regions in China (Zhang et al., 2018), where vegetation restoration resulted in
8.5% and 11.7% reductions in runoff in the 1990s and 2000s, respectively. In areas
already experiencing a decrease in water availability induced by climate change,
vegetation greening has undoubtedly exacerbated the water crisis. Therefore, to
alleviate regional water stress, in addition to climate change adaptation strategies and
substantial investment in hard-path infrastructure, nature-based solutions should also
be considered. For example, controlling the scale of reforestation and conducting
appropriate grazing activities in excessively restored grasslands (Liang et al., 2019;
Deng et al., 2023) could potentially achieve a triple-win in economic development,

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;
therefore, enhancing its efficiency will likely provide the most feasible solution for
mitigating water stress in the YRB. The YRB is a water-scarce region where resolving
the water shortage issue by focusing only on either the supply or demand perspective is
challenging. We found that it will be almost impossible to meet both productive and
domestic water demands through irrigation efficiency improvements alone in most sub-

basins in the 2030s (Figures not shown). While relying on external inter-basin water
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transfer projects can significantly and directly mitigate water stress in the region, such
measures should be approached with caution, as these large-scale infrastructures often
have considerable ecological and social impacts (Webber et al., 2021; Liu et al., 2023).
Improvements in irrigation efficiency can free up water resources and reduce 25% of
the surface water deficit to meet all sectoral water demands, greatly alleviating the
pressure on water diversion projects (Figs. 8a and 8b). Such efficiency gains would
allow the water stress in the study area to be maintained at its current level (0.95) in the
future (Fig. 8c), 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
several proactive strategies in this basin. For instance, the implementation of the Yellow
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).

In summary, it will be necessary to implement a variety of adaptation measures on both

the supply and demand sides to resolve the water crisis in the YRB.

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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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;
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
et al., 2020; Hastie et al., 2022). As domestic water use continues to increase rapidly,
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
required to better incorporate these water resources in the YRB. Additionally, current
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
maintaining a decreasing trend in water use intensity increases (Sun, 2023). In other
words, the sustained alleviation of water stress through improved water efficiency
would entail higher economic costs in the future. The estimation of water availability
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,

identifying an appropriate EFR method to assess water stress is beyond the scope of
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this study.

5 Conclusions

This study presents an integrated analytical framework to reveal a comprehensive
picture of a given water crisis in the YRB, including multiple water stress indicators,
driving factors of changes in WSI, and future predictions of water stress along with
potential feasible solutions. Generally speaking, analysis of critical indicators (WSI,
frequency, duration, and exposed population of water scarcity) shows that the water
supply and demand situation in the YRB has evolved in an unfavorable direction during
1965-2020. Compared with the period before 1980, the regional WSI, frequency, and
duration of water scarcity increased by 76%, 100%, and 92%, respectively, over the
past two decades. Water withdrawal and water availability induced by climate change
contributed to a 36.8% and 5% increase in WSI, respectively, from P1 to P2. In contrast,
these contributions were 10.4% and 11%, respectively, from P2 to P3. At the sub-basin
scale, irrigation was the primary factor driving WSI increases in the western parts of
Gansu, Ningxia, and Henan provinces before 2000. Additionally, water use in other
sectors (industry, urban, and rural) was the main reason for the rise in water stress in
the central regions of the Loess Plateau. In contrast, water availability was responsible
for the changes in WSI in most of the sub-basins during the most recent decades studied.
Meanwhile, further analysis showed that upstream flows and local water yields were
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
increased and will be unsustainable in the future. Vegetation restoration led to a

reduction in natural flow of 7.9% after 2000, aggravating regional water shortages.

Based on the historical trajectory of irrigation water use and the corrected socio-
economic data under different SSPs, we predict that the total water demand in the study
area during the 2030s will be 6.5% higher than in P3 (34.2 km®). This increase largely

resulted from increased urban and industrial use, partly offset by reduced irrigation.
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Considering sectoral water use with different priorities, the surface water deficit in the
study area is predicted to range from 0.6 to 8.36 km®. The potential improvement in
irrigation efficiency could resolve 25% of this water deficit (all sector demands are met),
leading to a net surface water deficit of 6.3 km?. This reduction would greatly alleviate
the water supply pressure on external inter-basin water transfer projects. Such
efficiency gains would allow the water stress in the study area to be maintained at its
current level (0.95) in the future. Under these conditions, the water crisis is expected to
worsen for 44.9% of the total population and ease for 10.7%. Given the great water
demand in the lower reaches of the Yellow River (below the HYK station) and the task
of supplying water to other basins, it is essential to combine water supply- and demand-
oriented measures to address the water crisis in the YRB. The results of this study have
important implications for coping with water scarcity not only in the YRB but also in

other basins facing similar situations.
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