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The increasing water stress projected for
China could shift the agriculture and
manufacturing industry geographically

M| Check for updates

Mengyu Liu ® ??, Xiong Zhou ® **

, Guohe Huang ®' & Yongping Li'

The sustainable development of China has been challenged by the misalignment of water demand and
supply across regions under varying climate change scenarios. Here we develop a water stress
prediction index using a fuzzy decision-making approach, which analyzes spatiotemporal variations of
water stress and concomitant effects on the populace within China. Our results indicate that water
stress will increase from 2020 to 2099 under both low and high emission scenarios, primarily due to
decreased water supplies like surface runoff and snow water content. Seasonal analysis reveals that
annual fluctuations in water stress are mainly driven by changes in spring and autumn. Water stress is
projected to be considerably lower in southeastern provinces compared to northwestern ones, where,
on average, over 20% of the Chinese population could be severely impacted. These changes in water
stress could lead to the north-to-south migration of the agriculture sector, manufacturing sector, and

human population.

Water resources are essential for the development of human society'.
However, the escalating depletion of water resources has put many parts of
the world under considerable water stress™, and the situations of which are
estimated to much worsen due to climate change'. Under these circum-
stances, the growth of water-intensive sectors, such as agricul'[ure7‘8 and
manufacturing’, will be restricted, which can potentially affect the spatial
industrial layout. Therefore, it is imperative to investigate future spatio-
temporal variations of water stress and to assess their impacts on industries
under climate change.

Various water stress indexes (WSIs) have been proposed to estimate
water stress, which is refered as the ratio of withdrawal and availability on
water resouces. In general, water resources withdrawal is typically defined as
the consumption of water resources for agriculture, industry, and residential
sectors, while the definition of water resources availability has often been
limited to river discharge"'*'". Several studies have also incorporated other
factors, such as environmental flow requirements, upstream consumptive
water resources withdrawal, blue and green water components, to more
accurately estimate WSI values'*""". For instance, Liu et al."” calculated WSI
by factoring in local runoffs, environmental flow requirements, and
upstream water resources withdrawals; spatial and temporal changes of
water stress in China for the next three decades were then forecasted. Munia
et al."* analyzed the impact of local runoff, inflows from upstream, and

upstream water resources consumption on magnitudes of WSI globally. He
etal.”” estimated global urban WSI and witnessed a marked increase in water
stress from 2016 to 2050. Incorporating blue and green water components,
Liu et al."® estimated the agricultural water scarcity around the globe and
found that more than 42% of total croplands will experience water scarcity
in the future.

The per capita water resources in China are only one-fourth of the
world average'”"®, which greatly hinders its sustainable development'®*’.
The geospatial distribution of water resources in China does not align with
the distribution of water demands®'. In particular, the northern regions of
China have fewer water resources than the southern partszz, but maintain
more agricultural and manufacturing industries™”, resulting in a local
water deficit, which is partly compensated by water supply from the South-
to-North Water Diversion Project (SNWDP). Such a mismatch between
water supply and demand could impede the development of the agriculture
and manufacturing sectors is in China””. Therefore, industrial migration
stands as a potential pivotal mechanism for improving the redistribution of
resources’*, thereby facilitating the allocation of water resources across
various regions. Consequently, a future redistribution of agriculture and
manufacturing sectors is conceivable.

However, the commonly used WSI calculation is simplistic and may
have computational deficiencies. It performs best when data are complete
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and precise, but in reality, water resource data derived from model calcu-
lations often entail uncertainties and ambiguities. One approach is to
incorporate water resource data obtained from a greater variety of models
during the calculation process. Additionally, it is necessary to employ
methods capable of effectively handling data uncertainties to reconstruct the
calculation of water stress.

Moreover, there have been few reports on the migration of agriculture
and manufacturing sectors over China caused by water stress variations
under climate change. At this juncture, scientific evidences are urgently
needed to rectify the incongruity between the supply and demand of water
resources.

Therefore, the objective of this study is to develop the fuzzy technique
for order preference by similarity to the ideal solution water stress prediction
(FTOPWSP) index. This index is intended to analyze spatiotemporal var-
iations of water stress and their concomitant effects on the populace within
China under climate change. The ensuing discussions will be further delved
into the potential impacts of such variations on migration of the agriculture
sector, manufacturing industry, and human population. In terms of mar-
ginal contribution, the FTOPWSP index we constructed can complement
the method for calculating water stress within the overall water risk fra-
mework in the widely utilized AQUEDUCT tool developed by the World
Resource Institute, while alleviating the ambiguities and uncertainties
during the calculation of water stress. The objectives of this study entail: (i)
The selection of ten water demand and supply indexes (WDSIs), including
both anthropogenic and natural driving factors for water stress variations.
(i) The computation of the weight attributed to each WDSI, reflective of its
influence magnitude on water stress variations.(iii) The amalgamation of
the distances from each WDSI to respective fuzzy positive-ideal solution and
fuzzy negative-ideal solution, thereby establishing the FTOPWSP index. (iv)
The determination of a threshold of FTOPWSP in order to calculate water-
stressed population (FWSPOP). (v) The examination of the implications
induced by water stress variations on the migration of the agriculture sector,
manufacturing industry, and human population. The results derived from
these steps indicate that water stress will increase in China from 2020 to
2099. Northwestern provinces, where over 20% of the total Chinese
population would be severely water-stressed, are projected to have con-
siderably higher water stress than the southeastern ones. The projected
increasing water stress and its uneven spatial distribution could lead to the
north-to-south migration of the agriculture sector, manufacturing sector,
and human population.

Results

The increase of future water stress over China

The annual water stress variations in China from 2020 to 2099 is estimated
(Fig. 1a). The values of FTOPWSP index are projected to increase under
both RCP2.6 and RCP6.0 scenarios, indicating increases in water stress in
the forthcoming eight decades. Under the RCP2.6 scenario, the Sen’s slope
value of the FTOPWSP index is significantly positive (5.9 x 10~°), which
shows that the FTOPWSP value in 2099 would increase by 0.078% com-
pared with that in 2020. Conversely, under the RCP6.0 scenario, the Sen’s
slope is not statistically significant; however, its positive value (11.3 x 107%)
indicates an increase by 0.18% in FTOPWSP. The average of future annual
FTOPWSP under RCP2.6 scenario (0.57) is smaller than that under the
RCP6.0 scenario (0.58), implying that the water stress under RCP6.0 is
higher than that under RCP2.6. Moreover, the spatial differences in annual
FTOPWSP index values between two scenarios are projected to be quite
large, as seen from the large relative differences between the 25th and 75th
percentiles in Fig. 1a.

The uneven spatial distribution of water stress over China

Figure 2 and Fig. 3 show the spatial distribution of water stress over China in
the mid-century (2020-2059) and late-century (2060-2099) periods. The
spatial distributions of water stress in the historical period (2006-2019) are
shown in Supplementary Fig. 1 and Supplemantary Fig. 2. Under both
scenarios, the northern and western regions are projected to experience

higher water stress than their southern and eastern counterparts. From
north to south, moving from high to low latitudes, China’s water stress
exhibits a trend of initially increasing and then decreasing. As a result, mid-
latitude regions experienced more pronounced water stress compared to
those at higher and lower latitudes, with the North China Plain (NCP) facing
especially large water stress. The results also indicate that from west to east,
moving from lower to higher longitudes, China’s water stress first decreases
and then increases. This suggests that both the water-scarce western region
and the high water-use eastern region experience quite large water resource
stress. From Figs. 2a, b, 3a, b, the area around the Tibetan Plateau, known as
Asia’s water tower, exhibits very low water stress in High Mountain Asia.
This further confirms the crucial role of the glacial melt of Asia’s water tower
in alleviating water stress’ . However, it is worth noting that the terrestrial
water storage of the Tibetan Plateau is facing a continuous deficit caused by
global warming, which diminishes the water resources sustainability of
Asia’s water tower™*. Figures 2¢, d, 3¢, d depict the spatial variations in water
stress at the mid-century and late-century relative to the historical period
under the RCP2.6 and RCP6.0 scenarios. The figures reveal that changes in
water stress are more pronounced in the late-century, with the primary
increase in water stress originating from Jiangsu, Anhui, and Jiangxi pro-
vinces in the East China region, as well as Hubei and Hunan provinces in the
Central China region.

Hotspots and provincial distribution of FTOPWSP index

Z-scores of the Getis-Ord hotspot analysis from ArcGIS reveal the spatial
cluster of the FTOPWSP index with high or low values. Figure 4 shows the
hotspot analysis of late-century water stress under the RCP6.0 scenario,
while the analysis under the RCP2.6 scenario can be seen in the Supple-
mentary Fig. 3. According to the relationship between Z-score value and
confidence level (Supplementary Table 2), the hot spots of FTOPWSP index
are the grid clusters with high FTOPWSP index values, namely the regions
with significantly high water stress. On the contrary, the cold spots are grid
clusters with low FTOPWSP index values, which are the regions with sig-
nificantly low water stress. Under both scenarios, cold spots would be
mainly distributed in the southern parts of China. To be specific, the cold
spots with more than 95% confidence are projected to be mainly located in
the south, namely Zhejiang, Fujian, Jiangxi, Hunan, Guangdong, Guangxi,
Sichuan provinces, as well as Asia’s water tower in the Tibet, which further
highlight the glacier melt’s potential in reducing water stress”’. Hot spots
with more than 95% confidence would mainly be distributed in the NCP,
namely Beijing, Tianjin, Hebei, Shandong, Henan, Anhui and Jiangsu,
indicating a severe water stress situation in the most fertile agricultural
regions in China.

Consistent with the spatial distribution of water stress, the provinces
with the highest water stress were projected to be in the northern parts of
China and the NCP, while those with the lowest water stress would be in the
southeastern parts under both scenarios. We calculate the FTOPWSP index
value for each province in the late century. The twelve provinces with the
highest water stress under the RCP6.0 scenario are projected to be Tianjin
(0.60), Beijing (0.596), Shandong (0.591), Jiangsu (0.589), Hebei (0.587),
Henan (0.585), Shanghai (0.584) which are all in or near the NCP, and
Xinjiang (0.586), Ningxia (0.586), Liaoning (0.585), Inner Mongolia (0.584),
and Shanxi (0.583), which are all located in the northern China. The
net annual changes in FTOPWSP index values of these regions were esti-
mated to be positive, indicating increasing water stress in these provinces in
the late century. Across these provinces, on average, the net increase in water
stress throughout the year is primarily driven by an increase in water stress
during the spring and winter seasons. In other words, for these provinces,
there is a considerable rise in water resource stress during the winter
and spring.

Seasons primarily contributing to annual changes in FTOPWSP
index value

China has a monsoon climate with four distinct seasons. The climate in
winter is dry and cold, which is controlled by the northerly monsoon from
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Fig. 1 | Temporal variations of water stress in China. a Annual average FTOPWSP
index values in China from 2006 to 2099. The blue and red shaded areas represent the
interquartile range (spanning from the 25th to the 75th percentiles) of FTOPWSP
indexes under the RCP2.6 and RCP6.0 scenarios, respectively. The FTOPWSP index
has an increasing trend under both RCP2.6 and RCP6.0 scenarios, indicating a
growth in water stress in the forthcoming eight decades. b Changing trend of WDSIs.
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evapotranspiration. GWRC refers to groundwater recharge resources. GWRO refers
to groundwater runoff. TSM refers to total soil moisture content. SSRO refers to
subsurface runoff. SRO refers to surface runoff. SWE refers to the snow water
equivalent. Decreases in water supply would drive the increases in water stress.

¢ Seasonal changes in FTOPWSP index value in different decades under the
RCP2.6 scenario. d Seasonal changes in FTOPWSP index value in different decades
under the RCP6.0 scenario.

high latitudes, while that in summer is humid and rainy, which is mainly
affected by the southerly monsoon from the ocean. Affected by the inter-
action of the above two monsoons, China’s spring and autumn are transi-
tion seasons, whose temperature alternates between hot and cold with
frequently changing rainfall. Under RCP2.6 scenario, the changes of water
stress in spring and autumn contributed the most to the annual variations
(Fig. 1¢). From 2031 to 2040, and 2051 to 2080, the changes of FTOPWSP
index value in autumn occupied the largest portion of total annual changes.
While from 2021 to 2030, and 2081 to 2090, the changes of index value in
spring contributed the most to the annual variations. Different from the
RCP2.6 scenario, in most decades, the changes of FTOPWSP index value in
winter contributed the most to the annual variations under the
RCP6.0 scenario (Fig. 1d). This may be because that compared to the
RCP2.6 scenario, under the RCP6.0 scenario, the future temperature
increase will be higher, and in consequence the changes in snow water
equivalent were projected to be larger (see Supplementary Table 1, which
shows that the snow water equivalent index had the third largest weight, so it
had a quite large impact on variations of water stress). Similar to the
RCP2.6 scenario, the annual changes of FTOPWSP index value under
RCP6.0 demonstrate a fluctuating trend, and the comparatively big increase

in water stress under the RCP6.0 scenario are projected to occur from 2021
to 2030, and 2041 to 2050.

Primary driving factors of increasing water stress

Under both RCP2.6 and RCP6.0 scenarios, the increases in water stress were
mainly driven by the decreasing water supply. Sen’s estimate was conducted
to reveal the changing trend of water demand and supply indexes (WDSIs)
(Fig. 1b). The calculation results show that all water supply indexes had
negative Sen’s slopes under both scenarios, and those of the total soil moisture
content, surface runoff, and snow water equivalent are statistically significant,
driving the increases in water stress. The differences in water stress levels
between RCP2.6 and RCP6.0 scenarios mainly stem from the different
changing trends of the irrigation water withdrawal (IWW) index. Under the
RCP6.0 scenario, the Sen’s slope of the IWW index was significantly positive,
triggering the increase in water stress. While under the RCP2.6 scenario, the
IWW index’s Sen’s slope was significantly negative, which could contribute to
the decrease in water stress. Since IWW has the largest impact on water stress
variations (see Supplementary Table 1, IWW has the largest weight among all
the WDSIs), IWW index emerges as the crucial factor responsible for the
higher water stress under RCP6.0 scenario compared to the RCP2.6 scenario.
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The temporal and spatial distribution of water-stressed
population

According to the future spatiotemporal distribution of water stress projected
above, increasing water stress in China would have adverse impacts on
human society, which might limit industries’ water utilization, and higher
water stress in northern and western China might drive people in these areas
migrating to the south and east. To analyze and quantify water stress’s
impacts on humans, the 60 percentile is set as the threshold of the
FTOPWSP index value. If the FTOPWSP index value of a unit grid is above
the 60 percentile value, the human population in this unit grid will be
considered as the water-stressed population (FWSPOP), which means that
the people in this grid are affected by comparatively severe water stress. Total
population data are projected by the Socioeconomic Data and Application
Center (SEDAC) under the SSP2 scenario. Hence, herein, we compute the
water-stressed population under the coupled RCP-SSP scenarios. Under
both RCP2.6-SSP2 and RCP6.0-SSP2 scenarios, it is projected that on
average, more than 20% of the total population would be affected by water
stress annually (Fig. 5a). Before 2080, the FWSPOP is projected to peak in
2060 under RCP2.6-SSP2 scenario, with 49% of total population being
water-stressed in 2040. While after 2080, the FWSPOP was projected to
decrease. On average, 27% of the population in China would be water-
stressed every year under the RCP2.6-SSP2 scenario. Under the RCP6.0-
SSP2 scenario, on average, approximately 32% of the total population would

be water-stressed, which is larger than that under the RCP2.6-SSP2 scenario.
Besides, under the RCP6.0-SSP2 scenario, the FWSPOP would peak in 2040,
with 37% of total population being water-stressed. In conclusion, there
would be more people be water-stressed under the RCP6.0-SSP2 scenario.

The spatial distributions of FWSPOP are also projected. Because the
spatial distribution is similar across all time periods, here only analyzes the
distribution for the year 2099. (Fig. 5b, ¢). Under both scenarios, the water-
stressed population would mainly be distributed in the northern parts of
China, concentrated in eastern regions with middle latitudes. To be specific,
in RCP2.6-SSP2 scenario, the longitudinal and latitudinal range of the top
20% grids with the highest FWSPOP values would be 111°E-119°E, 123°E-
126°E, 26°N-27°N, and 33°N-36°N (Fig. 5b). While in RCP6.0-SSP2 sce-
nario, the distributions of the top 20% grids with the highest FWSPOP value
would be in 111°E-120°E, 27°N, 34°N-37°N (Fig. 5¢). In conclusion, under
both scenarios, people living in northern parts of China would be severely
water-stressed in the future.

Hotspots and provincial distribution of water-stressed
population

Similar to the analysis of FTOPWSP hot spots, the Getis-Ord hot spot
analysis of FWSPOP is also conducted. Figure 5d shows the Getis-Ord
hotspot analysis results in the late century under the RCP6.0-SSP2 scenario.
The hot spots of FWSPOP are the grid clusters with high FWSPOP values,
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namely the regions with a significantly large number of water-stressed
population. Conversely, the cold spots are grid clusters with low FWSPOP
values, which are the regions with significantly small number of water-
stressed population. The estimated Z-score results indicated that under both
scenarios, the hot spots with 99% significance would be mainly located in
Beijing, Tianjin, Hebei, Shandong, Henan, Jiangsu and Anhui provinces,
because these areas would have both high population density and com-
paratively high level of water stress. The twelve provinces with the largest
value of FWSPOP in late-century are projected to be mainly located in the
northern parts of China or NCP, namely Shandong, Henan, Anhui, Jiangsu,
Hubei, Hunan, Guangxi, Xinjiang, Gansu, Inner Mongolia, Jilin, and Hei-
longjiang (Fig. 4d). From the surrounding bar charts of Fig. 4d, the
FWSPOP of these provinces in 2099 would be less than that in 2020 in these
provinces, which is mainly due to the decreasing total Chinese population.

Discussion

We introduced an index to measure water stress, and analyzed the spatio-
temporal variations of water stress in China under future climate change
scenarios. We also utilized the widely adopted Water Stress Index (WSI),
defined as the demand for water divided by the availability of water, to
calculate the spatiotemporal variations in water stress. We found that the
computational outcomes of the FTOPWSP index are highly consistent with
those of the WSI, both in terms of temporal trends and spatial distribution.

Supplementary Fig. 5 reveals that under the estimation of both the WSI and
FTOPWSP methodologies, water stress exhibits an increasing trend, and the
water stress under the RCP6.0 scenario generally exceeds that of RCP2.6.
Moreover, under both methodologies, the Sen’s slope calculated for the
RCP2.6 scenario is statistically significant. Supplementary Fig. 6 demon-
strates that the geographical distribution of water stress calculated through
the WSI index aligns closely with the results from the FTOPWSP calcula-
tion. Regions experiencing high water stress are predominantly located in
the northern, northwestern, or NCP areas. The high degree of consistency
between the WSI and FTOPWSP calculation results attests to the reliability
of our computational findings.

Meanwhile, our study has some common conclusions with other
previous studies, which can further demonstrate the reliability of the
FTOPWSP index. In terms of temporal variations of water stress, there
would be a tendency for China’s water stress to increase in the future*'>*.
And as for spatial variations, water stress in the northern parts of China
would be larger than the southern areas"’, with the NCP facing particularly
severe water stress and uneven water stress distribution®. Moreover, there
would be over 20% of the total Chinese population under severe water
stress'*”’, and the water-stressed population would be mainly concentrated
in metropolis in the NCP, namely Beijing and Tianjin". In addition to these
common conclusions, we also find that the variations of water stress in
spring and autumn would contribute the most to the annual variations.
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Fig. 4 | Hotspot analysis of late-century water stress under RCP6.0 scenario. The
central map represents the spatial distribution of Z-score values from Getis-Ord

hotspot analysis. The hot spots of FTOPWSP index are the grid clusters with high
FTOPWSP index values, which are the regions with significantly high water stress. In
contrast, the cold spots are grid clusters with low FTOPWSP index values, which are

the regions with significantly low water stress. Surrounding bar charts represent the
provincial average FTOPWSP values, seasonal changes, and net annual changes of
water stress. The twelve provinces with the highest water stress levels are Tianjin,
Beijing, Shandong, Jiangsu, Hebei, Henan, Shanghai, Xinjiang, Ningxia, Liaoning,
Inner Mongolia, and Shanxi.

And our prediction of water stress consolidates the idea that glacier melts
from Asia’s water tower could help alleviate water stress’ ™ though the
increasing snowmelt would be unsustainable’. Crucially, the FTOPWSP
index, developed through the application of the fuzzy TOPSIS method,
introduces an innovative strategy for alleviating the ambiguity and uncer-
tainty inherent in calculating water stress”. This index also exhibits
enhanced adaptability and flexibility, particularly through customizable
parameters like weights, which can be tailored according to the unique data
traits of diverse regions. Such adaptability facilitates bespoke evaluations for
varied management aims and policy contexts. Given that the fuzzy TOPSIS
method can account for multiple dimensions influencing water stress con-
currently, it opens avenues for integrating considerations like water quality,
population growth rate, economic development level, and water resource
management efficiency into one-framework calculations in future endea-
vors. In addition, some models currently provide a more detailed breakdown
of water demand and supply sources. For example, the HO8 model can
provide updated data for aqueduct water transfer, local reservoirs, seawater
desalination, renewable groundwater, and non-renewable groundwater’*.
The classifications of detailed water supply sources in the water resources
prediction models are inconsistent due to their different focuses. In order to
include data from as many models as possible, we have not incorporated
these more detailed sources (e.g., aqueduct water transfer)'"** identified by

the HO8 model into the current FTOPWSP calculation. However, in China,
the aquatic water transfer achieved through the SNWDP is a very important
source of water supply for the northern regions. Therefore, our current
results may overestimate and underestimate the water stress in the north and
south, respectively. In our study, the FTOPWSP approach promises a more
holistic assessment of water stress’s spatiotemporal dynamics and its socio-
economic impacts. Based on the water resource supply and usage data in
China, we identify the impacts of WDSIs on the FTOPWSP index by cal-
culating the weight of each WDSI, and among all the water resources
demand indexes, irrigation water resources withdrawal and manufacturing
water resources withdrawal indexes have the largest weights (Supplementary
Table 1), which indicated that these two factors had comparatively large
impacts on water stress variations. Meanwhile, the irrigation water resources
withdrawal index has relatively high future changing rate (Fig. 1b), indi-
cating that it may be more sensitive to climate change, which further suggests
that people would be more sensitive to adjust their water use in agriculture
sectors in the face of future climate change. Therefore, combined with our
findings of the uneven spatial distribution of water stress, future high levels
of water stress in northern China might promote some migrations of agri-
culture and manufacturing sectors from north to south, which would in turn
alleviate water stress in the northern parts and benefit the development of
these two industries.
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Fig. 5 | Temporal and Spatial variations of water-stressed population. a Temporal
variations of FWSPOP. Lines represent the value of FWSPOP. Bars represent
FWSPOP as a percentage of the total population. Under both scenarios, on average
over 20% of the total population would be water-stressed annually. b Spatial dis-
tribution of FWSPOP in 2099 under RCP2.6-SSP2 scenario. ¢ Spatial distribution of
FWSPOP in 2099 under RCP6.0-SSP2 scenario. Under both scenarios, the FWSPOP
would mainly be distributed in northern parts of China. d Hotspot analysis of
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FWSPOP under RCP6.0-SSP2 scenario in the late century. FWSPOP hot spots
would be mainly located in Beijing, Tianjin, Hebei, Shandong, Henan, Jiangsu and
Anhui provinces. The central map represents the spatial distribution of Z-score
values from Getis-Ord hotspot analysis. Surrounding bar charts represent the
changing trends of FWSPOP in 12 provinces with the highest value of FWSPOP.

Agriculture sector is an essential pillar for China’s national economy,
with agricultural water consumption accounting for more than 60% of the
country’s total water usage"’. Although agricultural production areas have
been distributed in all eastern, western, southern and northern parts of
China, the most suitable arable land for crop production are mainly located
in three alluvial plains: the NCP, the Northeast China Plain (NECP), and the
Yangtze Plain (YP)*, and except for YP, the other two plains are projected to
have high water stress, especially the NCP (Fig. 2). As the agricultural base
and major producer of crops, NCP provides nearly 50% of China’s maize
and wheat production®, but it also consumes more than four times as much

water as its total annual renewable water*’. According to our prediction of
future water stress in NCP (Fig. 2), there would be a dilemma for NCP to
increase agricultural production while conserving water resources. If irri-
gation water consumption continues to increase in the NCP, the wet-bulb
temperature in the NCP will be greatly increased, which can increase the
risks of extreme heatwaves”. In turn, the compound dry and hot extremes
will further increase the water stress in the NCP, threatening food security™.
Moreover, it is estimated that under the SSP2 scenario, the value-added of
primary industry in the NCP would increase the most™, which would
worsen the water stress of this region. For one thing, addressing water stress
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in the NCP could involve enhancing the efficiency of agricultural water use.
For instance, under conditions of sufficient soil moisture prior to sowing,
implementing two irrigations at the jointing and anthesis stages with an
irrigation amount of 150 mm can effectively reduce water usage for irriga-
tion while simultaneously increasing wheat yields in the NCP*. Besides,
research has demonstrated that a reduced irrigation management practice,
which entails no irrigation post-sowing of winter wheat and the sowing of
summer maize in June, yields favorable grain output and also enhances
water use efficiency in the winter wheat-summer maize rotation system™.
Additionally, a decade-long field survey has indicated that adopting rotary
tillage methods can effectively increase water use efficiency in the NCP area
without compromising soil compaction, thereby boosting grain
production“. For another, China’s water resource allocation policies, such
as the SNWDP detailed later in the following parts, can effectively alleviate
water stress in the northern regions. Furthermore, the geographical dis-
tribution of water stress calculated in our study, along with existing research,
suggests that a portion of agricultural production could also be feasibly
relocated to southern areas where water stress is lower. For example,
research indicates that solely improving food production efficiency, opti-
mizing fertilizer utilization, or altering dietary habits cannot reduce the
environmental impact of agriculture in the north to within national stan-
dards. A feasible supplementary strategy is the reallocation of food pro-
duction between regions™”. The study by Hu et al. indicates that Henan,
Shandong, and Jiangsu provinces in the NCP need to remove more than
20% of their provincial food production to alleviate high water stress and
help reduce agricultural environmental impacts within national and pro-
vincial boundaries™. In turn, the reallocated production amount could be
mainly in southern provinces where we estimated to have low water stress
(Figs. 2 and 3), namely Fujian, Jiangxi, and Zhejiang, which would increase
their production by more than 60%*. However, it is worth noting that such a
large-scale transfer of agricultural production from north to south would
have extensive socio-economic impacts. On one hand, the magnitude of the
agricultural transfer merits further exploration in the future to determine
how to balance the trade-offs between socioeconomic impacts and water
stress alleviation. On the other hand, it is also necessary to gradually pro-
mote the shift of agriculture from north to south in a phased manner.
The uneven spatial distribution of water stress in China could also
trigger manufacturing industry to migrate from north to south. Manu-
facturing industry has developed rapidly in China, with most manu-
facturing firms and labor concentrated in the Beijing-Tianjin-Hebei region
(BTH), the Yangtze River Delta (YRD), and Pearl River Delta (PRD), and
Shandong Peninsula (SP)**, among which, the BTH and SP were projected
to have high water stress in the future (Figs. 2 and 3). Due to the increasing
cost of land and labor, and the changes of policy, the labor-intensive
manufacturing firms have migrated from these eastern coastal regions to
inland China, such as Chengdu and Chongqing™* ™, where water stress were
estimated to be comparatively low (Figs. 2 and 3). Meanwhile, many of the
labor-intensive industries have also been moved out of China to less-
developed Southeast Asian countries, thus giving rooms for the develop-
ment of high-tech and capital-intensive industries, especially the semi-
conductor industry”. China has initiated the National Long-term Scientific
and Technological Development Plan (2006-2020) to improve the technol-
ogy of semiconductor industry”’. To strengthen this development, the
Fourteenth Five-Year Plan (2021-2025) further highlighted the necessity of
developing the third generation semiconductor materials. These all indicate
that semiconductor manufacturing scale will continue to increase in the
future, but consequently, the water stress in BTH, SP will also increase.
Semiconductor industry is estimated to be a large consumer of fresh water,
whose water use approximately accounts for over 27% of the total industry
water use in China®. In 2021, the mean water use of semiconductor cor-
porations in China was estimated to be 8.22L/cm’®. Under the
SSP2 scenario, in 2100, the secondary industry is estimated to be con-
centrated more in the BTH and SP regions compared to 2015°*. Considering
the huge water consumption of semiconductor industry, the BTH and SP
regions will suffer from increasingly high water stress, which might in turn

impede the development of semiconductor industry. Therefore, to avoid the
increasing water stress concerns, manufacturing industries, especially the
semiconductor industry, could be partly reallocated from BTH and SP to
southern regions with low water stress such as Chengdu, Chongqing
and PRD.

Driven by uneven spatial distribution of water stress, it is likely that
some Chinese population would migrate from highly water-stressed
northern provinces to less water-stressed southern provinces. First, along
with the north-to-south migration of agriculture and manufacturing sec-
tors, correspondingly, the labor force of each industry will also migrate
among provinces. Second, climate change is also a reason for population
migration®’. Thus, according to our calculations, the increasing water stress
due to climate change could also be a driving factor for the migration of
some populations from the north to the south. According to our prediction
results (Fig. 5), more than 20% of the Chinese population would be under
severe water stress every year under both RCP2.6-SSP2 and RCP6.0-
SSP2 scenarios, which would be located in the north and northwest of
China. As a result, it is quite likely that some risk-averse people will migrate
to the south from the north and northwest in the future in the face of high
water stress. Specifically, according to our estimation results and discussion
above, with the potential migration of agriculture due to the uneven spatial
distribution of water stress, agricultural labor might move from Beijing,
Tianjin, Hebei, Henan, Shandong and Shanxi to southern provinces such as
Zhejiang, Fujian and Jiangxi. And with the potential provincial migration of
manufacturing, manufacturing labor will also be likely to move from Beij-
ing, Tianjin, Hebei and Shandong provinces to Chongqing, Sichuan and
Guangdong. To sum up, water-stressed population might mainly migrate
from Beijing, Tianjin, Hebei, and Shandong to Fujian and Guangdong. It is
estimated that the percentage of immigrants migrating to Fujian and
Guangdong would exceed 30% of these region’s total population®.

It is worth noting that water stress can be one of the important factors
that drive inter-regional population migration, but not the only factor.
Other determinants of migration include wages, job opportunities, air
pollution, personal preference, agglomeration effect, family factors etc™ .
But the most obvious benefit of the north-to-south population migration is
that those under severe water stress will have more abundant water
resources. Meanwhile, because the destinations to which these populations
migrate are not only less water-stressed, but also have smaller environ-
mental health burdens and developed economies®, the overall social welfare
of the migrating population will be increased. In addition, the north-to-
south migration can help to alleviate the pressure of the ecosystem and
improve the vegetation conditions in the northern provinces”. However,
population migration is also accompanied by some negative environmental
impacts. For example, due to population migration, both provinces with net
outward and inward population migration will suffer from increases in
carbon emissions and carbon reduction barriers™*”". Moreover, studies have
shown that every additional 10,000 interprovincial population migrants will
resultina 0.2-0.5% increase in COD, a 0.10-0.20% increase in SO,,and a 3.1-
4.2% increase in aggregate waste disposed’’. Therefore, although population
migration could be a means to relieve the high water stress suffered by the
northern population, the trade-offs of population migration need to be
further controlled.

To alleviate the increasing water stress and address the inequity caused
by uneven water stress distribution, the following solutions are available: the
further implementation of south-to-north water diversion, and the pro-
motion of industrial migration. The SNWDP is essential in addressing the
disparity in water resources distribution between the north and south. This
water diversion project has three routes (the eastern, central and western
routes)””’*, and once the three routes are all completed, the SNWDP can
transfer up to 44.8 x 10° m’ freshwater from the south to the north per year,
and over 300 million people will benefit from this project. Although the
SNWDP has helped to reduce inequities between north and south in terms
of water resources, there are still many northern provinces that have not
benefited from this project, since it is still under construction. Besides, the
large scale of water diversion could generate adverse impacts on water
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quality and ecosystem in both the receiving and donating river basins™"".
Therefore, to promote the water diversion from south to north, the con-
struction of eastern and western routes needs to be continued and more
efforts should be taken to address water pollution issues. SNWDP alone is
not enough. According to our discussion of the potential north-to-south
migration of agriculture and manufacturing sectors, the key may lie in
promoting the production of agriculture and manufacturing sectors in the
south, thus helping northern provinces reduce water consumption. An
important reason why agriculture in China is currently concentrated in the
north for large-scale production is that the terrain in the north is flat, which
is suitable for large-scale farming, so even though there is a mismatch
between poor water resource and high water consumption, the north is still
by far the most suitable region for food production. In contrast, the south,
especially the southern hilly areas, is not suitable for large-scale agricultural
production. The hilly areas have a lot of sloping land and scattered small
plots, so farming machinery operations, and transportation receive con-
siderable restrictions. Therefore, in the future, land consolidation could be
further promoted to integrate the scattered small plots of land in the south,
and at the same time, make the hilly mountainous areas more suitable for
mechanization. Furthermore, considering the climatic characteristics of the
south, expanding agricultural production could involve promoting rice
cultivation. For example, the development of deep-water rice cultivation
techniques could enhance rice’s adaptability to floods. Leveraging the
south’s biodiversity advantage could also reduce the use of chemical pesti-
cides in crop production, thereby fostering the sustainable development of
the agricultural ecosystem. In terms of policy, government support for
agriculture and poverty alleviation policies should also play an important
role in advancing agricultural development in the south. By doing so, the
agriculture production could be improved in the south, laying more pos-
sibilities for alleviating future water stress in the north. For the manu-
facturing sector, China is currently undergoing an upgrading
transformation of its manufacturing industry, as evidenced by the gradual
relocation of labor-intensive industries to Southeast Asia and the booming
of capital-intensive industries such as semiconductor manufacturing. To
promote these high-tech and high water-consuming manufacturing
industries migrate from the north to the south, on the one hand, more
stringent industrial environmental regulations should be implemented in
the north, and on the other hand, more attractive policies should be enacted
in the south, such as Chongging, Chengdu, and the Pearl River Delta region,
all of which require close cooperation and collaboration with local
governments.

Methods

Study approach

In this study, we developed the FTOPWSP index to project spatiotemporal
water stress variations in China. Firstly, considering the representativeness
and accessibility of data, we selected ten indexes from the demand and
supply sides as driving factors of water stress changes. Following this, we
utilized the principal component analysis (PCA) and entropy weight
method (EWM) to estimate the combined weight of each index. Combining
the impacts of ten indexes, we developed the FTOPWSP index by using the
fuzzy TOPSIS method. This approach has been widely used in recent dec-
ades to solve problems related to multi-criteria decision analysis in various
fuzzy environments’*. The larger the value of the FTOPWSP index, the
greater the level of water stress. Furthermore, we developed the FWSPOP
index to measure the social impacts of water stress fluctuations by esti-
mating the population under severe water stress.

The development of WDSIs

Considering the selection of water resources demand and supply indexes
(WDSIs) in current studies'*'*”” and the availability of data, we established a
WDSIs system consisting of ten indexes (Table 1 and Supplementary Fig. 7).
The water resources demand side contains four indexes representing human

Table. 1 | Water resources demand and supply index system

System Category Indexes Symbol Property
Water Demand side  Domestic water X1 -
demand and withdrawal
:ugtzlr);mdex Irrigation water X2 -
4 withdrawal
Manufacturing water X3 -
withdrawal
Evapotranspiration X4 -
Supply side Groundwater runoff Xs +
Groundwater recharge  Xs I
resources
Surface runoff X7 +
Subsurface runoff Xg +
Total soil moisture X9 aF
content
Snow water equivalent  X;o +

consumption and natural evapotranspiration. And the water resources
supply side includes six indexes representing natural replenishment. For the
properties of these indexes, + represents a positive index, the increase of
which will contribute to the decrease in water stress; while - represents a
negative index, the increase of which will contribute to the increase in water
stress.

Principal component analysis (PCA) and entropy weight method
(EWM) were utilized to calculate the combination weight w; of each index
(Supplementary Methods), so as to reduce the interference from subjective
judgment factors and avoid the deviation between the weight determined by
the simple objective method and the actual importance of indexes.

Development of FTOPWSP and FWSPOP index

The fuzzy TOPSIS method is utilized to develop FTOPWSP index.
Explaining the reasons for water stress variations is similar to identifying the
influence of different water supply and demand factors, which is logically
consistent with the ranking of multiple alternatives in the multi-criteria
problem, therefore, the TOPSIS method can be used to reconstruct the water
stress index and explain the causes for the variations of water stress.
However, the TOPSIS method cannot avoid the bias caused by the uncer-
tainty of data in the calculation process®'. Therefore, we adopt the fuzzy
TOPSIS method to calculate water stress variations”. To estimate water
stress, the first step is the construction of the fuzzy decision matrix. For a
certain period, the value of the j th index in the i th unit grid (0.5° x 0.5°) is
set as f;;:

ty = (u,-j, bij,cij) 1)

where a;;, by, and ¢;; represents the different values of the same water supply
and demand index calculated by the same WRPMs under the GFDL-
ESM2M, HadGEM2-ES, and MIROCS5 general circulation models (GCMs),
respectively. We applied three WRPMs, namely the HO8 model, CWatM,
and PCR-GLOBWB model, to obtain the data of the water supply and
demand index under the aforementioned three GCMs to enhance the
robustness of the calculation results. The fuzzy decision matrix T = (tij)m n
is then represented as follows:

tll t12 tln
tll t22 e t2n

r={. . . : )]
tml tm2 tmn
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Next step is the normalization of the fuzzy decision matrix. The nor-
malized values are calculated by min-max method:

ry= (e
) a,

'max ~ min

bij_bmin Cij—Crmin ) (3)

bmax - bmm Emax 7Cmm

After the normalization of fuzzy decision matrix, we calculated the
weighted normalized fuzzy decision matrix:

Vi =1 X, (4)

V =1[vl ©)
where w;is the weight of the j th water stress index determined by both PCA
and EWM (Supplementary Table 1), and V represents the weighted nor-
malized fuzzy decision matrix.

For fuzzy TOPSIS method, the evaluation basis of the optimal solution
is that under the benefit standard the geometric distance between the
solution and the positive-ideal solution (PIS) is the shortest, and under the
cost standard the distance between the solution and the negative-ideal
solution (NIS) is the longest. Therefore, we calculated the fuzzy positive-
ideal solution (FPIS, A*) and the fuzzy negative-ideal solution (FNIS, A™):

mXn

AT = (v, v, v) where vf = max,-{vij} 6)

A” = (v],v;,--,v, ) where v = min,{v;} 7)

where v'; and v; are the maximum and minimum values of weighted
normalized fuzzy numbers of the j th water stress index in all unit grids from
2020 to 2099.

We then set d,(G, H) as the distance between two fuzzy number:

G= (g17g27g3) ®)

H= (h17h27h3) (9)

dv(Gv H) = \/1/3[(g1 - hl)z + (gz - hz)z + (g3 - h3)2] (10)

According to the above calculation formula, d,(vj, v;*) and d,(v, v;”)
can be obtained, which represent the distance of each water demand and
supply index from FPIS and ENIS respectively. The total positive distance

d;" and total negative distance d; for each unit grid are obtained by summing
the distances of all indexes in each unit grid:

df = d,(v;,v)) (1)
j=1

A7 = d,(v;,v)) (12)
j=1

According to the positive and negative distances, the FTOPWSP index
can be constructed as follows:

+

d;

FTOPWSP, = - e (13)

For a certain period, the larger the FTOPWSP index of a region is, the
farther the water stress of the region is to the optimal status, namely, the
larger the water stress of the region is. For a certain region, the temporal
changing trend of water stress can be identified by calculating the variations
of water stress in each time step in the future. Combining the predictions of
temporal and spatial variation trends, we analyzed the overall changing

characteristics of water stress in China in the future 80 years. In the calcu-
lation of the FTOPWSP, we use a monthly time step and a spatial resolution
of 0.5° x 0.5° grid cells.

According to the FTOPWSP index prediction results, the social impact
of water stress variations in China is quantified by calculating the number of
people under severe water stress. In this study, we utilized the 60th percentile
as the threshold to calculate the water-stressed population (FWSPOP). That
is, the population within unit grids where the FTOPWSP value is at the 60th
percentile or above is considered FWSPOP. In the Supplementary Fig. 4, we
provided calculation results for different thresholds, namely the 50th, 60th,
70th, 80th, and 90th percentiles. By comparing the FWSPOP population
distribution across different thresholds, we found that the 60th percentile
serves as the most rational and moderate threshold for the calculation
results.

Data availability

The data involved in this study include historical data and future prediction
data. For historical data, China’s administrative boundary vector data is
obtained from the National Earth System Science Data Center (http://www.
geodata.cn). For future projections, the population data is selected from the
Global One-Eighth Degree Population Base Year and Projection Grids
Based on the SSPs, v1.01 (2000-2100) dataset in the Socioeconomic Data
and Application Center (SEDAC) (https://sedac.ciesin.columbia.edu/data/
set/popdynamics-1-8th-pop-base-year-projection-ssp-2000-2100-rev01).
Given data availability, we adopted the SSP2 population data. Monthly data
of water demand and supply from 2020 to 2099 is provided by the Inter-
Sectoral Impact Model Intercomparison Project phase 2b (ISIMIP 2b)
(https://data.isimip.org/search/tree/ISIMIP2b/). These simulations were
performed by H08, CwatM, and PCR-GLOBWB models driven by three
GCMs, namely, GFDL-ESM2M, HadGEM2-ES and MIROCS with a spatial
resolution of 0.5°x0.5°. To leverage more data, we utilized projection data
from the aforementioned models under scenarios with fixed year-2005 land
use, nitrogen deposition, and fertilizer input. The IPSL-CM5A-LR GCM
model is not incorporated in our calculation because it has a persistent cold
bias in its temperature simulations, which affects its overall climate
projections®’. Data created in this study are openly available which can be
found in Figshare repository with the https://doi.org/10.6084/m9.figshare.
26054476.v1*".

Code availability

Code to calculate the FTOPWSP index can be found in Github repository
with the identifier https://github.com/Mengyu-Liu/FTOPWSP_index_
calculation.
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