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Abstract Groundwater use underpins much economic production. The unsustainable use of groundwater
threatens environmental flows in surface waters, sustainable development, and future food security. The
connection between agricultural trade and groundwater depletion has been recently highlighted, but how
groundwater depletion supports the production of industrial and tertiary goods, trade, and consumption remains
less well understood. Here, we present the first analysis of groundwater use and depletion embedded in the
complete supply chain of China (including primary, secondary, and tertiary products). We use a multiregion
input-output analysis coupled with the high-resolution groundwater use modeling to track groundwater
depletion from production to end consumer. Our modeling results show that groundwater depletion

occurred primarily in water scarce North China for agricultural production, but the depleted resource was

then incorporated throughout the supply chain and dispersed across Chinese and international consumers.

~64 billion m? yr~! (+1 billion m? yr~') groundwater was depleted in China, in which more than a half was
from Xinjiang, Hebei, Henan and Heilongjiang Provinces. Approximately 40% of the groundwater depletion
can be traced to interprovincial transfer (21 billion m? yr~!) and export (4.8 billion m? yr~!). The hot spots for
final consumption of groundwater depletion were major cities in both North and South China. Importantly,
over 60% of the groundwater depletion was embodied in industrial and tertiary products for final consumption,
highlighting the importance of tracing groundwater through the full economy. Groundwater depletion represents
a long-term risk to supply chains, and policy-makers can use this understanding to sustainably manage
groundwater and diversify supply chains.

Plain Language Summary Groundwater is a critical resource that is under increased pressure due
to unsustainable exploitation. Groundwater resources underpin both national supply chains and global trade,
but how groundwater supports the full supply chain of a nation remains unresolved. This study traces the
groundwater depletion incorporated in the complete supply chain (including industrial and tertiary products,
not just primary goods) of China through interprovincial transfers and international exports. The results show
how groundwater depletion, which is concentrated in North China, is distributed to domestic and international
consumers of final goods. International importers receive China's groundwater in the receipt of industrial
products. We highlight that groundwater depletion represents a long-term risk to supply chains.

1. Introduction

Groundwater is a critical resource that is under increased pressure around the world due to unsustainable exploita-
tion for human water uses (Aeschbach-Hertig & Gleeson, 2012; Dol et al., 2014). China withdraws more than
100 billion m? groundwater annually (more than 10% of the global total) to support the livelihood and production
activities of the largest population in the world and has been reported as one of the major countries depleting
its groundwater resources (UNDP, 2006) according to both global and regional hydrological modeling (Fami-
glietti, 2014; Wada, van Beek, & Bierkens, 2012; Wada, van Beek, Weiland, et al., 2012) and observations
(Fang et al., 2019; Tang et al., 2013). Groundwater depletion is defined as groundwater withdrawal (abstraction)
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in excess of the natural recharge rate of groundwater (Doll et al., 2012), which often leads to a decrease in the
water storage of aquifers, threatening environmental flows and sustainable development. Groundwater deple-
tion will curb future groundwater availability (Steward et al., 2013), thus reducing future water security (Castle
et al., 2014), not only locally but also in places where groundwater intensive products are received via trade.

As groundwater resources underpin both national supply chains and global trade (Gumidyala et al., 2020),
the connection between agricultural trade and groundwater depletion has been recently highlighted (Dalin
et al., 2017, 2019; Marston et al., 2015). Much research has focused on quantifying total or surface water use
embedded in sectoral products within or across countries/regions (Garcia et al., 2021; Richter et al., 2020;
Vanham et al., 2018), but less attention has been paid to the role of groundwater withdrawals and related sustain-
ability of the supply chains (Dalin et al., 2019). We do not have a good understanding of how groundwater (and
groundwater depletion) is incorporated along the full supply chain of a nation, including industrial products,
services, and final consumption. Because the impacts and potential recovery from groundwater depletion often
have very different time and space scales in comparison to surface water depletion (Marston & Konar, 2017,
Richter et al., 2020), distinguishing groundwater depletion from renewable water use allows us to better under-
stand the overall sustainability and risks of water in supply chains.

Human society has a long history of exploiting groundwater, and our reliance on groundwater is increasing
(Gleeson et al., 2020). As the largest stock of liquid freshwater available for human use (Dalin et al., 2019),
groundwater availability is often less sensitive to annual and interannual rainfall fluctuations than surface water
and is thus a great buffer to climate variability (Gleeson et al., 2020). In addition, the distribution of groundwater
is ubiquitous, underlying most of the earth's surface rather than confined river channels and lakes as is surface
water (Gleeson et al., 2020). These properties make groundwater an important resource for human use: Ground-
water provides approximately 2 billion people with drinking water and supplies ~40% global irrigation and
~27% industrial water uses (Dol et al., 2012; Morris et al., 2003; Siebert et al., 2010). Intensive exploitation of
groundwater in many places has caused groundwater depletion and subsequent social and environmental prob-
lems (Gleeson et al., 2012; Scanlon et al., 2012).

There is high spatial variability in groundwater use across China with depletion concentrated in a few aquifers
in North China (Cai, 2008; Wada et al., 2010), which means that a fine-scale analysis is key to evaluating this
uneven groundwater exploitation. Despite the importance of groundwater in supporting domestic and production
water uses, spatially explicit groundwater depletion data in China are not readily available due to the difficulty in
monitoring large-scale groundwater use. Groundwater withdrawal and depletion in China have been assessed by
a number of global modeling studies (Dalin et al., 2017; Dalin et al., 2019; Wada, van Beek, & Bierkens, 2012;
Wada, van Beek, Weiland, et al., 2012); yet prior research has not used regional Chinese water use statistics.
There has been increasing research into the subnational virtual water transfer (i.e., the water embodied in products
used in the production process and transferred domestically, Allan, 1998) in China (Sun et al., 2017; Zhang &
Anadon, 2014; Zhang et al., 2012; Zhao et al., 2015). Dalin et al. (2017) quantified groundwater depletion embed-
ded in global crop trade. However, the groundwater depletion associated with interprovincial trade and export for
the full supply chain (including industrial and tertiary products) is missing.

The goal of this study is to trace the groundwater depletion of the full supply chain of China embedded in the
interprovincial trade and export (as a lumped volume to the Rest of World as given in the MRIO database). Here,
we estimate high-resolution groundwater withdrawal and depletion in China using a simulation-based approach
that we constrain by provincial-level statistical data. The groundwater withdrawal from locations of depletion in
production is traced to the end consumers, using a multiregion input-output (MRIO)-based approach, which is an
analytical technique from the discipline of economics that has been widely applied to the use of various natural
resources and pollution tracking (T. O. Wiedmann et al., 2015; Oita et al., 2016; Lin et al., 2016; T. Wiedmann
& Lenzen, 2018; Xu et al., 2020). According to a summary of relevant studies (Table S1 in Supporting Infor-
mation S1), a methodological framework that combines the groundwater depletion modeling with the MRIO
analysis is missing. Our study presents a methodological framework coupling physical and virtual water analyses
(through the high-resolution groundwater use modeling coupled with coupling groundwater use modeling and
MRIO analysis) to quantify groundwater depletion in the supply chain. This approach enables us to distinguish
groundwater depletion for production and consumption (Garcia et al., 2020; Marston et al., 2018). Specifically,
“consumption-based groundwater withdrawal” is the groundwater that is virtually embedded in products through-
out the supply chain and consumed by end consumers. To focus on the unsustainable groundwater incorporated in
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supply chains, we define “consumption-based groundwater depletion” to be depleted groundwater (i.e., ground-
water withdrawal minus groundwater recharge) that is embedded in products consumed by end consumers.
Commodity fluxes through supply chains enable one location's consumption-based groundwater depletion to be
different from its groundwater depletion for production. Consumers who receive groundwater depletion-intensive
products should be aware of the risk from groundwater depletion upstream in their supply chain. As such, distin-
guishing this critical water source along supply chains is a major advancement over other virtual water studies
that quantify the total water embodied in supply chains and trade.

2. Materials and Methods
2.1. Data Sources

The data sources used in this study mainly include the latest MRIO table in China, water withdrawal, and water
availability data sets. The China MRIO table in 2012 provides the interconnection and interdependence relation-
ships of economic activities between 42 sectors (including 1 agricultural sector, 27 detailed industrial sectors,
and 14 detailed tertiary sectors) and 31 provincial administrative unites (hereinafter referred to as provinces, not
including Hong Kong, Macao, and Taiwan due to data unavailability) in the monetary unit (Liu et al., 2018).
Provincial-level water withdrawal data for agricultural, industrial, domestic and eco-environmental compensation
sectors are referenced from China Water Resources Bulletin (MWRC, 2006-2015). Domestic water withdrawal
includes tertiary and households water uses, which can be separated referring to Provincial Water Resources
Bulletins (PWRB, 2012). The eco-environmental compensation water use is mainly for irrigating urban green
space and replenishing dry rivers and lakes in urbanized areas. The provincial-level water supplies from surface
water (including both locally generated surface water and transferred water from other basins), groundwater
and other sources (mainly including reclaimed water and desalinated water) are also referenced from China
Water Resources Bulletin (MWRC, 2006-2015). Provincial-level natural water availability, including surface
water resources, groundwater resources (recharge for groundwater), and double-counted water resources (water
resources that are counted in both surface water and groundwater) in 20062015, is referenced from China
Water Resources bulletin (MWRC, 2006-2015). Double counting of surface water and groundwater resources is
avoided by deducing the overlap, that is, double-counted water resources, from the sum of the surface water and
groundwater resources.

Previous studies of water resources embodied in various products for domestic transfers or international trade—
virtual water transfer or trade—have sometimes distinguished between blue water (surface water and ground-
water) and green water (soil moisture) sources (Dalin et al., 2014; Hoekstra et al., 2011). Because we focus on
groundwater withdrawal and depletion embedded in the supply chain, green water is not considered in this study.
Previous virtual water accountings have been conducted based either on water withdrawal (i.e., water use) or
water consumption (total water withdrawal subtracted with return flow, e.g., percolation losses from irrigation
and wastewater discharges from industries, Zhang & Anadon, 2014). Because return flows may not be recharged
back underground (e.g., wastewater discharges from domestic and industrial uses) and the water quality of return
flows is usually degraded, here, virtual water accounting is based on water withdrawal, like many previous studies
(Sun et al., 2017; Zhang et al., 2012; Zhao et al., 2015).

In addition, Hydrography information that determines the surface flow directions of watersheds in China is
derived from the Global Dominant River Tracing-based hydrography data sets (Wu et al., 2011). This data set
will be used to determine upstream-downstream hydrographic relations of the grids to calculate the grid-level
surface water availability, which is the sum of upstream surface water available (i.e., surface water availability
minus local surface water withdrawal) and locally generated surface water. Grid-level population distribution (Ma
et al., 2020) is required for disaggregating consumption-based water withdrawal, groundwater withdrawal, and
groundwater depletion, assuming equal consumption of sectoral products by end consumers in each province.

2.2. Data Processing and Simulation of Groundwater Withdrawal and Depletion

The main procedure for data processing is shown in Figure 1. Provincial-level groundwater depletion is not read-
ily available from statistics and is thus estimated with spatially explicit groundwater use modeling (the physical
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Figure 1. Data processing framework for simulating groundwater withdrawal and depletion. A methodological framework employing hydrology and supply chain
modeling is used in this study.
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water cycling part in Figure 1). Provincial-level sectoral water withdrawals at an annual basis (i.e., agricul-
tural, industrial, domestic, and eco-environmental compensation water uses) are disaggregated at the 0.25 x 0.25
arc-degree grid scale based on multisourced data (including grid-level land uses, climatic data, industrial GDP,
and population), following a previous analysis (Ma et al., 2020) (please refer to Supporting Information S1 for
disaggregation details). This water withdrawal disaggregation based on regionally resolved data should provide a
more reliable grid-level sectoral water withdrawal assessment in China in comparison to previous global studies
(Huang et al., 2018; Wada, van Beek, & Bierkens, 2012; Wada, van Beek, Weiland, et al., 2012) mostly based on
national data (e.g., FAO AQUASTAT country-specific data). Provincial-level water withdrawal data for produc-
tion purposes are converted to sectoral water withdrawal data in consistence with sectors of the MRIO table,
following a previously used approach (Sun et al., 2019; Zhang & Anadon, 2014): The industrial water withdrawal
is disaggregated into 27 detailed industrial sectoral data proportional to sectoral industrial water uses in 2008 in
Chinese Economic Census Yearbook (SCLGOSCEC, 2008). The tertiary water withdrawal is disaggregated into
14 detailed sectors according to the proportions of the intermediate inputs of the “water production and supply
sector” to detailed tertiary sectors in the MRIO table.

Natural water availability at an annual basis in provinces is divided into surface water and groundwater propor-
tional to their quantities. Provincial-level surface and groundwater availability data are then disaggregated into
grid-level values based on simulated surface and subsurface runoff using the Variable Infiltration Capacity (VIC)
model. In comparison to grid-level water availability simulations in global studies, the VIC hydrological simula-
tion used observation-based meteorological forcings (in contrast, global studies often used reanalysis data), and
the simulation results have been validated with more gauge measurements across China (Zhang et al., 2014).
This disaggregation makes surface water availability and groundwater recharge to achieve mass balance with the
provincial statistics.

Based on grid-level water withdrawal data, surface water and groundwater withdrawals at the grid scale are
simulated following a previous approach (Munia et al., 2016). The water demand at a specific grid (except the
part met by the other water sources, which constituted only ~0.7% of the total national water supply and are
disaggregated at the grid scale proportional to grid water demand) is first met by the surface water availability
(including upstream and locally generated surface water resources based on the hydrography information). We
assume that a share of surface water (i.e., 80% here) is for environmental flow requirement (i.e., some water must
remain in-stream to maintain environmental flows), which is not available for human water use. If the surface
water availability is insufficient for meeting the human water demand at a grid, the water demand greater than
surface water supply is from groundwater. Then, the simulated grid-level surface water withdrawal is rescaled to
make the aggregated provincial-level surface water withdrawal equal to the provincial statistics. The groundwater
withdrawal at the grid scale is derived by subtracting surface water withdrawal from the grid-level total water
withdrawal. The rescaling step assures the surface water and groundwater withdrawals by simulation be consist-
ent to provincial statistics.

Groundwater depletion at the grid scale is derived based on the high-resolution groundwater withdrawal and
natural groundwater recharge. If the groundwater demand is less than annual groundwater recharge at a grid, no
groundwater depletion occurs. Otherwise, the quantity of groundwater depletion is calculated as the difference
between groundwater demand and recharge. Groundwater depletion at the provincial scale is calculated by aggre-
gating corresponding values at the grids within the provincial boundaries. The sensitivity of provincial-level
groundwater depletion to the share of surface water for environmental flow requirement (80%) is examined
by changing this share between 70% and 90%, that is, groundwater depletion is simulated assuming 70% and
90% surface water for environmental flow requirement, and provincial-level groundwater depletion volumes
are compared under different scenarios. The rescaling step in this approach makes the provincial groundwater
depletion not sensitive to the assumed share of surface water for environmental flow requirement (see sensitivity
analysis results in Supporting Information S1).

The grid-level groundwater withdrawal and depletion are disaggregated to agricultural, industrial, and domes-
tic sectors based on their grid-specific sectoral demands, assuming that eco-environmental compensation water
demand is met by surface water and other sources. This sectoral partitioning is made based on the assump-
tion that the responsibility of groundwater withdrawal and depletion at one grid is appropriated to sectoral uses
proportional to their grid specific demands, which can be justified by the fact that sectoral water demands are
competitive (Martina et al., 2018) and altogether, they lead to groundwater withdrawal and depletion. Spatially
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explicit sectoral groundwater withdrawal and depletion in China are shown in Figures S1 and S2 in Supporting
Information S1. The grid-level sectoral groundwater withdrawal and depletion (by agricultural, industrial, and
domestic sectors) are aggregated at the provincial scale, which are then disaggregated to provincial groundwater
withdrawal and depletion by 42 sectors, proportional to provincial-level sectoral water withdrawals. The sensitiv-
ity of the results to this assumption for disaggregation is examined using the Monte Carlo method.

2.3. Groundwater Use Accounting in the Multiregion Input-Output Framework

Based on the MRIO table in China in 2012, 42-sectoral water withdrawal, groundwater withdrawal, and ground-
water depletion in the same year can be assigned to final consumers by tracing the linkages among varied indus-
tries of different provinces in the production chains. Following many previous studies (Sun & Fang, 2019; C.
Zhang & Anadon, 2014; Zhao et al., 2015), in a socioeconomic system with n regions and m sectors, the sectoral
water use W (W is an mn X 1 vector, representing either water withdrawal, groundwater withdrawal or groundwa-
ter depletion) can be written as

W =DX=DUI-A)"Y=TY 6))

where D is the vector of direct water use intensity (or direct groundwater use intensity or direct groundwater
depletion intensity corresponding to what W represents), denoting direct water withdrawal (or direct groundwa-
ter withdrawal or direct groundwater depletion) per unit output in each sector, X is the vector of total economic
output, Yis the vector of final demand, I is the unit matrix, A is the matrix of technical coefficients, ( — A)~! is the
Leontief inverse matrix, and 7 is an mn X mn matrix of total water use intensity, representing the total water use
per unit product for final consumption. Water withdrawal, groundwater withdrawal, and groundwater depletion
embodied in various products and services along the production chains can be tracked for provincial units. Virtual
water from province r to province s, represented by vw’s, can be computed as

ow' = Zk Zi .y (2)

where 17, represents the total water withdrawal (or total groundwater withdrawal or groundwater depletion) in
province r for producing one unit product i in region k (can be calculated from elements in 7 in Equation 1) and
¥;, 1s the amount of product i produced in region k that is finally consumed in region s. Virtual water from region
r exported abroad through international trade, denoted as vwe’, is:

vwe' = Zk Zl_ 17 exik 3)

where ex;, is the amount of product i from province k exported abroad. The consumption-based water footprint
(or groundwater use/groundwater depletion) of region r, which indicates the amount of water (or groundwater/
groundwater depletion) embodied in all the products finally consumed by inhabitants in region r, represented by
wf",is calculated as the sum of the local water use wu" and net virtual water flows:

ro_ r Sro__ rs 4
wf" =wu" + zs# vw Z#r vw 4

where 4 LW — >, . LW" represents the net virtual water inflow of region r through interprovincial transfers.
International virtual water import is not considered in this study, because China's MRIO table does not contain
trading information with foreign countries and hence not allow international virtual water import accounting.
We focus on tracing groundwater withdrawal and groundwater depletion that occur in production in China to
final consumption by both domestic and international end consumers. Note that we do not consider international
virtual water imports to China.

The consumption-based water withdrawal, groundwater withdrawal, and groundwater depletion of provinces are
disaggregated at the grid scale based on grid-level population distribution, assuming that each person in one
province consumes the same quantity of sectoral products.
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Figure 2. China's water withdrawal at the 0.25 X 0.25 arc-degree grid scale in 2012: (a) total water withdrawal and (b) groundwater withdrawal.

3. Results
3.1. Groundwater Depletion for Production and Consumption in China

The total annual water withdrawal in China was between 580 and 618 billion m? yr~! in the past decade (2006
2015), and the total annual groundwater withdrawal was between 107 and 113 billion m? yr~! from statistics
(MWRC, 2006-2015). Based on the comparison between annual groundwater withdrawal and the natural
recharge rate of groundwater at the grid level, we estimated groundwater depletion to be 59 ~ 64 billion m? yr~!
(+1 billion m? yr~!, see Discussion section and Supporting Information S1 for detailed uncertainty analysis),
comprising about 54%~58% of the total groundwater withdrawal.

Figure 2a shows China's water withdrawal in 2012 (the year when the latest MRIO table is available) at the
0.25 x 0.25 arc-degree scale, disaggregated based on provincial-level statistics based on multisourced infor-
mation. Figure 2b shows grid-level groundwater withdrawal using the above-specified methodology that sepa-
rates groundwater withdrawal from surface water withdrawal. Groundwater withdrawal was much more localized
than the total water withdrawal, because groundwater is not required in locations where surface water supply
is sufficient. Groundwater withdrawal is greater throughout much of the arid and semiarid North China, where
the annual average precipitation is less than 500 mm. A few locations in South China also exhibit groundwater
mining, but generally at a lower rate and for a smaller extent than in North China.

Groundwater depletion at the grid scale was calculated by subtracting natural groundwater recharge from with-
drawals. Groundwater was abstracted at a higher rate than recharge mostly in North China (Figure 3a). This was
primarily for irrigation in agriculture. Depleted groundwater was also withdrawn to provide urban water supplies
in cities (mainly for industrial and domestic uses), including those in South China (e.g., Chengdu, Wuhan, and
Shenzhen). Of all the 31 provinces, Hebei had the largest share of areas exposed to groundwater depletion (53.0%
areas with groundwater depletion >5 mm yr~), followed by Henan (46.8%), Shandong (29.2%), Shanxi (26.1%),
and Heilongjiang (21.6%), which are all located in North China. The top four provinces with the most intensive
groundwater depletion (i.e., depletion per area) were Beijing, Henan, Hebei, and Anhui (groundwater depletion
>20 mm on average). The top four provinces exploiting the largest groundwater depletion volumes were Xinjiang,
Hebei, Henan, and Heilongjiang, which altogether depleted over a half of the national total. These results are
consistent with reports of groundwater overexploitation in these regions (Fang et al., 2019; Tang et al., 2013).

Groundwater withdrawal and depletion in grids were disaggregated into agricultural, industrial, and domestic
uses proportional to their grid-specific sectoral demands (Figures S1 and S2 in Supporting Information S1).
Fractional groundwater depletion by sector of a province was different from that of total water withdrawal (Table
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Figure 3. China's groundwater depletion at the 0.25 X 0.25 arc-degree grid scale in 2012: (a) groundwater depletion driven by local water uses; (b) groundwater

depletion embedded in final consumption.

S2 in Supporting Information S1). At the national level, 52%, 33%, and 15% groundwater depletion can be
attributed to agricultural, industrial, and domestic uses, respectively, in comparison to 63%, 23%, and 12% total
water withdrawal for agricultural, industrial, and domestic sectors (2% for eco-environmental compensation use).

Water withdrawal, groundwater withdrawal, and groundwater depletion embedded in various products and
services were calculated based on the MRIO table of China. We disaggregated the provincial-level groundwa-
ter depletion for final consumption of domestic consumers at the grid scale. While the groundwater depletion
for production uses was relatively concentrated spatially (7% by area with groundwater depletion >5 mm yr~',
Figure 3a), the groundwater depletion of end consumers was more spatially distributed (19% by area with ground-
water depletion >5 mm yr~!, Figure 3b). The groundwater depletion areas held 38% of the national population,
but the final groundwater depletion consumption went to 1.174 billion people living on areas with consump-
tion-based groundwater depletion >5 mm yr~!, which is 87% of the national total. People across China relied on
highly localized groundwater depletion through their consumption of products.

Nevertheless, intensive groundwater depletion by end consumers was concentrated in major cities. For example,
Shanghai, which is not a major groundwater exploiting province in South China, had the highest consump-
tion-based groundwater depletion rate, consuming on average 185 mm groundwater per year in which 54% was
from depleted groundwater. This trend was followed by Beijing and Tianjin, consuming on average 83 and 60 mm
groundwater depletion per year, respectively. The provinces with the largest consumption-based groundwater
depletion included Guangdong, Sichuan, Jiangsu, and Zhejiang in South China, in addition to provinces in North
China with heavy groundwater depletion (e.g., Hebei, Henan, Xinjiang, Heilongjiang, and Shandong; see Table
S3 in Supporting Information S1). Xinjiang, Inner Mongolia, and Heilongjiang consumed the largest per capita
groundwater depletion (over 110 m? per capita per year), which was consistent to their largest production-based
per capita groundwater depletion (over 180 m? per capita per year, see Table S3 in Supporting Information S1).

3.2. Groundwater Depletion Embedded in China's Domestic Supply Chain

There was 38 billion m? yr~! groundwater virtually transferred via interprovincial fluxes, including 21 billion m?3
yr~! from depleted groundwater. The interprovincial transfer of groundwater depletion represented about 32% of
the total groundwater depletion in China.

Chinese provinces exhibited markedly different patterns of groundwater and groundwater depletion uses
(Figures 4a and 4b). In Xinjiang, Heilongjiang, Gansu, and Inner Mongolia in North China, more than 45%
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Figure 4. Groundwater flows of China in 2012: (a) Groundwater withdrawal of provinces; (b) groundwater depletion of provinces; (c) interprovincial groundwater
transfer, and (d) interprovincial groundwater depletion transfer. A horizontal bar in panels (a and b) represents water withdrawal from one province that was finally
consumed within the province and in other provinces or countries. Groundwater and groundwater depletion embedded in products for export are not considered in net

outflow and inflow of panels (c and d).

groundwater and groundwater depletion can be traced to final consumption elsewhere in other provinces or
abroad. In contrast, Hubei, Sichuan, Chongqing, and Hunan kept most of their groundwater and groundwater
depletion for domestic use (over 75%). The major net outflows of groundwater depletion via interprovincial
transfers occurred in Xinjiang, Heilongjiang, Hebei, Henan, Inner Mongolia, and Gansu, which are exclusively
located in water scarce North China. The major net groundwater depletion recipients were Guangdong, Zhejiang,
Jiangsu, and Shanghai, which are affluent and water-abundant provinces in South China that did not exploit much
depleted groundwater. However, much depleted groundwater was incorporated indirectly in the supply chains of
these net groundwater depletion receiving provinces for final consumption (Figures 4c and 4d). As a result, inter-
provincial groundwater transfers have reshaped the spatial distribution of groundwater use in China. It is impor-
tant to note that net groundwater providers were not necessarily net water-delivering provinces (e.g., Hebei and
Henan), and that net groundwater recipients were not necessarily net water-receiving provinces (e.g., Guangxi,
Hunan, Jiangxi, and Jiangsu; see Figure S3 in Supporting Information S1) due to differences in the inflow and
outflow structures of surface water and groundwater across provinces.

In the interprovincial virtual water transfer network, provinces received virtual water from other provinces across
sectors (Figure S4 in Supporting Information S1). Table 1 shows groundwater depletion embedded in sectoral
products for final consumption in different provinces. Agricultural products are often used as intermediate prod-
ucts in supply chains. This leads industrial and tertiary products to encompass a higher proportion of virtual
depleted groundwater in products from a consumption perspective (55% and 15%, respectively, for domestic end
consumers at the national level) than the production perspective (27% and 3%). “Food and tobacco processing”
was the industrial sector with the most consumption-based groundwater depletion embedded in interprovincial
transfers; “accommodation and catering” contained the most transferred groundwater depletion volume of all the
tertiary sectors (Table S4 in Supporting Information S1). In Beijing, nearly two thirds of the consumption-based
groundwater depletion was from other provinces, predominantly from the agricultural sector upstream the supply
chains. However, the share of consumption-based groundwater depletion embedded in finally consumed agricul-
tural products was only one fourth of its total consumption-based groundwater depletion. Due to specialization
of production chains across sectors in different provinces, it is common that a province firstly transports sectoral
products to an intermediate province where the goods are further processed and the downstream products are
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Table 1
Provincial Groundwater Depletion Embedded in Sectoral Products for Final Consumption (Unit: Billion m?)

Agricultural products Industrial products Tertiary products All

Province Volume Percentage Volume Percentage Volume Percentage ~ Volume
Beijing 0.28 25% 0.46 40% 0.39 35% 1.14
Tianjin 0.16 25% 0.35 55% 0.12 20% 0.63
Hebei 2.66 49% 2.13 39% 0.63 12% 5.42
Shanxi 0.74 36% 1.14 54% 0.21 10% 2.09
Inner Mongolia 0.88 29% 1.71 57% 0.40 14% 3.00
Liaoning 0.46 26% 1.02 58% 0.28 16% 1.77
Jilin 0.19 11% 1.16 68% 0.35 21% 1.69
Heilongjiang 1.46 38% 1.81 46% 0.62 16% 3.90
Shanghai 0.26 33% 0.42 53% 0.12 14% 0.80
Jiangsu 0.25 15% 1.15 70% 0.24 15% 1.65
Zhejiang 0.46 31% 0.84 57% 0.18 12% 1.48
Anhui 0.18 7% 2.11 80% 0.33 13% 2.62
Fujian 0.12 14% 0.59 72% 0.12 14% 0.82
Jiangxi 0.17 31% 0.29 54% 0.08 15% 0.55
Shandong 0.82 25% 2.07 62% 0.45 13% 3.34
Henan 1.12 22% 3.23 63% 0.79 15% 5.14
Hubei 0.18 17% 0.79 73% 0.11 10% 1.08
Hunan 0.11 10% 0.76 75% 0.15 15% 1.02
Guangdong 0.61 26% 1.28 55% 0.43 19% 2.32
Guangxi 0.17 32% 0.31 58% 0.06 10% 0.54
Hainan 0.05 29% 0.10 57% 0.02 14% 0.17
Chongging 0.17 25% 0.44 65% 0.07 10% 0.68
Sichuan 0.30 18% 1.07 63% 0.32 19% 1.70
Guizhou 0.12 39% 0.15 48% 0.04 13% 0.31
Yunnan 0.23 24% 0.59 64% 0.11 12% 0.93
Tibet 0.12 63% 0.05 28% 0.02 9% 0.19
Shaanxi 0.17 17% 0.67 65% 0.18 18% 1.02
Gansu 0.51 49% 0.38 37% 0.14 14% 1.04
Qinghai 0.08 34% 0.11 50% 0.04 16% 0.22
Ningxia 0.25 54% 0.18 37% 0.04 9% 0.47
Xinjiang 2.57 59% 1.33 30% 0.49 11% 4.39
China 15.86 30% 28.70 55% 7.54 15% 52.10

eventually delivered to and consumed in a different province. For instance, our results show that 184 million m?
yr~! groundwater depletion was transferred from Xinjiang to Beijing in which 12.6% passed through a third prov-
ince. Approximately ~70% groundwater depletion for production uses (excluding groundwater depletion export)
was embodied in industrial and tertiary products for final consumption of domestic consumers. These findings
highlight the importance of including intermediate, industrial, and tertiary virtual water to accurately represent
the supply chain water use. Thus, our MRIO-based approach, coupled with spatially resolved groundwater use
modeling, is an advancement upon previous virtual groundwater studies that only include agricultural commodi-
ties (Dalin et al., 2017, 2019; Marston et al., 2015). It should be noted that there are multiple uncertainty sources,
and uncertainty in this groundwater depletion along the supply chain should not be neglected (see Discussion and
Supporting Information S1 for detailed analysis).
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3.3. Groundwater Depletion Embedded in China's Exports

China plays a crucial role in the global economy. Export, which made up ~21% of China's GDP, has led to
~56 billion m? yr~! virtual water export, containing ~8.6 billion m*® yr~! groundwater and ~4.8 billion m? yr~!
groundwater depletion in 2012. The groundwater depletion export via international trade comprised ~7% of
China's total groundwater depletion. The groundwater depletion embedded in the international export represented
~9% China's exported virtual water. According to global assessments, about two-fifths of global blue virtual
water trade in agricultural products are from unsustainable water sources (often groundwater depletion, Dalin
et al., 2017). China's exported virtual water relied less on groundwater depletion. However, in the most heavily
overexploited regions, the proportion of virtual water export attributed to groundwater depletion reached one
third (i.e., Hebei, Shanxi, Henan, and Beijing). Groundwater export from China contributed to intensifying the
trade-associated groundwater depletion at the global scale.

Groundwater depletion was exported primarily in the form of the industrial and tertiary products, which
comprised respective shares of ~84% and ~11% of the total groundwater depletion export (Table S4 in Support-
ing Information S1). Most of the depleted groundwater stemmed from agricultural water use (~53%, Figure 5a),
which was then incorporated into the production chains of processed food and other commodities. The inclusion
of intermediate and nonagricultural groundwater use made our estimate of China's groundwater depletion export
(4.8 billion m? yr~') much higher than a previous estimate (0.3 billion m? yr~!, Dalin et al., 2017). “Garments,
leather, furs, down and related products,” “Textile industry,” and “food and tobacco processing” were the three
detailed industrial sectors containing the most consumption-based groundwater depletion embedded in exported
products with each sector alone contributing to more groundwater depletion export than agricultural products.
International importers mainly received China's groundwater in the trade of industrial products, highlighting
the importance of analyzing groundwater depletion along the full supply chain. In addition, as a result of disag-
gregated production chains among different provinces in China, while the groundwater depletion embedded in
export was originally from groundwater depleted in North China (i.e., Xinjiang, Hebei, Henan, and Heilongjiang,
Figure 5a), the products embodying groundwater depletion were mostly exported from the international harbors
along the coastlines (i.e., Guangdong, Shandong, Jiangsu, and Zhejiang, Figure 5b).

4. Discussion

Our study simulates groundwater depletion embedded in the supply chain through quantifying both the physical
and virtual water cycles. Our estimate of China's national groundwater withdrawal based on physical water cycle
simulation is close to previous estimates. For instance, D61l et al. (2014) estimated China's total groundwater use
to be ~90 billion m? yr~! between 2000 and 2009, whereas our estimate is 107 ~113 billion m? yr~! between
2006 and 2015. Importantly, our approach additionally ensures that provincial-level estimates are consistent with
the provincial statistics provided by China Water Resources Bulletin, which other national-scale studies do not.
Specifically, we ensure that pixels contained within each province sum to the water use information of that prov-
ince. We quantify virtual blue water embedded in the interprovincial trade and export (about 182 and 56 billion
m?3, respectively, see Figure S3 in Supporting Information S1), which is generally consistent with estimates in
previous studies (Sun et al., 2017; C. Zhang & Anadon, 2014; Zhao et al., 2015).

We use the best of available information to conduct this national groundwater analysis, which aims at character-
izing the general spatial pattern of groundwater withdrawal and depletion from both the production and consump-
tion perspectives. We recognize uncertainty in our simulation results due to the existence of various uncertainty
sources, given the large scale of the analysis and high-resolution sectoral and spatial data required in this study.

Grid-level water availability and withdrawal are disaggregated based on provincial statistics and multiple-sourced
information, following Ma et al. (2020). Uncertainty in these two high-resolution data sets has to be recognized
because of uncertainty in the multisourced data. Compared to water availability and withdrawal estimations
in the global hydrological model-based simulations using the FAO AQUASTAT country-specific data (Huang
et al., 2018; Schewe et al., 2014; Veldkamp et al., 2015; Wada et al., 2014), the uses of subnational statistics
(e.g., provincial-level data) and validation with more gauging measurements (including both climatic forcing
and streamflow data) in China (X. Zhang et al., 2014) allow more accurate high-resolution water availability and
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Figure 5. China's groundwater depletion embedded in sectoral products for international trade (4.8 billion m® yr=!): (a) Sectors and locations where groundwater
depletion firstly entered the Chinese supply chain and (b) provinces from which the sectoral products were exported.

withdrawal downscaling (Ma et al., 2020). Albeit uncertainty, the general spatial pattern of water availability and

withdrawal can be well captured.

Basin-scale analyses have often been criticized for not being able to capture spatial variation of water availability
and demand within basins (Mekonnen & Hoekstra, 2016). To address this issue, we account for upstream-down-
stream hydrographic information between pixels, which represents the state of the art for representing subbasin
water availability and demand (Mekonnen & Hoekstra, 2016). The grid cell is 0.25 arc-degree (~25 km), so
the inter-grid water transfer is subject to corresponding costs. Interbasin water transfer amounted to ~4.5% of
national water supply by 2012 (Sun et al., 2021; Zhao et al., 2015). Unfortunately, there are not sufficient data on
fine-scale water transfers to explicitly incorporate them into this grid-based study. Water supply from interbasin
water transfer is included in the surface water supply in provincial-level statistics. Our rescaling procedure forced
the groundwater withdrawal simulation results to conform with provincial statistics, which means that this lack
of spatially explicit fine-scale physical transfers information should not significantly impact the results, although
information on fine-scale surface water transfers would improve the accuracy of our grid-level estimates. Despite
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the lack of information on lateral groundwater flow between grids, a shortcoming shared by most groundwa-
ter use models at large spatial scales (Aeschbach-Hertig & Gleeson, 2012), the model generally simulates the
rate of change in groundwater storage fairly well at the global scale (Pokhrel et al., 2016) and in China (Tang
etal., 2013). We recognize uncertainty in the grid-level groundwater withdrawal simulation by not accounting for
water transfer and dynamic responses of water systems to human water withdrawal.

When simulating grid-level surface and groundwater withdrawals, 80% of the surface water availability at a
grid is appropriated for environmental flow requirement, which is a rather subjective assumption. The surface
water and groundwater withdrawals at the grid scale in one province are then rescaled to force the grid-level
simulations to be equal to provincial statistics. The sensitivity analysis shows that the simulated provincial-level
groundwater depletion volume is not sensitive to the assumed share of surface water availability for human water
use appropriation because the rescaling step is applied to make provincial-level groundwater withdrawal equal to
corresponding statistics (Text S1 and Figure S5 in Supporting Information S1).

When disaggregating provincial-level industrial and domestic groundwater withdrawal (or depletion) into subsec-
toral values, it is assumed that subsectoral groundwater withdrawal (or depletion) is proportional to provincial
subsectoral water demands. This assumption does not take into account the spatial difference of subsectoral
groundwater withdrawal (or depletion) and may lead to biased assessment of groundwater withdrawal (or
depletion) embedded in sectoral products. We use a Monte Carlo-based approach to analyze uncertainty in the
estimates of groundwater depletion embedded in the interprovincial transfer and export. The results show that
uncertainty due to disaggregation of subsectoral water depletion is relatively small, given the aggregated indus-
trial and tertiary groundwater depletion (see Text S1 and Figure S6 in Supporting Information S1).

In the MRIO analysis, one uncertainty comes from the effect of sector aggregation (Lenzen, 2011; Oita
et al., 2016). Water withdrawals for various crops and livestock production are considered as one aggregated
agricultural water use, the water use intensities of which are assumed the same in the MRIO analysis, possibly
leading to uncertainty in the assessment of virtual water transfers and consumption-based water footprints/deple-
tion. This uncertainty can be attributed to the sector deviation in China's MRIO table, which is commonly shared
by all the MRIO-based environmental footprint studies in China (Sun & Fang, 2019; Zhao et al., 2015). Ideally,
this uncertainty can be reduced by utilizing MRIO data with high-resolution sectors.

Groundwater protection is high on the policy agenda in China. Existing policies have mostly focused on restrict-
ing direct groundwater depletion and preventing groundwater pollution. Since 2014, the South-to-North Water
Diversion Project has delivered water via vast infrastructure to alleviate groundwater overexploitation (at high
economic and environmental costs). In addition to interbasin water transfer that supplements local water supply in
groundwater depletion hot spots, water demand management (e.g., improving water use efficiency and producing
less water intensive products) benefits sustainable groundwater use. Sectoral water use intensities of different
provinces distributing in a wide range (Table S5 in Supporting Information S1) suggest the potential for water
conservation in provinces with high water use intensities (Qin et al., 2019). This is particularly important for a
few water scarce provinces with groundwater depletion problem (e.g., Xinjiang, Ningxia, and Qinghai) though
many other provinces in water scarce North China have lower sectoral water use intensities than national average
(e.g., Beijing, Tianjin, Shandong, Liaoning, and Shanxi). There is a positive rank correlation coefficient between
general water use and groundwater depletion intensities in provinces (0.35, p-value = 0.05, Figure S7 in Support-
ing Information S1), indicating that groundwater depletion in some provinces can be alleviated by improving
water use efficiency and upgrading water use structure toward less-water-intensive production. Regulation of
groundwater depletion (for instance, the recent action plan for groundwater protection in North China Plain)
should limit the development of water intensive industries in water scarce areas.

Groundwater is a common pool resource whose sustainable use is a collective action problem. Our analysis
quantifies groundwater incorporated in the supply chain of sectoral products from production to consumption,
providing a new perspective for demand-side policies and supply chain risk management. Producers and ground-
water managers could signal the value of groundwater through increased prices and markets for this critical input.
If groundwater was properly market-priced, then that would likely increase the price of groundwater-intensive
goods, potentially leading consumers to demand less of that product and reduce groundwater pumping.
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5. Concluding Remarks

This study advances our understanding of groundwater use throughout the full supply chain (primary, secondary,
and tertiary products) of China using the MRIO technique combined with a model for simulating spatially explicit
groundwater use and depletion. It is important to resolve the locations of groundwater withdrawal in production,
because groundwater depletion leads to declines in groundwater levels, reductions in river flow discharges, land
subsidence, increasing pumping costs, and eco-environmental degradation. Consumers that receive groundwa-
ter-intensive goods in their supply chain, such as those in South China, should be aware of risk from groundwater
depletion upstream in their supply chain. A number of provinces in North China including Beijing, Hebei, Inner
Mongolia, Henan, and Heilongjiang, are particularly exposed to the risks from groundwater depletion because
they both produce and receive products made of depleted groundwater. International consumers have been
particularly reliant upon China's groundwater in their import of industrial products. This knowledge could be
used to inform sustainable production and consumption policies. Groundwater managers, producers, and end
consumers can all have a role in the supply chain to alleviate groundwater depletion.

Our results quantify how groundwater is incorporated in the full supply chain from production to consumption,
which provides a new perspective for demand-side policies and supply chain risk management. Groundwater
depletion is a long-term risk to supply chains. Yet, groundwater is a common pool resource whose sustainable
use is a collective action problem. This requires broad policy and management objectives to bring the use within
sustainable limits to secure future supply chains. Our results have policy implications for sustainable groundwater
and supply chain management. Sectoral water use intensities of different provinces distributing in a wide range
suggest the potential for water conservation in a few provinces with water depletion issues.

Groundwater depletion is a global problem threatening production in many regions of the world and consumers
through their reliance on global supply chains. The methodology presented in this study can be applied to trace
groundwater depletion in other countries to global consumers through domestic and international supply chains.
Our study focuses on analyzing spatial patterns in China's groundwater and supply chains. Data limitations often
introduce uncertainties into the assessment of groundwater use and its incorporation into supply chains. Future
efforts are needed to monitor high-resolution spatial and sectoral groundwater use and assess water-related risks
along supply chains. Performing the time-trend analysis of groundwater depletion incorporated in China's supply
chain and assessing the policies and measures for mitigation of groundwater depletion are also important areas
for future research.

Data Availability Statement

Provincial-level water availability data, water withdrawal data for agricultural, industrial, domestic, and eco-en-
vironmental compensation sectors, and water withdrawal from surface water and groundwater are available from
China Water Resources Bulletin at http://www.mwr.gov.cn/sj/tjgb/szygb. Water resources availability simulation
data by the VIC hydrologic model are referenced from X. Zhang and Tang (2014) and can be downloaded at
http://hydro.igsnrr.ac.cn. Grid-level sectoral water withdrawal data are referenced from Ma et al. (2020). Hydrog-
raphy information is referenced from Wu et al. (2011), and the Global Dominant River Tracing-based hydrog-
raphy data sets are freely available at ftp://ftp.ntsg.umt.edu/pub/data/DRT/. The MRIO data are referenced from
Liu et al. (2018). Provincial groundwater withdrawal and groundwater depletion for agricultural, industrial, and
domestic uses as well as sectoral-level groundwater depletion embedded in virtual water transfer and international
export are provided in Supporting Information S1 of this paper.
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