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Abstract

The arid and semi-arid regions of Northwest China, as major agricultural production zones,
have long faced dual challenges: increasing water resource pressure and severe supply—
demand imbalances caused by the expansion of cultivated land. The crop water footprint,
an effective indicator for quantifying agricultural water use, plays a crucial role in support-
ing sustainable development in the region. This study adopted a multi-scale spatiotemporal
analysis framework, combining the CROPWAT model with Geographic Information Sys-
tem (GIS) techniques to investigate the spatiotemporal evolution of crop water footprints
in Northwest China from 2000 to 2020. The Logarithmic Mean Divisia Index (LMDI) model
was used to analyze spatial variations in the driving forces. A multidimensional evaluation
system—encompassing structural, economic, ecological, and sustainability dimensions—
was established to comprehensively assess agricultural water resource utilization in the
region. Results indicated that the crop water footprint in Northwest China followed a
“decline-increase-decline” trend, it increased from 90.97 billion m? in 2000 to a peak of
133.49 billion m? in 2017, before declining to 129.30 billion m? in 2020. The center of the crop
water footprint gradually shifted northward—from northern Qinghai to southern Inner
Mongolia—mainly due to rapid farmland expansion and increasing water consumption in
northern areas. Policy and institutional effect, together with economic development effect,
were identified as the primary drivers, contributing 49% in total. Although reliance on blue
water has decreased, the region continues to experience moderate water pressure, with
sustainable use achieved in only half of the study years. Water scarcity remains a pressing
concern. This study offers a theoretical basis and policy recommendations to enhance water
use efficiency, develop effective management strategies, and promote sustainable water
resource utilization in Northwest China.

Keywords: crop water footprint; water resource utilization; CROPWAT; spatiotemporal;
logarithmic mean divisia index (LMDI); sustainability

1. Introduction

The arid and semi-arid regions of Northwest China, recognized as a strategic core for
national food security, have made the efficiency and sustainability of agricultural water
resource utilization a critical scientific issue for regional development. The region produces
12% of the national grain output while using only 10% of the country’s water resources and
15% of its arable land, forming a distinctive “low water, high grain” production model [1].
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However, the rapid agricultural modernization and continued expansion of irrigated land
have led to increasing agricultural water demand, intensifying the imbalance between water
supply and demand [2]. Inefficient water management and overexploitation have disrupted
regional water allocation, severely hindering sustainable economic development [3]. In this
context, optimizing agricultural water management to ensure sustainable use has become a
pressing scientific challenge demanding urgent action.

The crop water footprint theory, a comprehensive indicator of crop water consump-
tion [4], provides a multidimensional framework for systematically evaluating agricultural
water use by integrating the blue (surface and groundwater), green (rainwater), and grey
(the amount of water needed to dilute non-point source pollution) water footprints [5].
With the deepening integration of water footprint theory into traditional agricultural wa-
ter resource research [6], and the broad recognition of the robustness of the CROPWAT
model [7], this framework has enabled assessments of agricultural water use at both global
and regional scales. Feng et al. conducted multi-scale assessments of maize, wheat, and rice
water footprints at the global level [8]. Mekonnen et al. found that over half of the global
blue water footprint is being used unsustainably [9]. Based on crop—water relationships,
Cao et al. reported that green water consumption accounts for more than 50% of total
agricultural water use in China [10]. At the county scale, Nie Hanlin et al. showed that the
water footprint of winter wheat and summer maize in the Guanzhong region is primarily
composed of blue water [11]. Feng et al. identified significant spatial clustering of crop
water footprints in the Huai River Basin [12].

Various analytical methods have been employed to investigate driving mechanisms.
The BP neural network-decision model [13] and path analysis [14] are suitable for capturing
nonlinear relationships, the STIRPAT model [15] and input-output model [16] are used to
decompose socio-economic drivers; and grey relational analysis [17] is particularly useful
when data availability is limited. The Logarithmic Mean Divisia Index (LMDI) method
effectively addresses zero-value issues in datasets and can eliminate residuals [18]. It en-
ables annual quantification of individual influencing factors throughout the study period,
thereby capturing the temporal evolution of combined effects on crop water footprints [19].
Research on water resource evaluation systems has mainly focused on selecting appropriate
methods and optimizing indicators, resulting in methodological frameworks that incorpo-
rate fuzzy comprehensive evaluation [20], the analytic hierarchy process [21], grey target
model [22] and principal component analysis [23]. Evaluation dimensions have moved
beyond traditional single-indicator approaches. For example, Wade et al. proposed the Blue
Water Sustainability Index and established a global assessment framework [24]. Chaves
et al., using the pressure-state-response framework, applied the Watershed Sustainability
Index to evaluate river basins in Brazil [25].

In recent years, growing attention has been paid to the dynamics of crop water foot-
prints and the sustainable management of agricultural water use in arid regions. Mizyed
et al. [26] used the CROPWAT model to assess the agricultural water footprint in the Gaza
Strip, revealing that blue water was the primary source of water consumption. Similarly,
studies in the arid regions of Northwest China have shown that blue water accounts for up
to 80% of the total crop water footprint. Expanding the cultivation of vegetables, tubers,
and legumes has been identified as an effective strategy to reduce water consumption and
improve ecological benefits [27]. Despite recent progress in this field in Northwest China,
several limitations persist: (1) unbalanced analytical dimensions, with excessive emphasis
on the blue water footprint and insufficient consideration of the systemic relationships
among multiple water footprint types; (2) methodological limitations in analyzing driving
mechanisms, particularly due to small sample sizes causing multicollinearity and attribu-
tion bias; and (3) a single-dimensional evaluation system lacking an integrated analytical
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framework. Therefore, this study applies the LMDI method to decompose the contribu-
tions of technological progress, water-saving management, economic development, tertiary
sector structure, policy and institutional factors, and population scale to changes in the
water footprint. Furthermore, a comprehensive multi-dimensional evaluation system was
developed, structural, economic, ecological, and sustainability indicators. This approach
offers a more systematic understanding of the driving mechanisms and their spatial hetero-
geneity. The findings not only expand the methodological applications in arid regions of
Northwest China but also provide more specific policy recommendations for optimizing
regional agricultural water resource management.

2. Materials and Methods
2.1. Study Area

The study area covers six provinces and autonomous regions—Xinjiang, Gansu,
Ningxia, Shaanxi, Qinghai, and Inner Mongolia—covering approximately 4.43 million
km?, which constitutes 46.10% of the total national area (Figure 1). The region features
complex topography with significant elevation variations, primarily consisting of plateaus,
basins, and mountain ranges. Rivers and lakes are relatively scarce, and most rivers are
classified as inland water systems. The region predominantly experiences a temperate con-
tinental climate, characterized by distinct seasons, low precipitation, and high evaporation
rates. Solar and thermal resources are abundant. Most areas receive less than 250 mm of
annual precipitation, while evaporation exceeds 1000 mm and annual sunshine duration
surpasses 2000 h. Summer temperatures are high, ranging between 16 °C and 24 °C, with
minimal rainfall. The region possesses abundant land resources, making it well-suited
for cultivating a variety of crops and establishing itself as a major agricultural production
base in China. The total water resources in Northwest China amount to 315.83 billion
m?>, representing 10% of the national total; however, water scarcity remains a serious
concern. Total water consumption is 105.98 billion m?, with agriculture accounting for
84.39 billion m®—about 80% of total consumption—indicating that agricultural activities
are the dominant water users. The total cultivated area is 25,201.63 thousand hectares,
with key crops including rice, maize, wheat, cotton, oil crops, vegetables, potatoes, beans,
grapes, apples, pears, and melons—collectively accounting for about 88% of the total. The
continued expansion of cultivated land and overexploitation of limited water resources
have intensified the imbalance between agricultural water supply and demand, further
accelerating ecological degradation across Northwest China.
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Figure 1. Location of study area.
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2.2. Data Sources

The study period spans from 2000 to 2020. Meteorological variables—including
minimum and maximum temperatures, average wind speed, relative humidity, sunshine
duration, and precipitation—were obtained from the Daily Surface Climate Dataset (Version
3.0) provided by the China Meteorological Administration Data Service Center. The crop
coefficient (Kc) was based on FAO-56 recommended values, with necessary adjustments
made to suit specific regional conditions. Crop-specific, demographic, and socioeconomic
statistics were drawn from the China Rural Statistical Yearbook, the China Statistical
Yearbook, and various provincial statistical yearbooks. Water resource data were obtained
from the China Water Resources Bulletin and corresponding provincial bulletins. Cropland
spatial distribution patterns were extracted from land cover datasets for use in cartographic
base mapping. Digital elevation data (DEM) were derived from a 250-m resolution DEM
provided by the Geospatial Data Cloud, while provincial boundaries were obtained from
the National Geospatial Information Platform. A summary of data types and sources is
provided in Table 1:

Table 1. Data types and sources.

Data Category Source

Minimum temperature, maximum
temperature, average wind speed, mean
relative humidity, sunshine duration,
and precipitation
Cultivated land area, crop-specific sown area,
total yield, yield per unit area, fertilizer

https:/ /data.cma.cn (accessed on 15 May 2024)

China Rural Statistical Yearbook, China

application, GDP, gross agricultural output
value, year-end population, and
rural population
Effective irrigated area, total water resources,
water withdrawal, and agricultural water use

Land cover types

Digital Elevation Model (DEM)

Statistical Yearbook, and provincial statistical
yearbooks

China Water Resources Bulletin and provincial
water resources bulletins
https:/ /zenodo.org/records /12779975
(accessed on 25 May 2024)
https:/ /www.gscloud.cn (accessed on

12 March 2024)
https:/ /www.tianditu.gov.cn/ (accessed on

Study area boundary 6 May 2024)

2.3. Methods
2.3.1. Calculation of Crop Water Footprint

The crop water footprint refers to the total amount of water resources consumed by
crops in a given region during their growing period [28], the crop water footprint was
calculated based on the CROPWAT model [29]. The calculation formula is:

WF = WFytye + WEgreen + WFeray @

where WFyy,, is the crop blue water footprint; WFgyey, is the crop green water footprint; and
WFgrey is the crop grey water footprint.

lgp

WFyjye = 10 X 2 ETprye x A 2)
d=1
lgp

WEgreen = 10 X Z ETgreen X A ®3)

d=1


https://data.cma.cn
https://zenodo.org/records/12779975
https://www.gscloud.cn
https://www.tianditu.gov.cn/
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where ETyy,, is crop blue water evapotranspiration, mm/day; ETgree is crop green water
evapotranspiration, mm/day; A is crop area, khm?.

ETgygen - min(ETC, P) (4)
ETblue = max(O, ETC - Pg) (5)
ETC = KC X ETQ (6)

where crop coefficient K. is the standard crop coefficient recommended with reference to
FAO-56. ET) is the reference evapotranspiration, mm/day, which is calculated according
to the Penman-Menteith equation [30].

Prionti X (125 — 0.2 X Ponin) /125 Pronmn < (250)mm

@)
125 + 0.1 X Pyyons Pontn > (250)mm

Pe(month) =

where P, is the monthly precipitation, mm; Py (,onm) is the monthly effective precipita-
tion, mm.

Farmland in Northwest China is predominantly irrigated, and nitrogen fertilizer is the
main pollutant [31]. The grey water footprint is calculated using the following formula:

0 x AR

WEF, =
sry Cmax - Cnat

(8)
where AR is the rate of nitrogen application to the field per hectare, kg-hm=2, 9 is the
leaching-runoff fraction, and the proportion of pollution entering the water body as a
percentage of the total application, taken as 10% [32], Adopt the III class standard in
China’s groundwater quality standard (GBT14848-93) [33]; Cyyax is the maximum acceptable
concentration, 0.02 kg-m_3 ; Cuat 1s the concentration in natural water, 0 kg-m_3 [34].

The water footprint per unit of production (WFY) is the water footprint of the crop
in the region divided by the production of that crop in the region [35]. The calculation
formula is:

WEFY = WF/Y )

where Y is the total production in each province, t.

2.3.2. Standard Deviation Ellipse Model (SDEM)

The Standard Deviational Ellipse (SDE) is a quantitative method employed to char-
acterize the spatial distribution patterns of geographic features [36], offering an accurate
description of multiple facets of their spatial configuration [37]. This study applies the SDE
method to quantitatively evaluate the spatial concentration and distribution characteristics
of the crop water footprint in Northwest China.

2.3.3. Construction of the Logarithmic Mean Divisia Index (LMDI) Model

The LMDI decomposition method is an approach that effectively eliminates residual
terms and exhibits strong adaptability [18]. Based on the characteristics of the study
area, this research decomposes the factors influencing changes in the agricultural water
footprint in Northwest China into six effects: technological progress effect, water-saving
management effect, economic development effect, tertiary sector structure effect, policy
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and institutional effect, and population scale effect. The decomposition formula for the
agricultural water footprint is expressed as follows:

«WE _Y IRR_Ca_Ga _GDP_ D _ AU
WE= )Y *5* s *Ga*“cpp “IrR “au* p *7 0
WF=) IxMxNxKxGxP (11)

i

where WF; is crop water footprint, 10® m3; D is sown area of crops, khm?Z; IRR is the
effectively irrigated area (kha); Ca is the cultivated land area (kha); Ga is the agricultural
output (104 yuan); GDP is the Gross Domestic Product (10* yuan); AU is the agricultural
water consumption (108 m3); P is the rural population (10* person). The decomposition
components are classified into six types of effects (Table 2):

Table 2. Decomposition effects and their interpretations.

Effects Symbol Expression Meaning
Agricultural water footprint
Ia WE/Y per unit, reflecting crop water
Technological use efficiency
progress effect Agricultural yield per unit area,
Ib Y/D reflecting progress in crop

production technology

Proportion of effective irrigated
Ma IRR/CA area, reflecting the level of
agricultural water management
Agricultural water resources
per unit of cultivated area,
reflecting the efficient use of
water resources
Per capita agricultural water
Mc AU/P use, reflecting the rational
allocation of water resources

Water-saving
management effect Mb D/AU

Agricultural economic effect

Economic generated by arable land,
development effect N Ca/Ga reflecting agricultural
economic development
Contribution of total
Tertiary sector agricultural output to GDP,
structure effect K Ga/GDP reflecting the structure of the
tertiary sector
Fiscal output of effective
Policy and G GDP/IRR irrigated area, reflecting policy

and institutional aspects of
water-saving irrigation

institutional effect

Rural population size,
p p reflecting the scale of
rural population

Population
scale effect

The contributions of each influencing factor to the changes in agricultural water
footprint are decomposed as follows:

WF! — WE?

Qi
AWFg =) L
~ In(WE!) — In(WF?)

X In(Q—?) (12)
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where the effect value of each driving factor is positive, it indicates a promotion of water
footprint growth; when the effect value is negative, it indicates a suppression of water
footprint growth. The greater the absolute value of the effect, the more significant its
promoting or suppressing impact.

2.3.4. Comprehensive Evaluation of Crop Water Footprint

The water resource utilization evaluation system based on the water footprint con-
stitutes a complex and integrated framework. This study developed a water footprint
evaluation system grounded on the structure, benefit, ecology, and sustainability indices of
the water footprint [38]. The water pressure index is adopted as the ecological indicator
of the crop water footprint, calculated as the ratio of crop water footprint to the region’s
available water resources [39] (Table S1).

In the agricultural water footprint ecological indicators, there is heavy pressure when
water pressure index (WPI) > 100%, high pressure when 100% > WPI > 40%, moderate
pressure when 40% > WPI > 20%, light pressure when 20% > WPI > 5%, and no water
pressure when 5% > WPI > 0% [39].

In the agricultural water footprint sustainability indicators, when water availableness
rate of change (WAR) > 0, water footprint rate of change (WFR) > 0, water sustainability
index (WSI) < 1, the water resources are in sustainable utilization; when WAR > 0, WFR > 0,
WHSI > 1, the water resources are in unsustainable condition; when WAR < 0, WEFR > 0, the
water resources are in absolute unsustainable condition; when WAR < 0, WFR <0, WSI < 1,
the water resources are unsustainable utilization; when WAR < 0, WFR < 0, WSI > 1, water
resources are in a sustainable condition; when WAR > 0, WER < 0, water resources are in a
state of absolutely sustainable utilization [38].

3. Results
3.1. Agricultural Water Footprint and Its Crop Composition

The agricultural water footprint in Northwest China from 2000 to 2020 exhibited a
three-phase “decline-increase—decline” trend. From 2000 to 2003, adjustments in crop-
ping structure and a reduction in sown area led to a decrease in the water footprint from
90.98 billion m> to 82.51 billion m3. Between 2003 and 2017, agricultural subsidy policies
stimulated planting expansion, causing the water footprint to peak at 133.49 billion m3.
From 2017 to 2020, farmland conversion to construction land and the implementation
of ecological protection policies reduced planting areas, resulting in a decline in water
footprint to 129.30 billion m® (Figure 2). The average annual values of blue, green, and grey
water footprints were 55.97, 43.33, and 136.73 billion m?, respectively—all showing upward
trends. Among them, the blue water footprint contributed approximately 50% of the total,
making it the dominant component of agricultural water consumption. Disparities in
crop water footprints across provinces in Northwest China have become increasingly pro-
nounced, mainly due to imbalances in cultivated land area and water resource distribution.
The ranking of total agricultural water footprints was: Xinjiang > Inner Mongolia > Shaanxi
> Gansu > Ningxia > Qinghai. Xinjiang exhibited the most rapid increase and the highest
total consumption, gradually becoming the province with the greatest water demand. In
contrast, Ningxia and Qinghai showed relatively stable water footprints, with fluctuations
remaining within 3 billion m3. Green water footprint was the main source of agricultural
water consumption in Qinghai and Shaanxi, while blue water footprint dominated in the
other provinces. Notably, Xinjiang experienced the largest increase in blue water use, which
constituted the majority of its total agricultural water footprint.
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Figure 2. Changes in the crop water footprint in Northwest China (a), changes in the crop water
footprint by province (b).

WFY in the Northwest region significantly decreased from 1117.96 m?/t to 658.20 m®/t
during the study period (Figure 3). Except for the year 2003, the WFY},,. was generally
higher than the WFYgreen in most years. This disparity primarily stems from the region’s
arid climate, low precipitation, and limited green water availability, which compel crops to
rely heavily on blue water for growth. However, after 2012, WFYy,,c and WFYgreen grad-
ually converged, reflecting that advancements in irrigation and cultivation technologies
substantially improved crop yields per unit area, thereby reducing the overall WFY.
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Figure 3. Changes in the water footprint per unit yield of crops in Northwest China.

Variations in agricultural crop water footprints were primarily driven by crop water
requirements during the growing season and the scale of cultivation. Maize, wheat, and
cotton were the main contributors to the total agricultural water footprint. The water
footprints of maize and cotton exhibited increasing trends, while that of wheat declined
significantly (Figure 4). Overall, the total agricultural water footprint showed a declining
trend during the periods 2000-2003 and 2017-2019. Specifically, the water footprint of
wheat decreased from 21.6 billion m? to 16.7 billion m?, mainly due to cropping pattern
adjustments that reduced its cultivated area. In contrast, the water footprint of maize
increased from 16.4 billion m? to 35.7 billion m3, and that of cotton rose from 8.5 billion m>
to 20.8 billion m?, primarily because their growing seasons coincide with peak temperature
periods. Driven by market demand, the water footprints of fruits and vegetables also
increased significantly. The vegetable water footprint rose from 9.1 billion m? to 18.8 billion
m3, while the fruit water footprint increased from 8.9 billion m? to 14.1 billion m3.
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Agricultural crops in Northwest China were classified into three categories: food crops
(wheat, rice, maize, potatoes, and beans), cash crops (cotton, oil crops, and vegetables),
and fruits (apples, grapes, pears, and melons) (Figure 5). In terms of water footprint
contribution, food crops accounted for the largest share, followed by cash crops and fruits.
Spatial variation revealed distinct regional differences. In Xinjiang, cash crops contributed
more to the water footprint than food crops and fruits, whereas in other provinces, food
crops remained the dominant contributor, followed by cash crops and fruits. Notably, cash
crops in Xinjiang, food crops in Inner Mongolia, and fruits in Shaanxi exhibited substantial
growth, indicating a coordinated adjustment mechanism shaped by the interaction between
regional resource endowments and market demand.

T T T T T

: : : : t [ Food crops
! Y ! ! ! Cash crops
\:’ Fruits

400 -

Water footprint(1 0°m?)

2000 2005 2010 2015 2020 2000 2005 2010 2015 2020 2000 2005 2010 2015 2020 2000 2005 2010 2015 2020 2000 2005 2010 2015 2020 2000 2005 2010 2015 2020

Xinjiang Inner Mongolia Shaanxi Gansu Ningxia Qinghai

Figure 5. Composition of crop water footprints by province.

3.2. Spatiotemporal Evolution of the Crop Water Footprint Pattern

Standard deviation ellipse analysis conducted using ArcGIS 10.8 revealed clear spatial
expansion and migration patterns of the crop water footprint in Northwest China (Figure 6).
From 2000 to 2020, the standard deviation ellipse gradually expanded along the northwest—
southeast axis. The spatial centroid of the crop water footprint underwent two distinct
phases of migration. Between 2000 and 2014, it shifted northwestward, centering in
northern Qinghai and progressively moving toward Xinjiang. This shift corresponded
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with the rapid agricultural development in Xinjiang, particularly the expansion of cotton
cultivation—a highly water-intensive crop. During this period, the proportion of cotton in
the total sown area increased from 33% to 45%, raising the agricultural water footprint from
8.5 to 20.8 billion m3. Between 2014 and 2020, the centroid migrated toward southwestern
Inner Mongolia, driven by an increase in both sown area and crop production. Specifically,
the region saw an expansion of 880 thousand hectares in cultivated area and an increase of

3

3.48 million tons in output, resulting in a 990 million m” rise in crop water footprint.

(@

Inner Mongolia

Xinjiang

/ Gansu - @
R
b. ‘Qxfﬁ‘ ;f

= “Ningxia

(©) D 2000 year

o 2007 year

) D 2014 year 0 310km
@ [_12020 year L J

2019 2017

Xinjiang

Figure 6. Standard deviation ellipse of crop water footprint in Northwest China, standard deviational
ellipse (a), trajectory of standard deviational ellipse (b), weighted mean center migration trajectory (c).

Substantial spatial differences were observed in both the crop water footprint and crop
composition across provinces in Northwest China (Figure 7). Inner Mongolia, Xinjiang,
and Gansu exhibited relatively high crop water footprints, with an overall increasing
trend and the most pronounced changes occurring around 2014. In contrast, Ningxia
and Qinghai consistently maintained low crop water footprints, ranging between 1 and
10 billion m3, while Shaanxi’s values fluctuated between 20 and 30 billion m?. These
significant interprovincial disparities were primarily driven by differences in cropping
structure. Xinjiang, as the leading cotton-producing region in China, recorded the highest
proportion of crop water footprint attributed to cotton, which has continued to rise. In
Inner Mongpolia and Gansu, maize accounted for a substantial share of the water footprint,
also exhibiting an upward trend. In Qinghai, oils represented the largest component of the
crop water footprint, although a declining trend was observed. Meanwhile, the proportions
of vegetable-related water footprints were relatively high in Ningxia and Shaanxi, both
showing a notable increasing trend.
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Figure 7. Crop water footprint and its composition in Northwest China, 2000 (a), 2007 (b), 2014 (c),
2020 (d).

3.3. LMDI-Based Analysis of Crop Water Footprint Drivers in Northwest China

The evolution of crop water footprints in Northwest China was driven by a com-
bination of multiple factors, whose influence varied significantly in intensity (Figure 8).
These driving forces can be categorized into three types: inhibitory factors (water-saving
management and population scale effects), promoting factors (policy and institutional
effects, economic development, and the tertiary sector structure), and bidirectional drivers
(technological progress).

Among the inhibitory factors, the water-saving management effect included a positive
contribution from the expansion of effectively irrigated areas (1.07 billion m?). In contrast,
agricultural water use per unit of cultivated area and per capita exerted negative effects,
contributing —8.40 billion m® and —1.48 billion m?, respectively. The population scale effect
contributed —1.62 billion m3, indicating increasing constraints on agricultural water use
due to demographic pressure, which is closely tied to the regional water resource carrying
capacity. Among the promoting factors, the policy and institutional effect (1.96 billion m?)
and the economic development effect (8.81 billion m?) were the dominant positive drivers.
Notably, policy implementation in 2002 alone contributed 8.27 billion m>. The rise in eco-
nomic output per unit of cultivated land, coupled with intensified water use, suggests that
an extensive growth model still predominates. Agricultural economic expansion has led to
the overexploitation of water resources, thereby constraining the efficient use and manage-
ment of water in crop production. The tertiary sector structure contributed 481 million m?;
however, industrial restructuring has not yet significantly reduced pressure on agricultural
water consumption. In fact, shifts in agriculture’s share within the tertiary sector continue
to drive increased water demand. Technological progress, as a bidirectional driver, showed
dual effects: a reduction in water footprint per unit of crop output (—2.22 billion m?) and
an increase in yield per unit area (2.92 billion m3). In 2002, both components acted as
restraining forces, reflecting the trade-off between improved technical efficiency and the
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expansion of cultivation scale. These findings highlight persistent technological bottlenecks
in achieving efficient water resource utilization.

Based on the contribution analysis, the ranking of influencing factors on crop water
footprint in Northwest China was as follows: policy and institutional effect > economic
development effect > technological progress > water-saving management > population
scale > tertiary sector structure. Policy and institutional effects, along with economic devel-
opment, emerged as the dominant drivers, jointly contributing over 49% of the total change.
Significant interprovincial differences were observed: policy and institutional effects consis-
tently ranked first across all regions, largely due to the ongoing implementation of water-
saving and efficiency-enhancing initiatives. The strong influence of economic development
is closely tied to the region’s agricultural industrialization, marked by the steady expansion
of cash crop cultivation. In particular, the large-scale production of water-intensive cotton
in Xinjiang has significantly increased the water footprint per unit of agricultural output
value. The effects of technological progress and water-saving management varied notably
across provinces. In Xinjiang, the pilot implementation of agricultural water rights trading
has led to a substantially higher contribution from water-saving management compared to
other provinces, demonstrating the efficiency gains from market-based mechanisms in wa-
ter resource allocation. In contrast, Inner Mongolia exhibited a relatively lower contribution
from technological progress, mainly due to delays in modernizing irrigation infrastructure
in pastoral areas.
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Figure 8. Decomposition of influencing factors of crop water footprint in Northwest China, contribu-
tion values of factor decomposition in Northwest China (a—c), provincial-level contribution ratios
of factor decomposition (d). Agricultural yield per unit area (I), agricultural water footprint per
unit (Ia), agricultural yield per unit area (Ib), water-saving management effect (M), proportion of
effective irrigated area (Ma), agricultural water resources per unit of cultivated area (Mb), per capita
agricultural water use (Mc), agricultural economic effect generated by arable land (N), contribution of
total agricultural output to GDP (K); fiscal output of effective irrigated area (G); rural population size
(P), Northwest China (NW), Inner Mongolia (IM), Xinjiang (X]), Shaanxi (SX), Gansu (GS), Ningxia
(NX) and Qinghai (QH).
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3.4. Comprehensive Evaluation of the Utilization Efficiency of Crop Water Footprint
3.4.1. Structural Indicators of Crop Water Footprint

The assessment of crop water footprint structure indicators in Northwest China from
2000 to 2020 revealed notable patterns in the transformation of water resource utilization
(Figure 9). Overall, the region exhibited a relatively balanced reliance on blue and green
water, primarily attributed to improvements in the efficiency of rainfed agriculture, which
gradually reduced dependence on artificial irrigation. At the inter-provincial level, water
resource dependence displayed significant spatial heterogeneity. Qinghai and Shaanxi
showed a greater reliance on green water compared to blue water, owing to higher levels
of natural precipitation. In contrast, Inner Mongolia exhibited fluctuating patterns of
dependence, reflecting variability in both precipitation and irrigation practices. In the
remaining provinces—and in the region as a whole—blue water dependence exceeded that
of green water, although a gradual decline in blue water reliance was observed over time.
This trend indicates progress in optimizing water use efficiency across the region. Qinghai
and Shaanxi developed green water-dominated structures due to relatively abundant
precipitation, whereas Inner Mongolia experienced interannual fluctuations in green-blue
water reliance. The other provinces remained predominantly blue water-dependent, albeit
with a gradual shift toward more balanced use. The evolution of the grey water footprint
presented a polarized pattern. In Ningxia, Qinghai, and Gansu, dependence on grey
water declined, largely driven by enhanced water—fertilizer use efficiency and improved
pollution control measures. Conversely, Shaanxi, Xinjiang, and Inner Mongolia experienced
increased reliance on grey water, resulting from the expansion of cultivated land and
the corresponding rise in fertilizer application. This divergence underscores substantial
regional disparities in the management of non-point source pollution and highlights the
need for differentiated strategies for agricultural pollution control.
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3.4.2. Efficiency Indicators of Crop Water Footprint

From 2000 to 2020, crop water footprint efficiency indicators in Northwest China
demonstrated pronounced spatiotemporal heterogeneity in regional water resource uti-
lization (Figure 10). Overall, the land-based crop water footprint density ranged from
5.0 to 6.1 x 10 m®/km?, primarily driven by increasing agricultural water consumption
across provinces. However, resource-use efficiency exhibited a clear polarization pattern:
Ningxia, despite having a relatively small cultivated area, registered the highest water
footprint density, indicating a pronounced mismatch between land availability and water
resource consumption. In contrast, Inner Mongolia, which had the largest cultivated area,
displayed the lowest variation in land-based water footprint density. Population density
per unit of water footprint ranged from 9 to 15 persons per 10* m?, with Qinghai showing
notable elasticity in its water-carrying capacity—its population-supporting capacity per
unit of water footprint was nearly double that of other provinces. Economic output per
unit of water footprint varied substantially, from 6 to 57 yuan/m3. Qinghai recorded the
most significant increase, driven by the expansion of high-value specialty crop cultivation
and the widespread adoption of water-saving technologies. Comprehensive evaluations
indicated that, although regional water use efficiency improved considerably over the study
period, rising water consumption per unit output and a declining population-supporting
capacity exposed underlying systemic vulnerabilities. Notably, Xinjiang emerged as a
critical area of concern, characterized by high water consumption, low economic output per
unit water use, and limited population-supporting capacity. To address these challenges,
it is imperative to strengthen the coordination among water, land, and economic systems.
This can be achieved through the optimization of crop structures and the implementation
of precision irrigation technologies tailored to regional resource conditions.
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Figure 10. Efficiency indicators of crop water footprint in Northwest China, land density of water foot-
print (a), population density of water footprint (b), economic output per unit of water footprint (c).

3.4.3. Ecological Indicators of Crop Water Footprint

Ecological indicators of the crop water footprint in Northwest China from 2000 to
2020 revealed an overall pattern of stability accompanied by pronounced spatial polariza-
tion in water resource pressure (Figure 11). Both sown area and crop yield across provinces
exhibited a continuous upward trend, while overall water pressure remained relatively
stable, primarily attributable to improvements in irrigation efficiency and an increasing
proportion of drought-tolerant crops. However, the uneven spatial distribution of water
resources and significant inter-provincial differences in agricultural water use resulted in
marked spatial disparities in water pressure. Regarding total water pressure, the region
as a whole was generally under moderate stress. Qinghai experienced negligible water
pressure, as it possessed 20% of the region’s water resources but contributed only 2% of the
total crop yield, leading to a relatively low pressure level. Xinjiang and Inner Mongolia
faced low to moderate water pressure, whereas Shaanxi and Gansu were subjected to
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moderate to high pressure. Ningxia, with only 1% of the regional water resources but
approximately 6% of crop output, endured high to severe water pressure, making it the
most water-stressed province in Northwest China. Among the three types of water pres-
sure, green water pressure remained at moderate to high levels across the region. Blue
water pressure exhibited clear spatial polarization, with Ningxia under severe pressure and
Qinghai facing virtually no pressure. Grey water pressure consistently remained high in
Ningxia, reflecting inadequate management of non-point source pollution in the province.
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Figure 11. Ecological indicators of crop water footprint in Northwest China, total water resource
pressure (a), blue water resource pressure (b), green water resource pressure (c), grey water resource
pressure (d).

3.4.4. Sustainability of Crop Water Footprint

The sustainability assessment of crop water footprints in Northwest China from 2000
to 2020 revealed considerable variability in water resource availability (Figure 12). Smaller
negative growth values corresponded to greater reductions in water resources, which were
primarily driven by uneven spatial distribution and frequent natural disasters. Overall,
sustainable agricultural water use was achieved in only half of the years during the study
period. In Xinjiang, sustainable water use occurred in just one-third of the years, largely
attributable to irrational cropping patterns and insufficient precipitation. Notably, in
2004, all provinces experienced unsustainable water use conditions, primarily due to a
sharp decline in available water resources. This highlighted the poor sustainability of
agricultural water use, low efficiency in resource utilization, and urgent challenges to
securing agricultural water resources across the region.
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Figure 12. Sustainability of crop water footprint in Northwest China.

4. Discussion

In crop water footprint assessment, the crop water footprint has become a key indicator
for quantifying agricultural water consumption and evaluating the sustainability of water
resource use [40]. During drought years, dynamic variations are pronounced—blue water
footprints tend to increase significantly, while green water footprints decline—indicating
that reduced precipitation forces agriculture to rely more heavily on irrigation to compen-
sate for natural water deficits [41]. This phenomenon is particularly evident in Gansu,
where the blue water footprint in 2011 exceeded the trend value by over 15%, as well as in
Shaanxi and Ningxia, highlighting the heightened sensitivity of water resource systems
under extreme climatic conditions [42]. The mismatch between cropping structure and
water resource endowment further exacerbates regional pressure. In arid areas such as
Xinjiang, the planting area of high water-consuming crops (cotton, fruits, and vegetables)
is poorly aligned with limited precipitation. Conversely, in relatively humid regions such
as Shaanxi, more than 50% of cultivated land is allocated to medium- and low-water-
consuming crops (maize and wheat), yet green water utilization efficiency remains low [43].
Climate warming is driving a northward shift in cropping zones [44], significantly affect-
ing planting systems, spatial layouts, and varietal choices [45], while also contributing
to increases in cropping intensity and yield per unit area [46]. For example, the water
footprint of maize in Inner Mongolia rose from 5.64 billion m? to 15.5 billion m?, and
cotton production has increasingly shifted to Xinjiang, where planting area expanded by
12% [47]. The promotion of late-maturing rice and maize varieties has also led to notable
yield improvements [48]. Water resource pressure in Northwest China exhibits a spatial
pattern of “dual polarization.” Qinghai represents a “high endowment-low efficiency”
region, accounting for approximately 25% of the total regional water resources but suffering
from low agricultural water use efficiency due to mismatched cropping structures and
suboptimal water planning. In contrast, Ningxia shows a “resource-overloaded scarcity”
pattern, with agricultural water consumption exceeding local water availability by a factor
of seven, intensifying the risk of allocation imbalance [49]. Collectively, these findings
underscore a systemic contradiction between “declining water availability” and “increasing
water demand,” resulting in unsustainable crop water supply levels in about half of the
years across Northwest China.

In comparing and analyzing the results obtained in this study, the reliability of crop
water footprint estimates based on the CROPWAT model was assessed by selecting rep-
resentative crops and comparing the calculated values with those reported in previous
studies (Table 3). Overall, the water footprint values derived in this study are largely con-
sistent with existing literature in terms of both magnitude and temporal trends, indicating
that the CROPWAT model exhibits strong applicability in Northwest China. However,
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some regional discrepancies were observed: estimates of water footprint in most parts of
Northwest China were generally higher than those in earlier studies, except for certain
areas in Xinjiang. These differences may be attributed to several factors: (1) the data used
in this study reflect recent trends in cropping structure adjustments, which are strongly
spatially correlated with the distribution of water footprints [27]; (2) although previous
studies covered similar regions, differences in crop types selected and sample sizes may
have influenced the comparability of the results; and (3) uncertainties in input parameters—
such as crop coefficients, cropping systems, and climatic data—may have led to slight
underestimations for certain crops. Therefore, this comparative analysis not only confirms
the rationality of using the CROPWAT model to estimate crop water use in arid regions of
Northwest China, but also provides a methodological foundation for the precise regulation
of regional agricultural water resources.

Table 3. Comparison of crop water footprint estimates with previous studies.

Estimated Reference
Crop Type Year Value Value Region Reference Deviation
(10® m3) (10® m3)

Wheat 2000 216 225.73 NW Zhang et al. (2023) [27] Slightly lower
Wheat 2020 167 167.13 NW Zhang et al. (2023) [27] Consistent
Cotton 2020 207.13 244.67 XJ Li et al. (2021) [31] Slightly lower
Fruits 2000 89 88 NW Zhang et al. (2023) [27] Consistent
Fruits 2020 141 196 NW Zhang et al. (2023) [27] Lower

All Crops 2015 382.75 464.8 XJ Zhang et al. (2021) [50] Lower

All Crops 2000 909.75 838.70 NW Zhang et al. (2023) [27] Higher

All Crops 2020 1334.93 1109.5 NwW Zhang et al. (2023) [27] Higher

Despite offering valuable insights, this study has several limitations and implications
for future research. Using meteorological station data and the CROPWAT model, the
crop water footprint in Northwest China was evaluated, with results showing consistency
with previous studies in terms of both spatial distribution and temporal trends. However,
the analysis is constrained by limited data availability. Specifically, the lack of long-term
historical datasets and multi-temporal scale comparisons limits a more comprehensive
understanding of water footprint dynamics. Additionally, the estimation of the grey water
footprint only considers nitrogen fertilizer as the primary pollutant, overlooking other
potential sources such as phosphorus fertilizers and pesticides, which may lead to an
underestimation of actual pollution loads. Furthermore, although the LMDI model was
used to quantify the contribution of key driving factors, the direct and indirect effects of
climatic variables were not fully explored. Future studies should address these limitations
by investigating the spatiotemporal variability of crop water footprints at finer spatial
scales (county level), integrating field observations with remote sensing data to optimize
parameter calibration and improve estimation accuracy. A more comprehensive analytical
framework is also needed to reveal the mechanisms through which natural and anthro-
pogenic factors affect agricultural water use, thereby enhancing the integrated assessment
of regional water resource systems. From a practical standpoint, promoting drought-
tolerant crops (millet and quinoa) and water-saving varieties (such as drought-resistant
cotton and water-efficient potatoes), while reducing the cultivation of high water-demand
crops, is crucial. The widespread adoption of precision irrigation technologies, integrated
water—fertilizer management, and biodegradable mulching films should also be prioritized.
In ecologically fragile areas like the Hexi Corridor, efforts should be made to gradually
phase out 30% of overloaded farmland, followed by the rehabilitation of medium- and
low-yield fields and the development of high-efficiency agricultural zones. In addition, key
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ecological zones such as inland river headwater areas in Northwest China should receive
stronger protection. Priority should be given to implementing ecological water diversion
projects in the oasis—desert transition zones of the Hexi Corridor. In the Tarim Basin, an
integrated approach that combines water-saving technologies, ecological agriculture, and
green finance mechanisms could be applied. In solar-rich areas such as the Hexi Corridor,
pilot initiatives involving agroforestry-livestock systems and photovoltaic agriculture are
also recommended.

5. Conclusions

This study employed a multi-scale spatiotemporal analysis by integrating the CROP-
WAT model with GIS techniques to systematically examine the temporal dynamics and
driving forces of crop water footprints in Northwest China from 2000 to 2020. The results
revealed a fluctuating “decline-increase-decline” pattern in crop water footprints, accom-
panied by an overall upward trend and spatial expansion along the northwest-southeast
axis. Among crop types, food crops exhibited the highest water footprints, followed by cash
crops and fruit crops. The analysis of driving forces indicated that policy and institutional
factors, along with economic development, were the primary contributors, jointly account-
ing for up to 49% of the variation. Although irrigation demand was partially alleviated, the
region remained under moderate water stress overall, with sustainable water use achieved
in only half of the study years. Given rising national food demand, agricultural water
resource pressure remains high. Therefore, tailored management strategies that consider
regional water and soil conditions, coupled with the promotion of smart agriculture, are es-
sential to relieve water stress and ensure the sustainable use of agricultural water resources
in Northwest China.
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