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Abstract: Evaluating the performance of irrigation water use is essential for efficient and
sustainable water resource management. However, existing approaches often lack system-
atic quantification of irrigation water consumption and fail to differentiate between the use
of precipitation and anthropogenic appropriation of water flows. Building on the green—
blue water concept, consumptive water use, assumed equal to actual evapotranspiration
(ET,), was partitioned into green ET (GET) and blue ET (BET) using remote sensing data
and the Budyko hypothesis. A novel BET metric of consumptive irrigation water use was
developed and applied to the irrigated lands in northwest China to evaluate the perfor-
mance of irrigation from 2001 to 2021. The results showed that in terms of total available
water resources (precipitation + gross irrigation water (GIW)) compared to irrigation water
demand, estimated as reference evapotranspiration (ETj), Ningxia has sufficient water
supply to meet irrigation demand, while the Hexi Corridor faces increasing risks of unsus-
tainable water use. The Hetao irrigation scheme has shifted from a fragile supply—-demand
balance to a situation where water demand far exceeds availability. In Xinjiang, the balance
between water supply and demand is tight. Furthermore, when considering the available
water (GIW) relative to the net irrigation water demand (ETy-GET), the Hexi Corridor faces
significant water deficits, and Ningxia and Xinjiang are close to meeting local irrigation
water demands by relying on current water availability and efficient irrigation practices. It
is noteworthy that the BET remains lower than the GIW in northwest China (excluding the
Hexi Corridor in recent years). The ratio of the BET to GIW is an estimate of the scheme
irrigation efficiency, which was equal to 0.54 for all irrigation schemes taken together. In
addition, the irrigation water use efficiency, estimated as the ratio of BET to net irrigation
water, was evaluated in detail, and it was found that in the last 10 years the irrigation water
use efficiency improved in Ningxia, the Hetao irrigation scheme, and Xinjiang. However,
the Hexi Corridor continues to face severe net irrigation water deficits, suggesting the
likelihood of groundwater use to sustain irrigated agriculture. BET innovatively separates
consumptive use of precipitation (green water) and consumptive use of irrigation (blue
water), a critical advancement beyond conventional approaches’ estimates that merge these
distinct hydrological components to help quantifying water use efficiency.
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1. Introduction

Irrigation plays a crucial role in crop growth and agricultural yield. Globally, 70% of
the freshwater withdrawals and 90% of freshwater consumptions are used for the irrigation
of agricultural land. In particular, in arid and semi-arid regions of northwest (NW) China,
irrigation accounts for about 91% of the freshwater withdrawals [1]. Reducing water use by
irrigated agriculture is essential to ensure the sustainability of water resources, particularly
in arid and semi-arid regions.

Official data on irrigation water use are published yearly, as part of governmental
statistical data, by national or local authorities. These data provide information on agri-
cultural irrigation water use at different levels, e.g., national, provincial, or river basin.
Although the statistical data are often criticized for their limited sampling method, possible
manipulations, and a lack of spatially explicit irrigation water information, they remain
the most reliable and comprehensive source of information for understanding the overall
trends and patterns in irrigation water use at different levels. The modeling-based ap-
proaches simulate the irrigation water demand, rather than actual irrigation water use,
using an irrigation process model to interpret data on either soil moisture deficit or evapo-
transpiration deficit [2,3]. These hydrological models are generally subject to uncertainties,
particularly regarding parameterizations, assumptions, and input data, which can lead to
unreliable estimates of irrigation water use. There is a growing consensus on the integration
of hydrological models and remote sensing data, e.g., actual evapotranspiration (ET,) or
soil moisture, being the most effective and promising approach to estimate irrigation water
use [4-10]. This methodology assumes that a hydrological model does not account for
irrigation without input data on applied irrigation water, while the remotely sensed ET, or
soil moisture retrievals do contain an irrigation signal. The ET, or soil moisture under a no-
irrigation scenario can be simulated using hydrological models, while ET, or soil moisture
can be retrieved from remote sensing observations. Hence, the irrigation water amount
can be estimated on the basis of the difference between hydrological model simulations
and remotely sensed ET, or soil moisture [4,11,12]. For example, Jalilvand et al. (2019) [13]
used the SM2RAIN algorithm to estimate irrigation water use at the catchment scale based
on satellite soil moisture data at 25 km resolution. However, the coarse spatial resolution of
global soil moisture products limited the ability to derive irrigation water use at the finer
spatial resolution, which is required for detailed analyses to be useful for water manage-
ment. The remotely sensed ET, data, generally with higher resolution than the global soil
moisture data, offer a strong potential to support the estimation of irrigation water use at
higher spatial resolution [14].

While quantifying irrigation water use is crucial, comprehensive evaluation of irriga-
tion performance is equally vital to identify inefficiencies and optimize water allocation.
Traditional evaluation methods rely on indicators like irrigation efficiency, i.e., the ratio
of crop water use to total supply [15,16], which require multi-source data including dis-
charge measurements, crop water requirements, effective rainfall, and ET, [17]. However,
such datasets are seldom systematically collected at the required spatial scales, i.e., farm
fields or river basins, and, when available, often suffer from reliability or accessibility
issues. Satellite remote sensing offers a solution by enabling continuous monitoring of agri-
cultural hydrology. Early studies by Menenti et al. (1989) [18], Menenti et al. (1990) [19],
Bastiaanssen et al. (1996) [20], and Roerink et al. (1997) [21] pioneered remote sensing
applications in irrigation performance assessment, while subsequent research devel-
oped performance indicators addressing adequacy, equity, reliability, productivity, and
sustainability [22-26]. Nevertheless, these approaches often oversimplify the interplay of
precipitation and irrigation, leading to incomplete performance diagnostics.
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The concept of blue and green water has gained attention in water resources man-
agement. Blue water refers to surface and groundwater resources directly managed for
human use, e.g., irrigation via canals or pipelines, while green water refers to precipitation
stored in the soil, sustaining rainfed ecosystems [27]. Accordingly, ET can be partitioned
into green ET (GET) and blue ET (BET). GET represents the portion of ET derived solely
from naturally available green water. It is a natural process driven by vegetation use of
soil water stored after precipitation events. BET quantifies ET sustained by anthropogenic
blue water inputs, e.g., irrigation. BET reflects human intervention in the water cycle.
This distinction enables precise attribution of water cycle components to human activities
or natural processes. Building upon this framework, we propose a novel BET metric to
evaluate irrigation performance using remote sensing data and the Budyko hypothesis.

This study aims to integrate hydrological models with satellite data for evaluating
the performance of irrigation use in NW China, a region characterized by arid conditions
and limited water resources. The main objectives of this study are to answer the following
questions: (1) Is there a significant water deficit in the irrigated lands of NW China? (2) Can
available irrigation water resources effectively alleviate this deficit? (3) What is the actual
efficiency of current irrigation water use?

2. Study Area and Data
2.1. Study Area

The study regions are the irrigated lands in NW China (Figure 1a), characterized by
a dry climate with low precipitation (Figure 1b) and high ET (Figure 1c), making them
among the most water-scarce areas in the country. These regions are crucial for China’s
agricultural production, contributing significantly to grain and cash-crop output despite
their arid conditions. The region includes multiple provinces, with irrigation schemes
primarily concentrated in four key areas: the Hetao irrigation scheme in Inner Mongolia,
the Yellow River irrigated lands in Ningxia Hui Autonomous Region (the term “Ningxia” is
employed in this study to refer to the Yellow River irrigated lands), the inland river basins
of the Hexi Corridor in Gansu (the term “Hexi Corridor” is used to refer to these inland
river basins), and the Xinjiang Uygur Autonomous Region (Xinjiang) (Figure 1a). These
regions share the challenge of water scarcity but differ in hydrological characteristics and
water sources.

The Hetao irrigation scheme, located in Bayannur City, is Asia’s largest single water
inlet irrigation scheme, covering approximately 7.69 x 10° ha. Alongside it, the Ningxia
spans about 6.55 x 10° ha, leveraging Yellow River water diversions. The Hexi Corridor
inland river basins in Gansu Province include irrigated lands covering 7.72 x 10° ha.
Xinjiang has the most irrigated land among the four, at 4.11 x 10° ha, relying primarily on
snowmelt and glacier-fed water sources sensitive to climate change. The Hetao irrigation
scheme and Ningxia, situated in the Yellow River Basin, are known for their flat terrain and
fertile soil, playing a crucial role in the region’s agricultural development. In contrast, other
irrigation schemes are mainly found in inland river basins characterized by mountain—
oasis—desert ecosystem sequences. Mountainous areas receive significant precipitation
and host large glaciers, contributing 2% to 48% of the total surface runoff via glacial
meltwater [28]. The plains, predominantly deserts with an arid and semi-arid climate,
have sparse vegetation and a fragile ecosystem. Artificial oases, though less than 10% of
the region, consume most water generated from mountainous areas, intensifying water
competition between oases and desert ecosystems [29]. Typical inland river basins include
the Shiyang River Basin and the Heihe River Basin in the Hexi Corridor, the Manas-Hutubi
River Basin and the Kashgar-Yarkand River Basin in Xinjiang.
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Figure 1. Irrigation lands, precipitation, and ET, in NW China: (a) irrigated cropland in NW China
in 2021; (b) average precipitation from 2001 to 2021; (c) average ET, from 2001 to 2021. In panel (a),
solid lines delineate the river basins wherein the irrigated lands targeted by the study are located,
with labels indicating river basins and these irrigated lands.

2.2. Data and Pre-Processing
2.2.1. Remote Sensing Data

The remote sensing data used in this study include precipitation, actual ET (ET,),
potential ET (ETp), reference ET (ETy), and irrigated cropland from 2001 to 2021 at a
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resolution of 1 km. Gridded yearly precipitation and ET, data were used as the input to
the Budyko method to estimate the GET [30]. The BET was estimated utilizing yearly ET,
and the GET.

The ET, data were obtained from the published ETMonitor product which provides
global daily ET, at a 1 km spatial resolution from 2001 to 2021 (https://doi.org/10.122
37/casearth.6253cddc819aec49731a4bc2, accessed on 10 December 2024) [31,32]. The ET
is estimated according to FAO56 [33], and ET}, is estimated using the Penman—-Monteith
equation with zero bulk surface resistance.

The precipitation data were obtained from the Climate Hazards Group Infrared Precip-
itation with Stations (CHIRPS) dataset, which provides daily time steps and a 0.05° spatial
resolution (https://data.chc.ucsb.edu/products/CHIRPS-2.0/, accessed on 10 December
2024) [34]. The CHIRPS precipitation data were resampled to a spatial resolution of 1 km
using the bilinear interpolation method.

The maps of irrigated lands in NW China were extracted from IrriMap_CN for
2000-2019 (https:/ /doi.org/10.6084 /m9.figshare.20363115.v1, accessed on 10 December
2024), which were produced using satellite imagery and a machine-learning method [35].
The spatial resolution of the original dataset is 500 m, which was aggregated to a resolution
of 1 km using the majority method. As the dataset only extends to 2019, the 2019 data were
used as a proxy for both 2020 and 2021.

2.2.2. Statistical Data

The annual volumes of gross irrigation water (GIW) and net irrigation water (NIW)
were extracted from the Water Resources Bulletin series, which is published yearly. Detailed
information on the GIW and NIW data can be found in Feng et al. (2020) [17]. In principle,
the GIW is based on the irrigation scheme as the fundamental statistical unit in the bulletin.
For large irrigation schemes, i.e., if irrigable area (A) > 2 x 10* ha, the GIW is based on ac-
tual water flow measurements at the primary water inlet for all large irrigation schemes. For
medium-sized (666.7 < A <2 x 10* ha) and small-sized irrigation (A < 666.7 ha) schemes, a
sampling approach is used to estimate the GIW. For medium-sized irrigation schemes, they
are divided into three categories (categories are defined in mu with 1 ha = 15 mu) based on
the irrigable area, namely 666.7 < A < 3333.3 ha, 3333.3 < A < 10* ha, 10* < A <2 x 10* ha.
For each category, the number of irrigation schemes in a sample should not be less than
5% of the total number of irrigation schemes in the corresponding category in the province.
For small-sized irrigation schemes, the area of a selected small-sized irrigation scheme
should not be less than 6.7 ha. The number of irrigation schemes in a sample should not be
less than 0.5% of the total number of small-sized irrigation schemes in the whole province,
generally not more than 100, and at least not less than 10. The GIW is based on actual water
flow measurements at the primary water inlet for all irrigation schemes.

The NIW is obtained by collecting soil samples to measure soil water content at
different depths before and after irrigation. A set of representative irrigation schemes and
field plots is selected to consider crop type, irrigation technique, soil type, and irrigation
schedule. The observed NIW volume of field plots within an irrigation scheme are then
converted to the total NIW by an area-weighted calculation for the irrigation scheme. The
NIW is calculated by observing the soil moisture in representative field plots before and
after each irrigation event:

NIW fiela,; = H(0, ;—01,) 1)

Ywater

where NIW ¢4, applies to a soil column with a 1 cm? section, and it is the NIW for a
specific irrigation event 7 in a field plot (cm). H is the depth of the wetting soil layer in the
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field plot during the irrigation period (cm). v represents the dry bulk density of the soil
(g/cm®). Yyater is the bulk density of water, which is assumed to be 1 (g/cm?3), 8; ; is the soil
moisture prior to a specific irrigation event i (gwater & ! soi1), and 6, ; is the soil moisture
following a specific irrigation event i.

All publicly available data on GIW and NIW for the period from 2001 to 2021 were
collected (Table 1). The Hetao irrigation scheme is located in Bayannur City, and the GIW
and NIW data were extracted from the Bayannur Water Resources Bulletin. The GIW and
NIW data for the Yellow River Irrigation scheme were extracted from the Ningxia Water
Resources Bulletin. The Hexi Corridor GIW and NIW data were extracted from the Gansu
Water Resources Bulletin.

Table 1. Detailed information on gross and net irrigation water.

Regions Years of GIW Collected Years of NIW Collected Source
Hetao irrigation scheme 2001-2007, 2009-2021 2001-2021 Bayannur Water Resources Bulletin
Ningxia 2001-2021 2001-2021 Ningxia Water Resources Bulletin
Hexi Corridor 2001-2021 2001-2021 Gansu Water Resources Bulletin
Xinjiang 2006-2012, 2014-2016, 2019 2003-2017, 2018-2021 Xinjiang Water Resources Bulletin
3. Methods

In this study, we simultaneously estimated the GET and BET at a spatial resolution of
1 km for the irrigated lands of NW China from 2001 to 2021. The GET, which represents
the portion of ET derived solely from naturally available green water, is estimated using
a calibrated Budyko equation based on precipitation data from satellite observation. The
BET, which represents the ET sustained by anthropogenic blue water inputs (i.e., irrigation),
is calculated by subtracting the GET from the total ET, derived from satellite remote
sensing [30].

ET, is equal to the sum of GET and BET. In this study, we used remote sensing
estimates of ET,. Therefore, BET can be estimated by subtracting GET from total ET,
as follows:

BET =ET, — GET 2)

where ET, represents total actual ET (mm/yr), and GET is green ET (mm/yr).

GET is estimated using a modified Budyko hypothesis (BH) method based on a new
vegetation-specific parameter (w,), which was optimized for different vegetation types [30].
GET is estimated as follows:

1
Wo oy
GETv,i — 14 ETPv,i — 14 ETPv,i (3)
Pv,i Pv,i Pv,i

where P, ;, ETPv,z" and GET,,; are pixel-wise values of annual precipitation, annual ETp,

Y7

and annual GET, all expressed in mm in pixel i covered by vegetation type “v”, respectively,
based on remote sensing data products.

The vegetation-specific parameter w, is estimated by applying the least squares
method using Equation (4) to the yearly precipitation, ET}, and ET, averages for each year
and each vegetation type. The objective function Obj (wy) then reads as follows:

2

1

Yy ET ET “o\ @o

. . ET k Pok Pok

Obj(wy) = min —= {1+ o1+ | == (4)
]( ZJ) k;yo P v,k P v,k P v,k
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35°

where k is the year number, and Yj and Y}, represent the start and end year of the analysis,
respectively (from 2001 to 2021 in this study); Py, ETp, s and ET, ; are the annual precipi-
tation, ET}, and ET,, respectively, averaged over all pixels covered by vegetation type “v”
in year “k” (unit: mm). For a given vegetation type (v) that occupies N pixels, the following

equations apply to mean annual precipitation, ETp, and ETa:

N
Pv,k: (va,k(i))/N (5)

i=1
ETpyp = (Looy ETpor(D)/N ©)
ETox = (Y, GETy(i)) /N 7)

The variables ETy, ETp, ETa, GET, and BET will be used later in this study as indicators
of irrigation water use.

4. Results
4.1. Assessment of Crop Water Stress

Reference (ETy) is defined as the amount of ET applying to an idealized reference crop,
i.e,, short grass or alfalfa, with full vegetation cover, adequate water supply, and prescribed
albedo, height, and aerodynamic roughness. ET is commonly used as a benchmark of
theoretical water requirements of crops. The difference between ET( and ETj, is often
used as an indicator of water stress (Figure 2). When ET, is close to ET), it indicates
sufficient water supply. When ET, is significantly lower than ET), it may suggest soil water
deficiency. However, actual field conditions often deviate from the ideal assumptions of
ETy. In particular, during the early stages of crop growth, when vegetation cover is low
(e.g., <30%), soil evaporation dominates, and plant transpiration is minimal. Even if the
soil is moist, ET, may still be much lower than ET, but this discrepancy is primarily due
to incomplete canopy development rather than water stress. Therefore, relying solely on
the difference between ET( and ET, to assess water stress may overestimate its severity
and does not accurately reflect whether crops are experiencing water stress. The correct
interpretation of Figure 2 requires a further analysis of the evolution of ETy and ET, during
the year.

N W B @
s & & &

Percentage (%)

-
=

o

0 100 300 500 800
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Figure 2. Mean annual difference (ET(-ET,) in the irrigated lands of NW China from 2001 to 2021.
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The monthly averages of ETy and ET, over 2001 to 2021 show that the discrepancy
between ETj and ET, primarily originates in the early growing season (March to June)
(Figure 3). During this period, ET( substantially exceeds ET, across all study regions. This
discrepancy can be attributed to the fundamental difference in vegetation cover applied
in the calculation of ETj and in the retrieval of ET,. ETj is calculated for the standard
grass at full vegetation cover (FVC = 1). ET, includes the impact of fractional vegetation
cover (FVC) [32]. In NW China, crops such as barley and wheat emerge in early April,
reaching full canopy cover (FVC = 1) by July/August [36,37]. As canopy cover approaches
“complete vegetation cover”, ET, reaches its peak (Figure 3). Conversely, ET consistently
remains lower than ETy whenever FVC < 1, which is particularly evident during the early
growing season when vegetation is still developing.

e ETO weem ET —8—FVC

1 0.7 250 - - 0.7
200
150
E
100
50
0

6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12
Month Month
(a) Ningxia (b) Hexi Corridor

. ETO e ET —8—FVC

1 0.7

5 6 7 8 9 10 11 12
Month Month
(c) Hetao irrigation scheme (d) Xinjiang

Figure 3. Monthly averages (2001-2021) for ETy, ET,, and fractional vegetation cover in the irrigated
lands of NW China.

To account for the impact of FVC, the annual ET, was also calculated using FVC-
adjusted monthly ET;. Monthly ET, values were adjusted by multiplying ET, by the
corresponding monthly FVC for each year (2001-2021). These adjusted ET( values were
averaged across all years for each month and aggregated annually. The results show that
after FVC-based adjustment, ETj is either less than or close to ET, in most regions (Figure 4),
suggesting that water scarcity in the irrigated lands of NW China may be overestimated
when comparing ET, with unadjusted ET).

4.2. Is There Enough Water to Overcome the Water Deficit?

Given the availability of actual yearly data on available irrigation water (see Section 2),
we assessed possible water deficits by comparing the total blue (irrigation) and green
(precipitation) water with ETy and ET,. As regards irrigation, we used the data on an-
nual GIW described in Section 2. In Ningxia (Figure 5a), the available water resources



Remote Sens. 2025, 17, 1085

9of21

(precipitation + GIW) consistently exceed the atmospheric water demand (i.e., ET) across
all years. This indicates a sufficient water supply. Consumptive water use (ET,) is much
lower than available water, clearly indicating sustainable water use for irrigation. In con-
trast, in the Hexi Corridor region (Figure 5b), annual atmospheric water demand (ET)
consistently exceeds the total available water. Notably, annual water availability has been
declining, and consumptive water use (ET,) has been increasing slightly in the last few
years, getting close to available water. The risk of unsustainable use of available water
resources is increasing and should be addressed in a timely manner. In the Hetao irrigation
scheme, a fragile supply—demand equilibrium in water resources has been maintained prior
to 2012 (Figure 5¢). Since 2013, however, increasing water demand coupled with stable
water supply has led to water demand far exceeding water availability in the region. In
Xinjiang, a tight balance between supply and demand over the years has been maintained
(Figure 5d). When comparing GIW with either ET or ET,, we should take into account
that the irrigation water actually delivered to fields is significantly less than GIW, once the
scheme irrigation efficiency is taken into account. As a result, water stress may still occur
in certain regions of Xinjiang.
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Figure 4. Mean annual difference between FVC xETj and ETj in the irrigated lands of NW China
from 2001 to 2021.
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Figure 5. Water demand (ETj), consumptive water use (ET,), and available water (GIW + precipita-
tion) in the irrigated lands in NW China (2001-2021).

4.3. Is Irrigation Water Sufficient to Overcome the Deficit?

To gain further insights into the relation between irrigation water demand and avail-
able water, we compared the atmospheric water demand (ET() minus the GET, estimated
by the Budyko method, with the GIW.

Irrigation water seems to be largely sufficient in Ningxia (Figure 6a), where the GIW
consistently exceeds both the irrigation water demand (ETo-GET) and the BET (ET-GET),
indicating sufficient water to supply irrigation water demand and consumptive use of
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irrigation water (i.e., BET). In contrast, the Hexi Corridor shows an inverse pattern, with
the GIW consistently falling below irrigation water demand and displaying a continuous
decline (Figure 6b). Since 2015, the GIW has been very close to the BET, which is a clear
sign of insufficient irrigation once we take irrigation efficiency into account, suggesting
increasing use of groundwater to sustain irrigated agriculture. This finding confirms the
occurrence of a water deficit in the Hexi Corridor. In the Hetao irrigation scheme (Figure 6¢),
the demand and supply of irrigation water were relatively balanced prior to 2012, with
occasional surpluses. Past 2012, however, the stable GIW, combined with increasing
demand, transformed this area into a zone characterized by a water deficit. Xinjiang
has maintained a close and adaptable equilibrium between irrigation water demand and
supply across most years, with exceptions occurring during periods of high demand,
thereby demonstrating relatively stable water resource conditions. The GIW has remained
rather close to water demand (i.e., ETy-GET) and clearly higher than consumptive water
use, a difference sufficient to accommodate water losses between water diversion and water
application to fields (Figure 6d).
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Figure 6. BET, ET(-GET, and GIW in the irrigated lands of NW China (2001-2021).

In summary, while the Hexi Corridor faces significant water deficits, Ningxia and
Xinjiang are close to meeting local irrigation water demands by relying on current water
availability and efficient irrigation practices. It is noteworthy that the actual consumption
of blue water (BET) remains lower than total irrigation water in NW China (excluding the
Hexi Corridor in recent years), particularly in Ningxia. The difference between the GIW
and BET is considerable in some instances but is inevitable in order to accommodate water
losses due to the scheme’s irrigation efficiency being lower than 1.
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4.4. How Efficient Is the Distribution and Use of Irrigation Water

A strong linear correlation (R? = 0.97) was observed between the GIW and BET
(Figure 7). The scheme irrigation efficiency, i.e., the ratio of BET to GIW, has been deter-
mined to be 0.54, which includes both conveyance efficiency and water use efficiency. This
value is consistent with the irrigation efficiency reported for the Xinjiang (0.57, 2020) [38],
Gansu (0.57, 2021) [39], Ningxia (0.561, 2021) [40], and Hetao irrigation scheme (0.568,
2021) [41]. According to the FAO (1989) [33], a scheme irrigation efficiency in the range of
50% to 60% is considered good. This indicates that the scheme irrigation efficiency in the
study area adheres to the FAO established standards for effective irrigation, suggesting that
the current irrigation in the region is relatively efficient. However, it should be noted that a
50% scheme irrigation efficiency indicates that half the water diverted into an irrigation
scheme is lost during the irrigation process. This significant loss of water is the primary
factor of insufficient on-farm irrigation water, which may lead to insufficient water supply
to irrigated crops.
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Figure 7. BET vs. GIW from the Water Resources Bulletin for the irrigated lands in NW China
(2001-2021).

4.5. Is Irrigation Water Used Efficiently by Crops?

The scheme irrigation efficiency in the arid and semi-arid regions of NW China is
generally good. Further, we evaluated in some detail the water use efficiency. For this
purpose, the relationship between the BET and NIW, i.e., the irrigation water stored in the
soil, was examined (Figure 8).

In Ningxia, the NIW far exceeded the BET but subsequently declined annually, grad-
ually converging to the BET (Figure 8a). This transition indicates improved water use
efficiency in Ningxia, shifting from excessive field irrigation, when partial irrigation wa-
ter retained in the soil was partly used by crops, to near-complete utilization of retained
irrigation water by crops. In contrast, in the Hexi Corridor (Figure 8b), the deficit in NIW
compared to BET was persistent, with an expanding gap over time, revealing chronic
NIW deficits to meet consumptive water use by crops. This discrepancy implies the use
of additional water resources, specifically groundwater. When combined with the GIW
deficit in the Hexi Corridor, this further indicates that this region is experiencing a severe
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water deficit. In the Hetao irrigation scheme, despite the initial NIW surpassing the BET,
the growth in the BET since 2012 has narrowed this gap (Figure 8c). This suggests that
water use efficiency has been improving in this region. Xinjiang shows a transition from
a state where the NIW exceeds the BET to an equilibrium condition and eventually to a
state where the BET exceeds NIW (Figure 8d). The shift from a positive to a negative gap
between the NIW and BET not only reflects improved water use efficiency but also suggests
that the groundwater extraction meets the unmet BET demand, similar to the situation in
the Heihe River Basin.
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Figure 8. Comparison of BET with NIW for the irrigated lands in NW China (2001-2021).

The BET serves as a novel metric for evaluating water use efficiency. Through a
comparative analysis of net irrigation water and the BET, the water use efficiency can be
assessed, and opportunities for further improvements can be identified. In regions where
the NIW exceeds the BET, there exists a potential for water savings through the implemen-
tation of more efficient irrigation management. Conversely, in areas where the BET exceeds
the NIW, it is indicative that the NIW alone is inadequate to meet crop water demands. In
such cases, the utilization of additional water sources, typically groundwater, is necessary.
Given the groundwater recharge by irrigation water losses, the extraction of additional
groundwater is not necessarily a driver of risks. This analysis reveals the challenges facing
the region in terms of water resources to support sustainable development.

4.6. Trend of Blue Water Evapotranspiration

The results of the evaluation of irrigation performance presented in Sections 4.1-4.5
were aggregated to large areas to allow for a comparison with the official data on the GIW
and NIW. In this section, Section 4.6, and the next section, Section 4.7, the temporal and
spatial variability of irrigation water use is illustrated by making direct use of our pixelwise
estimates of ETa, GET, and BET. A trend analysis of spatial data reveals that the BET in
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the irrigated lands of NW China generally exhibited an increasing trend from 2001 to 2021
(Figure 9), with 91.07% of the areas experiencing significant increases in the BET. This trend
may be closely associated with increasing use of the irrigation water. Research findings by
Han et al. (2020) [42] indicate that NW China shows the most significant increasing trend
in agricultural water use from 2003 to 2013. This increase in irrigation water may have led
to an increase in the BET in the region.

Trend of BET(2001-2021) (mml/yr)
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Figure 9. Trends in the BET from 2001 to 2021 in the irrigated lands of NW China. Subplots show the
frequency distribution of trends of irrigation water (x-axis: trend of irrigation water; y-axis: fractional
area age).

Further examination shows that the irrigated lands of NW China initially experi-
enced an increase in the BET, subsequently followed by a decrease. To illustrate this
point, the spatially averaged BET and its standard deviation in the Hetao irrigation
scheme were presented (Figure 10). The results showed that the BET in 2001 was
282.9 £ 123.7 mm/yr, reaching a maximum of 394.7 & 171.9 mm/yr in 2015 before de-
creasing to 377.5 & 116.5 mm/yr by 2021.
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Figure 10. Cont.
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Figure 10. Spatial variability and temporal evolution of the BET in the Hetao irrigation scheme every
five years from 2001 to 2021.

4.7. The Spatial Distribution of Blue Evapotranspiration

To understand the spatial distribution of irrigation water use in the irrigated lands of
NW China, we analyzed the spatial distribution of the BET (Figure 11). The results show
significant variations across the region, with a spatial mean value of 288.1 & 216.7 mm/yr.
Furthermore, the spatial frequency distribution of the BET shown in Figure 11a also high-
lights the considerable variability in the BET across the region.

The Ningxia and Hetao irrigation scheme are heavily reliant on the Yellow River
water for irrigation purposes (Figure 11e). However, it is clear that the relatively upstream
Ningxia area shows a higher BET in comparison to the Hetao irrigation scheme, with a
spatial mean BET of 392.7 £ 198.7 mm/yr in Ningxia and 254.6 £ 162.5 mm/yr in the
Hetao irrigation scheme.

The irrigation areas in the Hexi Corridor are primarily located in the Shiyang and
Heihe River basins (Figure 11c), with a spatial mean BET of 336.9 £ 195.1 mm/yr. It
is worth noting that the central area, which is the confluence of the Shiyang and Heihe
River basins, is characterized by a higher elevation. This higher elevation results in lower
temperatures and greater precipitation in the central region, thereby reducing the irrigation
demand. Consequently, the BET in the central area (150-350 mm/yr) is significantly lower
than the range of 450-750 mm/yr observed in the Shiyang and Heihe River basins.

Xinjiang is divided into two distinct regions by the Tianshan Mountains, with marked
climatic differences between the two regions. The northern region is distinguished by
cooler temperatures and higher precipitation, while the southern region is characterized
by warmer temperatures and drier conditions. This climatic divide results in significant
variations in the BET in the region. As illustrated, the Manas-Hutubi River Basin in the
north is among the regions with the lowest BET in the irrigated lands of NW China, with
a spatial average of 255.9 £ 177.5 mm/yr (Figure 11b). In contrast, the Kashgar-Yarkand
River Basin in the south shows the highest BET in the region, with a spatial average of
437.5 £ 247.1 mm/yr (Figure 11d).
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Figure 11. Average BET from 2001 to 2021 (a) in the irrigated lands of NW China; (b) Manas-Hutubi
River Basins in northern Xinjiang; (c) irrigated lands in Shiyanghe and Heihe River Basins in Hexi
Corridor; (d) Kashgar-Yarkand River Basins in southern Xinjiang; (e) Hetao irrigation scheme and
Ningxia in the Yellow River Basin. Subplots show the frequency distribution of the BET (x-axis: BET;

y-axis: frequency percentage).

5. Discussion

5.1. Indicators of Irrigation Water Use

A key aspect of efficient irrigation management is the timely availability of accurate
information about crop water demand. As indicated in Section 4.1, using only the difference
between ET and ET, to evaluate water stress can lead to an overestimation of severity and
fails to precisely determine whether crops are actually under water stress (Figure 2). The
reason for this inconsistency is the essential difference in the vegetation cover (FVC) that is
applied when calculating ETy and when estimating ET,. ETj represents the theoretical ET
of a hypothetical reference crop, fully watered and covering the soil [33]. As a fundamental
indicator in agricultural hydrology, ETj serves as a baseline for estimating crop water
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demands. However, the idealized assumptions underlying ETj calculations—including
optimal growth conditions and unlimited water availability—may lead to overestimation
of the water requirements in the assessment of irrigation water deficits.

To address this limitation, the single crop coefficient (k.) was introduced to adjust ET
according to specific crop characteristics and growth stages. The single crop coefficient
(kc) integrates differences in the soil evaporation and crop transpiration rate between
the crop and the grass reference surface [33]. The approach is used to compute crop
water requirements for weekly or longer time periods. When values for k. are needed for
specific applications, e.g., drip irrigation, a separate transpiration and evaporation dual
crop coefficient (kg + ke) can be applied [33]. The dual coefficient approach requires more
numerical calculations than the procedure using the single time-averaged k. coefficient.
The crop water demands are estimated as ET. = k. x ETj or (kg4 + k.) X ETj to improve
the estimation of water demand by accounting for soil evaporation and crop transpiration
rate, i.e., a way applicable to partial vegetation cover. Nevertheless, significant spatial and
temporal variations in the single or dual crop coefficient emerge due to regional differences
in crop type, crop growth stages, and climate and soil properties.

Recent advances in remote sensing have enabled temporally and spatially continuous
monitoring of crop biophysical parameters, including fractional vegetation cover, normal-
ized difference vegetation index, and leaf area index [43—46]. The temporal patterns of these
parameters exhibit strong correlations with crop coefficients. Satellite-derived vegetation
indices (VI) have thus been applied to estimate k; and k;, with subsequent improvements
in ET. assessment [47-51]. These VI-based approaches enhance spatial representativeness
by integrating real-time crop growth conditions from open-access satellite data, enabling
multi-scale crop water demand monitoring from field to continental levels while reducing
reliance on ground measurements. On the other hand, this study was constrained by the
data on irrigation water, i.e., GIW and NIW, which were available as annual totals only. This
made it difficult to reconcile our analysis with a detailed characterization of the evolution
of crop water requirements during the growing season. The use of FVC-corrected ETy,
although a very rough proxy of the crop coefficients, did show that the difference between
ETy and ETa during the vegetative growth stage can be explained by foliage development.

The BET metric developed in this study establishes an analytical framework to estimate
actual consumptive use of irrigation water and to track managed water flows. The approach
overcomes the inherent limitations of the Budyko hypothesis, which neglects differences in
vegetation type and soil conditions, by using the ET, retrievals from the ETMonitor system,
which fully accounts for local vegetation and soil properties. The Budyko hypothesis is only
applied to partition ET, into GET and BET, accounting for the dependence on vegetation
type through the optimized parameter w,. Building upon the green-blue water conceptual
framework, the BET innovatively isolates precipitation-derived green water and irrigation-
sourced blue water—a critical advancement beyond conventional ET, estimates that merge
these distinct hydrological components. By partitioning ET, into the GET and BET, the
latter quantifies the actual appropriation of managed water resources, while eliminating
systemic biases in traditional water assessments caused by undifferentiated treatment of
natural and human-induced water flows. The evaluation of the BET in the irrigated lands
of NW China provided multiple insights on NIW deficits and helped to quantify water
use efficiency. Regional BET patterns reveal water use hotspots at risk where the BET
exceeds locally available blue water. This metric advances sustainable water management
by decoupling natural and anthropogenic water flows and quantifying water use efficiency.
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5.2. Availability of Irrigation Water in the Hexi Corridor

The BET demonstrates superior performance in identifying NIW deficits and quanti-
fying agricultural water use efficiency. The BET analysis (Figure 8b) revealed a persistent
and widening disparity between NIW supply and crop water use in the Hexi Corridor
region, with the NIW consistently falling below the BET in multiple years. The increase in
consumptive water use is consistent with the sustained expansion of the cultivated area,
which, in the case of the Heihe River Basin, has undergone a significant transformation.
From 2001 to 2021, the fractional abundance of bare soil in the middle reach decreased
from 78.52% to 72.50% at an annual rate of 0.30% (R2? = 0.87), while the cultivated land in-
creased from 17.50% to 21.61%, representing a net increase of 23.49% over the two decades.
This escalating gap indicates systemic inadequacies in surface water allocation to meet
crop water demands and suggests the need for additional water resources, specifically
groundwater. The utilization of groundwater may serve as a solution to this issue. As
highlighted by Li et al. (2018) [52], groundwater withdrawals in the Heihe River Basin
increased approximately 36% from 2001 to 2012. To compensate for the increase in water
demand, many illegal wells were drilled, and the pumping of groundwater increased
sharply, approaching 0.6 x 10° m? in 2010. This pumping lowered the groundwater table
in most regions in the midstream area, particularly in areas where groundwater was the
dominant source of water for irrigation.

The BET provides critical insights for water governance reform. Since 2015, the GIW
has been very close to the BET, which is a clear sign of insufficient irrigation (Figure 6b).
The BET also reveals NIW deficits (Figure 8b). That is to say, the NIW is insufficient to meet
the BET, which most likely reveals the illegal exploitation of groundwater. It underscores
the necessity for comprehensive water management strategies that integrate economic,
hydrological, and policy dimensions to address the NIW deficit and ensure sustainable
agricultural production. This includes the adoption of more efficient irrigation technologies
and the implementation of water-saving practices. By integrating these measures, regions
like the Hexi Corridor can enhance their water use efficiency and mitigate the impacts of
water deficit on agricultural productivity.

6. Conclusions

Building on the green-blue water concept, ET was partitioned into the GET and BET
using remote sensing data and the Budyko hypothesis. A novel BET metric was developed
and applied to irrigated lands in NW China to evaluate irrigation performance from 2001
to 2021. The main conclusions are as follows:

1. In Ningxia, the total available water resources (precipitation + GIW) were sufficient
to meet irrigation demand. Conversely, the Hexi Corridor faced increasing risks of
unsustainable water use. The Hetao irrigation scheme shifted from a fragile supply—
demand balance to a situation where water demand far exceeded availability. In
Xinjiang, the balance between water supply and demand was tight, with irrigation
water demand and supply in balance most years;

2. The scheme irrigation efficiency, defined as the ratio of the BET to the GIW, was
determined to be 0.54. Additionally, the water use efficiency, estimated as the ratio of
the BET to the NIW, showed improvements in Ningxia, the Hetao irrigation scheme,
and Xinjiang over the last 10 years. However, the Hexi Corridor continued to face
severe NIW deficits.

The development of the BET metric represents a critical advancement beyond conven-
tional approaches that merge distinct hydrological components. By innovatively separating
consumptive use of precipitation (green water) and irrigation (blue water), the BET provides
an accurate and easier-to-understand assessment of water use efficiency. This study high-
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lights the potential of the BET metric to enhance the evaluation of irrigation performance
and support sustainable water management practices in water-scarce regions.
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