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Abstract: Environmental flows play a vital role in ecosystem and water resource management. The
regulation and management of environmental flows can improve the function and stability of river
and lake ecosystems. However, current methods for assessing environmental flows mainly emphasize
water management, and there is no complete set of regulations or early warning systems, especially
in arid and semiarid basins. In this study, we proposed a method for environmental flows regulation
and early warning with remote sensing and land cover data and carried out a case study in the
Yongding River Basin, which is a basin typical of arid and semiarid areas. The results show that
from 2001 to 2014 the mean precipitation was 17.90 × 109 m3, and the mean water consumption was
19.42 × 109 m3, indicating that the basin water budget was clearly unbalanced and that there was an
overall deficiency. Notably, from 2005 to 2014 and in 2014, the available consumable water was less
than the water consumption required for human activities, which both showed a trend of further
reduction; therefore, long-term and annual early warnings should have been issued. The methods
applied in this study and the study outcomes could help in the development of comprehensive
management and ecological restoration plans, further improving the ecological environments of
river basins.

Keywords: environmental flows; remote sensing; land cover; early warning; Yongding River Basin

1. Introduction

Water is a basic requirement for the sustainable economic and social development of
inhabitants of basins and is fundamental for maintaining optimal ecological environments
and allowing ecosystems to thrive [1–3]. Rivers play a pivotal role in natural ecosystems
and are essential for supporting ecological functions. Basins are catchment areas for
rivers and lakes and other water systems. They are the basic spatial unit considered in
water resource and environment planning and management [4]. Environmental flows
play a critical role in ecosystem restoration and water resource management [5–7]. River
ecosystems are affected by changes in environmental flows. Effective management of
environmental flow resources is the key to optimizing environmental functions [4,8].

As global climate change and the effects of human activities intensify, effective man-
agement of environmental flows as the basin scale seems to be a common problem. There
are few natural basins, and the physical process and mechanisms by which the water cycle
is transformed have also undergone tremendous changes [9,10]. The Beijing-Tianjin-Hebei
region is a crucial economic zone in China, and the Yongding (YD) River Basin is an im-
portant water conservation area and ecological barrier in this region. However, due to the
effects of climate change and human activities, there are serious ecological problems in the
YD River Basin, such as water resource overexploitation, water pollution and unbalanced
water supply, which have led to severe ecological function degradation [11,12].
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Existing water resource evaluation methods rely heavily on field-based observations,
focusing on surface and underground streamflow, which accounts for approximately
20–30% of precipitation (60% in humid areas) [13–15]. However, little attention has been
given to evapotranspiration (ET) and water consumption in basins, which account for
70–80% of precipitation, causing previous studies to underestimate the water cycle el-
ements; therefore, comprehensive and accurate water resource information cannot be
determined, the urgent need to fully grasp the overall state of water resource development
and utilization cannot be fulfilled, and the scientific management and control of water
resources cannot be strengthened. With the application and maturity of remote sensing
technology, the accuracy of quantitative inversion models for precipitation and ET has
improved, and breakthroughs have been made in the application of remote sensing to the
management of water resources. One of the crucial innovative results of previous studies
is the proposal of the concept of water consumption management [16].

Considering the entire water cycle in a basin, the consumption of water by ET plays
an essential part in hydrological processes. When ET exceeds the upper limit of water
resources in a basin, a series of problems such as shrinking rivers and lakes, overexploita-
tion of groundwater, and deterioration of the ecological environment, will arise Given
the increasingly scarce water resources, controlling and reducing river basin ET, setting
reasonable basin target ET levels [17,18], and carrying out ET management have become
important aspects of river basin water resource management [16,19,20]. ET is affected
by not only natural features such as climate, topography, and vegetation but also human
activities such as cropland reclamation and irrigation [21], which have both natural and ar-
tificial attributes. Depending on its cause, ET can be decomposed into ET driven by natural
causes and ET driven by human activity, where the former is the amount of precipitation
consumed by natural surface-level processes and the latter [16,22] is the additional water
consumed by human activities (ETh), such as farming, irrigation, and evaporation of water
from reservoirs [23,24]. Therefore, understanding the patterns of water consumption and
conducting water consumption analyses is the basis for the management of ET in entire
basins and can help promote the sustainable development of water resources.

Wu [16] proposed four steps for water resource management after summarizing water
consumption management practices in the Haihe River Basin: analysis of water consump-
tion balance at the basin scale, calculation of target water consumption (ET) based on
sustainable goals, distribution of ET among various water users and evaluation of water-
saving potential and water-saving effect. Agriculture, as a major consumer of water, is
the most concerning factor when addressing the problem of water shortages. Grafton [25]
discussed the problem associated with high irrigation efficiency rarely reducing water
consumption in a description of the paradox of irrigation efficiency. Bob [26] and Breb-
bia [27] emphasized the need to comprehensively carry out water resource management
and highlight its rationality and sustainability. Sun [28] and Poff [29,30] proposed new
frameworks and methods with which to assess environmental flows to promote water
resource management. As an important strategic resource, the sustainable use of water
resources must be ensured, and water resource management systems must be improved.

As early as the 1970s, Germany proposed the initial concept of early warning. The
concept of regional early warning systems for ecological environments was proposed by
Fu [31]. Water consumption and water demand are essential to environmental flows, and
this field of study is maturing, due to the development of a wealth of relevant methods
and algorithms [32–37]. However, the combination of water consumption analysis and
environmental flow warning in a given basin has rarely been studied directly. We address
this gap by analyzing water supply and consumption and monitoring available consumable
water (ACW) in a basin.

Previous research on environmental flows has been largely based on water consump-
tion methods or models [38–40]. The major objective of this study is to propose a method
to analyze the water consumption in a complete environmental flow system, including
the water supply and use, through the water balance relationship in the basin to obtain
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the actual water consumption, to analyze the ACW, and to provide long-term and annual
early warning of environmental flow issues based on the difference between the ACW
and ETh. This study should make an important contribution to the field of the super-
vision, management, scheduling, and organization of environmental flows to improve
ecological environments.

2. Data and Study Area
2.1. Study Area

The YD River Basin is located in the northwestern Haihe River Basin, stretching
from 39◦ to 42◦ N and 112◦ to 118◦ E, and covers an area of approximately 47,000 km2

(Figure 1). The YD River Basin originates from the southern edge of the Inner Mongolia
Plateau and the northern Shanxi Plateau. To the east of the YD River Basin is Chaobai,
a northern canal system, and the Yellow River Basin is to the west; the Daqing River
system is located to the south, and an inland river is to the north [41,42]. This basin has
a temperate continental monsoon climate, with large seasonal differences and various
climatic changes, and is located in a transition zone between semi-humid and semiarid
climates. The precipitation in the basin follows an obvious regional pattern, and large
regional differences in precipitation are apparent.

1 
 

 

Figure 1. (a) Locations and altitudes of the YD River Basin, meteorological stations and rivers; (b) ET distribution map; (c)
rainfall distribution map; (d) land cover map of the YD River Basin.

The YD River Basin includes large tributaries of the Sanggan River and Yanghe River
and involves sub-basins, including the region upstream of the Cetian Reservoir of the
YD River (UCTRYDR) and the region encompassing the area from the Cetian Reservoir
of the YD River to Sanjiadian (CTRYDRSD). The water use by the upstream agricultural
production is extensive, and the planting structure is unsustainable. Agricultural water
consumption accounts for 66% of the total water consumption (TWC) [11]. The downstream
plain river channel became completely dry after 1996; the riverbed in some sections was
sanded, the groundwater level dropped, and the ground subsided. Our study is mainly
based on the analysis of the UCTRYDR and CTRYDRSD.
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2.2. Data

The main data used in this study include remote sensing and site precipitation datasets,
remote sensing-based ET data, land cover data and annual streamflow datasets.

2.2.1. Precipitation Data

The precipitation datasets for the YD River basin for the period from 2001 to 2018 and
were obtained by combining data from the Tropical Rainfall Measuring Mission (TRMM)
and ground-based rainfall stations. TRMM annual precipitation data were synthesized
from TRMM 3B43 monthly precipitation data with a spatial resolution of 0.25◦ [43,44].
The remote sensing-based precipitation estimation product can approximately reflect
the spatial distribution of precipitation intensity, but its spatial resolution is relatively
coarse, and the associated estimations have a certain error. Hence, the advantages of a
highly accurate remote sensing-based precipitation estimation product and ground-based
data can be integrated using spatial fusion to obtain estimation results with relatively high
accuracy [45]. To further improve the accuracy of the annual precipitation estimation, in this
study, geographical differential analysis was used to obtain the final annual precipitation
dataset and the bilinear spatial interpolation method was used to resample the final dataset
at a 1 km spatial resolution.

2.2.2. Remote Sensing Based Evapotranspiration Data

The ETWatch system was used to estimate ET data with a 1 km spatial resolution from
2001 to 2018 [16,46]. ETWatch is an ET monitoring system based on the surface energy
balance and Penman-Monteith equation; the system is composed of data acquisition, data
preprocessing, ET monitoring, ET application and data management modules [16,46].
ETWatch uses remote sensing-based monitoring, reanalysis, and site-measured data as
inputs, and calculates ET based on the energy balance residual method [46]. Jia [47] and
Wu [48] carried out a large number of verifications of this approach at different spatial
scales. The annual deviations at the basin scale, field scale, and sub-basin scale were less
than 1.8%, 3.0–9.0% and 3.8%, respectively.

2.2.3. Land Cover and Land Use Data

The land cover and land use products for 2000, 2005, 2010, and 2015 were from China
Land Cover datasets (30 m spatial resolution). To be consistent with the resolution of
the precipitation and ET data, the majority sampling method was adopted to resample
the land cover and land use products to a 1 km spatial resolution. Previously, Landsat
TM/ETM data and Chinese HJ-1 satellite data were used to map land cover, with the
acquired images classified into forestlands, grasslands, croplands, wetlands, built-up
lands and other lands [49]. The overall accuracy of the first-class China Land Cover data
exceeded 94% [50], and the overall accuracy of the second-class data exceeded 86% [51].
The relative accuracy of ChinaCover data is high; therefore, it can be used to estimate water
consumption in different land cover types [25].

2.2.4. Other Data

Hydrological data and streamflow data for the sub-basins in the YD River Basin for
2001 to 2018 were obtained from the Haihe River Water Conservancy Commission (HWCC,
http://hwcc.gov.cn, accessed on 30 June 2020).

3. Methods

Combining all the data mentioned in Section 2, we used ET to conduct a water resource
management and water consumption analysis based on the principle of hydrological water
balance. The starting point is based on the whole water cycle, and the management object
is the total water vapor flux. This principle is based on the relationship between the supply
and consumption of water resources in the basin. We used the ET-based balance equation
to analyze the water consumption of the basin, obtain the human water consumption,

http://hwcc.gov.cn
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and obtain the natural water consumption (NWC) based on total ET monitoring and land
cover. Then, the ACW for human activities was obtained through the direct relationship
between the total precipitation of the basin, the NWC and the uncontrollable runoff. Finally,
environmental flow early warning research was carried out by comparing and calculating
the water consumption and ACW for human activities. The structure of this method is
shown in Figure 2 below.
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3.1. ETWatch

ETWatch (ETWatch.cn) [52] is an ET monitoring system based on the surface energy
balance and Penman-Monteith equation; this system is composed of data acquisition,
data preprocessing, ET monitoring, ET application and data management modules [46].
ETWatch uses remote sensing-based monitoring, reanalysis, and site-measured data as
inputs, and calculates ET based on the energy balance residual method, which includes
net radiation, soil heat flux, aerodynamic roughness, atmospheric boundary layer height,
water pressure difference, sensible heat flux, surface impedance, bare soil, water surface,
ice and snow ET, and ET fusion modules and is highly robust [48].

3.2. Water Consumption Analysis

The traditional water balance analysis methods consider the inflow and outflow of
water in a given area, as well as the changes in water storage. Wu [16] proposed a basin-
level water balance analysis method based on water consumption. The results of this
analysis can be used to determine whether water consumption in a basin or sub-basin is
sustainable, or whether water consumption must be reduced to restore balance.

Water balance can be estimated for a whole basin or a certain area. The ET-based
water balance analysis equation is as follows [53]:

P − ET − O + I = ∆gw + ∆s (1)

where P is the precipitation; ET is the total water consumed (water consumed by evap-
oration and transpiration); I is the regional surface water inflow; O is the surface water
outflow (I and O may include interbasin transfer); ∆gw is the change in groundwater and
soil water storage during a certain period; ∆s is the change in surface water storage. When
groundwater is not over-drafted, ∆gw is zero. Because soil water storage is generally
assumed to not change over an annual cycle, any change in regional water storage is
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considered to be mainly the result of a change in groundwater storage. Precipitation data
(P) can be measured at observation stations or using remote sensing, while inflow and
outflow data are measured at major control points and river sections.

For a closed basin, the water balance equation is as follows:

P + I = R + ET + ∆W (2)

where I is expressed as the inflow of water into the basin, including the inflow of surface
water and groundwater and the amount of water transferred across basins, and R represents
the amount of water flowing out of the basin. The balance of water resources in a river
basin is required to keep the water balance of a river basin equal within a certain period of
time. If the sustainable use of water resources is to ensure sustainable economic and social
development, the sum of the ET and outbound water in a basin must be equal to the sum
of the precipitation and inbound water in the basin.

The most direct application of basin water balance analysis is to calculate the area/basin
storage [53]. Generally, soil storage remains unchanged with an annual cycle, and the
regional storage variable ∆W is equivalent to the groundwater storage variable. Therefore,
this method can determine whether there is overexploitation of groundwater in an area,
enabling the management of groundwater overexploitation. Precipitation and streamflow
data can be obtained from observation station data, and the key to determining the water
consumption balance is the calculation of the total regional water consumption.

According to the difference in energy created by the process of water converting from
a liquid to a gas, the TWC can be expressed as the sum of three terms, as follows:

ETh = ETsol + Qm + Qb (3)

where ETsol is regional ET, which is the evaporation caused by solar energy and can be
estimated by remote sensing. This variable includes not only the ET process occurring
on the ground in the natural state, e.g., evaporation from croplands, forests, water sur-
faces, and bare ground but also, a series of evaporation events during and after human
disturbances related to production (industry and agriculture) and domestic water use.
Water consumption is also caused by the consumption of mineral energy and biological
energy in a basin. The evaporation of water caused by the burning of oil and coal is the
water consumption caused by mineral energy use, and this type of water consumption
is considered mineral energy water consumption (Qm). The energy source for human or
animal perspiration is the biological energy stored in the body. Water consumption due to
the loss of biological energy is called bioenergy water consumption (Qb).

3.3. Environmental Flows Early Warning
3.3.1. Natural Evapotranspiration

Natural ET (ETn) is uncontrollable ET caused by natural characteristics such as cli-
mate, soil, and terrain [54]. This method of combining complete ET monitoring and land
cover data relies on remote sensing-based ET data and ChinaCover data. Through the
classification of the first class of ChinaCover data, the NWC within the basin was calculated
as follows:

ETn = ETfor + ETgra + ETwet + ETfal + ETurb + ETbar (4)

where ETn represents the total NWC of the basin; ETfor is the NWC from natural forests;
ETgra is the NWC of natural grasslands; ETwet is the NWC of natural wetlands and surface
water; ETfal is the NWC from croplands, assuming no crops for a whole year; ETurb is the
NWC from urban environments, including precipitation evaporation from impervious
surfaces and the loss of precipitation to artificial features; and ETbar is the NWC of bare
lands, such as bare rock, bare soil, desert, and ice [55].
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3.3.2. Available Consumable Water for Human Activities

According to its definition, the water consumption in a basin includes the ACW for
human activities, ETn and outflow; hence, the equation for ACW is as follows:

ACW = P − ETn − Q (5)

where P is precipitation in the basin and ETn is the water consumed purely by the natural
ecosystem, assuming no intervention by human activities (see Section 3.3.1). Q is the
uncontrollable outflow and represents the water resources that cannot be used under
the current conditions of water conservancy projects, such as, uninterrupted floods and
outflows not available due to their geographic location [22]. For a closed basin, Q = 0; for
sub-basin, Q is the actual outflow.

The outflow of the control section includes uncontrollable outflow and ecological flow,
as follows:

Q = Qf + Qe (6)

where Qf is the uncontrollable outflow and Qe is the ecological flow, that is, except for
excessive floods, the discharge outflow determined according to design.

3.3.3. Environmental Flows Early Warning Method

The TWC of a basin can be divided into ETn and ETh, and the equation for TWC is as
follows:

TWC = ETn + ETh (7)

where ET is the total ET; ETn is the natural ET (see Section 3.3.1); and ETh is the increased
water consumption in the basin due to human activities, indicating the actual human water
consumption [20,56–60]. ETh is divided into [53]: (i) water consumption due to irrigation
and solar radiation in croplands and green space in urban areas, (ii) water consumption
due to the burning of fossil fuels during industrial production, and (iii) water consumption
due to the maintenance of human and animal physiological functions, such as perspiration.

Based on the analysis of the water balance in basins, an early warning method for
environmental flow issues was constructed. When the upstream water consumption related
to human activities (ETh) is greater than the ACW, the environmental flows will be in a state
of insufficiency, and the percentage of excess can be interpreted to determine to different
warning levels. The warning levels are calculated as follows:{

ETh ≥ ACW, annual and long − term warning
ETh < ACW, no warning

(8)

Early warnings include long-term warnings and annual warnings; the former uses
averaged data from several years for analysis, and the latter uses data from a certain year
for analysis. When the actual water consumption is close to the target water consumption or
there is a trend indicating further reduction, an early warning should be issued immediately,
and the reasons for the warning can be further analyzed.

4. Results
4.1. Water Consumption Balance in the Yongding River Basin

The YD River Basin covers an area of 4.7 × 104 km2, with a remaining water volume
of 2.3 × 109 m3. Although the water resources are in a state of surplus, groundwater
is seriously overexploited, so we focused on infrastructure construction. To reduce the
extraction of groundwater, surface water should be used for irrigation. Comprehensive
agricultural water-saving measures are continuously being developed to gradually restore
the water level. To understand the changes in the annual water consumption trend, ensure
a long-term dynamic balance, reduce groundwater overexploitation, and sustainably use
water resources, analysis of the annual water consumption balance should be carried out.
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Based on the analysis of remote sensing-based data and statistical precipitation and
streamflow data, using the methods described above (see Section 3.2), the water consump-
tion balance of the YD River Basin from 2001 to 2014 is shown in Table 1. The results show
that the mean precipitation was 17.90 × 109 m3 and that the mean water consumption
was 19.42 × 109 m3, indicating that the basin water budget was greatly unbalanced and
that the basin was water deficient. The mean storage volume (∆W) was −1.84 × 109 m3.
The groundwater supply in the YD River Basin from 2001 to 2014 was 1.29 × 109 m3. The
results of the water resource evaluation for the Haihe River Basin indicate that the shallow
groundwater in this area was exploited at a rate of 1.37 × 109 m3. From the perspective of
the overall water consumption balance, the overexploitation of the water resources was
not serious. However, due to the imbalance caused by mining and water utilization, there
are serious problems associated with the overexploitation of water resources in cities and
the surrounding areas. The groundwater level of the basin continuously lowered, and the
rate of decline increased over time. The development and utilization of water resources in
the river basin has been unsustainable.

Table 1. Water consumption balance in the YD River Basin from 2001 to 2014 (109 m3).

Year P Inflow

Actual Water Consumption

Outflow ∆WRemote Sensing-Based ET ETi ETl Total
ETn EThf ETres

2001 15.12 0.00 15.53 2.96 0.18 0.39 0.21 19.27 0.00 −4.15
2002 16.61 0.00 13.15 2.65 0.22 0.40 0.20 16.62 0.36 −0.37
2003 20.33 0.00 19.45 4.61 0.28 0.39 0.20 24.93 0.36 −4.96
2004 19.93 0.00 15.04 2.84 0.24 0.38 0.20 18.70 0.36 0.87
2005 16.34 0.00 13.32 2.07 0.22 0.41 0.22 16.24 0.36 −0.26
2006 15.38 0.00 14.85 2.54 0.24 0.42 0.21 18.26 0.36 −3.24
2007 17.66 0.00 15.71 2.93 0.26 0.40 0.20 19.50 0.36 −2.20
2008 20.02 0.00 15.45 2.74 0.29 0.34 0.21 19.03 0.36 0.63
2009 14.24 0.00 15.10 3.10 0.28 0.32 0.22 19.02 0.36 −5.14
2010 20.63 0.00 16.44 2.37 0.25 0.37 0.23 19.66 0.36 0.61
2011 15.77 0.02 16.54 3.39 0.29 0.34 0.24 20.80 0.36 −5.37
2012 20.84 0.07 15.98 2.80 0.28 0.39 0.27 19.72 0.36 0.83
2013 20.90 0.04 18.24 2.86 0.30 0.37 0.28 22.05 0.36 −1.47
2014 16.88 0.07 14.97 2.22 0.28 0.34 0.28 18.09 0.36 −1.50
Avg. 17.90 0.01 15.70 2.86 0.26 0.37 0.23 19.42 0.33 −1.84

Note—P: precipitation; ETn: natural ET; EThf: ET from human activities in cropland; ETres: ET from residential
activities; ETi: ET from industrial water; ETl: ET from urban environments; ∆W: storage variable.

The interannual variation in basin storage fluctuated greatly from 2001 to 2014. Al-
though basin storage increased slightly in some years, it could not compensate for the
extremely significant water resource deficit in the basin during 2001–2002. The continuous
drought in 2006–2007 caused the storage in the basin area continuously decrease. Accord-
ing to the water consumption balance method, which mainly uses precipitation data, ET
data, domestic water consumption data estimated using population and industrial output
values, and flow data at the outlet of the river basin rather than groundwater observation
data, the annual mean storage volume decreased by 9.53 × 109 m3 from 2002 to 2008.

As shown in Table 1, the water consumption in the basin was dominated by solar
energy, accounting for 98.2%. Industrial, human and domestic factors accounted for a very
low proportion (1.8%) of the TWC. NWC and human activities accounted for 80.8% and
19.2% of the total water consumption, respectively, indicating that most of the precipitation
in the basin is consumed by natural systems such as forests, grasslands and wetlands.
Among human activities, croplands were the dominant driver of water consumption. The
mean cropland water consumption from 2001 to 2014 was 2.86 × 109 m3, accounting for
76.9%. There are two aspects of these results that need to be emphasized: on the one hand,
the water resources consumed by human activities accounted for only 20.8% of the total
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precipitation, most of which was consumed naturally; on the other hand, agricultural
water consumption accounted for as much as 83.3% of the total precipitation consumed by
human activities, which is far higher than commonly thought.

4.2. Environmental Flows Early Warning
4.2.1. Water Consumption Analysis in the Yongding River Basin

Cropland water consumption is controlled by natural and human activities, both of
which are important causes of water resource problems in the YD River Basin. Table 2
shows that the total cropland water consumption from 2001 to 2018 was 6.53 × 109 m3. The
NWC in croplands was 5.13 × 109 m3, and the water consumption associated with human
activities in croplands, that is, the difference between the total and the NWC of croplands,
was 1.41 × 109 m3. The new precipitation consumption associated with crop planting is
the difference between the total consumption and irrigation water consumption of the
crops. The results show that from 2001 to 2018, 78.4% of the cropland water consumption
in the YD River Basin was from natural activities, while 21.6% was from human activities.
NWC by crops is the main driver of increased water consumption, so human activities in
farmlands cannot be ignored.

Table 2. Agricultural water consumption in the YD River Basin from 2001 to 2018 (109 m3).

Year Total Cropland ET Natural Cropland ET Cropland Human
Activity ET

2001 6.43 4.79 1.64
2002 5.79 4.46 1.33
2003 8.11 4.94 3.17
2004 6.41 4.94 1.47
2005 5.53 4.72 0.81
2006 6.24 4.93 1.31
2007 6.62 4.97 1.65
2008 6.47 5.01 1.45
2009 6.60 4.67 1.93
2010 6.40 5.31 1.08
2011 7.02 4.99 2.03
2012 6.87 5.35 1.52
2013 6.86 5.24 1.62
2014 6.16 5.17 1.00
2015 6.48 5.68 0.81
2016 6.54 5.81 0.73
2017 6.68 5.92 0.76
2018 6.41 5.37 1.05

Average 6.53 5.13 1.41
percentage 100% 78.4% 21.6%

Tables 3 and 4 show that from 2001 to 2018, in the UCTRYDR and CTRYDRSD,
the mean precipitations were 7.23 × 109 m3 and 11.41 × 109 m3, and the NWCs were
5.17 × 109 m3 and 9.22 × 109 m3, accounting for 72.3% and 81.72% of the average an-
nual precipitation, respectively; these findings indicate that most of the precipitation
was eventually consumed by natural and artificial features. The uncontrollable outflows
were 0.15 × 109 m3 and 0.21 × 109 m3 in the UCTRYDR and CTRYDRSD, respectively.
The amounts of ACW for human activities were 2.06 × 109 m3 and 2.20 × 109 m3 in
the UCTRYDR and CTRYDRSD, accounting for 27.7% and 18.3% of the average annual
precipitation, respectively. However, the interannual variation was great; for example,
0.93 × 109 m3 and 0.36 × 109 m3 in 2001 and 2.83 × 109 m3 and 3.61 × 109 m3 in 2004 in
the UCTRYDR and CTRYDRSD, respectively.
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Table 3. Precipitation, natural ET, ACW, and outflow from the UCTRYDR from 2001 to 2018 (109 m3).

Year 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 Avg.

P 5.88 6.77 7.73 7.51 6.24 5.96 6.72 7.64 5.23 7.67 6.41 8.45 8.55 6.45 7.36 8.43 8.08 9.12 7.23

Natural
ET

ETfor 0.35 0.30 0.45 0.37 0.31 0.39 0.45 0.62 0.58 0.77 0.70 0.64 0.94 0.78 0.86 0.92 0.94 0.78 0.62
ETgra 2.04 1.92 2.68 1.80 1.50 1.81 2.13 1.63 1.60 1.78 1.77 1.63 2.26 1.88 2.10 2.21 2.26 1.86 1.94
ETwet 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.03 0.03 0.02 0.03 0.03 0.04 0.04 0.04 0.04 0.04 0.04 0.03
ETfal 2.33 2.07 2.22 2.24 2.04 2.23 2.28 2.36 2.12 2.51 2.40 2.53 2.68 2.18 2.41 2.50 2.57 2.29 2.33
ETurb 0.06 0.07 0.08 0.08 0.07 0.06 0.08 0.10 0.07 0.10 0.08 0.12 0.10 0.10 0.10 0.10 0.10 0.10 0.09
ETbar 0.15 0.17 0.22 0.18 0.14 0.18 0.19 0.18 0.19 0.17 0.20 0.20 0.15 0.14 0.14 0.15 0.15 0.14 0.17
Total 4.95 4.54 5.66 4.69 4.08 4.69 5.12 4.91 4.59 5.36 5.18 5.14 6.17 5.12 5.65 5.92 6.06 5.21 5.17

Total/P (%) 84.18 67.06 73.22 62.45 65.38 78.69 76.19 64.27 87.76 69.88 80.81 60.83 72.16 79.38 76.77 70.23 75.00 57.1 72.30
Outflow 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15

ACW 0.93 2.23 2.07 2.83 2.16 1.27 1.60 2.72 0.64 2.31 1.24 3.31 2.38 1.33 1.70 2.50 2.01 3.91 2.06
ACW/P (%) 15.86 32.87 26.75 37.66 34.67 21.38 23.78 35.66 12.20 30.12 19.31 39.14 27.84 20.59 23.11 29.71 24.86 42.8 27.68

Note—P: precipitation; ETfor: NWC by natural forests; ETgra: NWC by natural grasslands; ETwet: NWC by natural wetlands and surface
water; ETfal: NWC by croplands; ETurb: NWC by urban environments; ETbar: NWC by bare lands.

Table 4. Precipitation, natural ET, ACW, and outflow from the CTRYDRSD from 2001 to 2018 (109 m3).

Year 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 Avg.

P 9.24 9.84 12.60 12.42 10.09 9.42 10.94 12.38 9.01 12.96 9.36 12.39 12.35 10.43 12.71 14.85 12.82 11.6 11.41

Natural
ET

ETfor 3.01 2.12 3.51 2.92 2.66 2.85 2.85 3.05 2.74 3.58 3.13 3.12 3.53 3.06 3.23 3.45 3.58 3.12 3.08
ETgra 3.28 2.57 4.10 3.05 2.90 3.06 3.17 3.14 3.03 3.41 3.36 3.16 3.53 2.87 3.13 3.25 3.38 2.85 3.18
ETwet 0.06 0.05 0.07 0.05 0.04 0.05 0.05 0.05 0.04 0.04 0.05 0.05 0.08 0.07 0.07 0.07 0.08 0.07 0.06
ETfal 2.46 2.40 2.72 2.69 2.67 2.70 2.69 2.65 2.55 2.81 2.59 2.82 2.55 2.98 3.27 3.31 3.35 3.08 2.79
ETurb 0.06 0.07 0.09 0.09 0.08 0.07 0.08 0.11 0.08 0.12 0.09 0.11 0.12 0.11 0.11 0.11 0.11 0.11 0.09
ETbar 0.00 0.00 0.00 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Total 8.88 7.20 10.50 8.81 8.35 8.74 8.84 9.01 8.45 9.97 9.22 9.27 9.82 9.10 9.82 10.20 10.50 9.23 9.22

Total/P (%) 84.18 96.10 73.17 83.33 70.93 82.76 92.78 80.80 72.78 93.78 76.93 98.50 74.82 79.51 87.25 77.26 68.69 81.90 79.6
Outflow 0.15 0.21 0.21 0.21 0.21 0.21 0.21 0.21 0.21 0.21 0.21 0.21 0.21 0.21 0.21 0.21 0.21 0.21 0.21

ACW 0.93 0.36 2.64 2.10 3.61 1.74 0.68 2.10 3.37 0.56 2.99 0.14 3.12 2.53 1.34 2.89 4.65 2.32 2.39
ACW/P (%) 15.86 3.90 26.83 16.67 29.07 17.24 7.22 19.20 27.22 6.22 23.07 1.50 25.18 20.49 12.85 22.74 31.31 18.10 20.6

Note—The abbreviations are the same as those for Table 3.

Figure 3 shows that the precipitation and water consumption in the UCTRYDR and
CTRYDRSD fluctuated dynamically over the 2001–2018 period. The annual precipitation in
each sub-basin also showed obvious changes between wet and dry conditions. The mean
amounts of precipitation in the regions were 7.23 × 109 m3 and 11.41 × 109 m3, respectively.
For the UCTRYDR, the maximum precipitation was observed in 2018 (9.12 × 109 m3), and
the minimum precipitation was observed in 2009 (5.23 × 109 m3); for the CTRYDRSD, the
maximum precipitation was observed in 2016 (14.85 × 109 m3), and the minimum was
observed in 2009 (9.01 × 109 m3).

In this study, the study period was divided into three parts: 2001–2006, 2007–2012, and
2013–2018. In the UCTRYDR, the mean annual precipitation was 6.68 × 109 m3 from 2001 to
2006, 7.02 × 109 m3 from 2007 to 2012, and 8.00 × 109 m3 from 2013 to 2018, with increases
of 0.34 × 109 m3 and 0.98 × 109 m3 between the periods. There, ETh changed dynamically
with precipitation, and the ACW was 1.92 × 109 m3 (2001–2006), 1.97 × 109 m3 (2007–2012)
and 2.31 × 109 m3 (2013–2018), with increases of 0.05 × 109 m3 and 0.34 × 109 m3 between
the periods. Compared with the increases in precipitation, the increases in the ACW
between the periods were less than 0.29 × 109 m3 and 0.64 × 109 m3, indicating that the
ACW still followed an increasing trend.
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In the CTRYDRSD, the mean annual precipitation was 10.60 × 109 m3 for 2001–
2006, 11.17 × 109 m3 for 2007–2012 and 12.46 × 109 m3 for 2013–2018, with increases of
0.57 × 109 m3 and 1.29 × 109 m3 between the periods. There, ETh changed dynamically
with precipitation, and the ACW was 1.86 × 109 m3 for 2001–2006, 2.05 × 109 m3 for 2007–
2012, and 2.69 × 109 m3 for 2013–2018, with increases of 0.05 × 109 m3 and 0.34 × 109 m3

between the periods. Compared with the precipitation, the increases in the ACW were
less than 0.19 × 109 m3 between 2001–2006 and 2007–2012 and 0.64 × 109 m3 between
2007–2012 and 2013–2018, indicating that the observed amounts of ACW followed an
increasing trend.

4.2.2. Environmental Flows Warning in the Yongding River Basin

Table 5 shows the ETh and ACW results, as well as the average of and differences
between them, in the YD River Basin from 2005 to 2014. For the UCTRYDR, ETh was
1.39 × 109 m3, and the ACW was 1.89 × 109 m3 from 2005 to 2014. There, ETh exceeded the
ACW by 57.9% in 2009; during 2005–2007 and 2012–2014, the ETh was close to the target of
the ACW and showed a trend of further reduction, by 0.90 × 109 m3 and 0.74 × 109 m3,
respectively. In particular, the magnitude of reduction was fairly large during 2008–2009
and 2010–2011, at 2.21 × 109 m3 and 1.47 × 109 m3, respectively. Hence, the early warning
of environmental flow issues should have been carried out in the corresponding years.
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Table 5. ETh, and the ACW in the UCTRYDR and CTRYDRSD regions from 2005 to 2014 (109 m3).

Year
ETh ACW ACW-ETh

UCTRYDR CTRYDRSD UCTRYDR CTRYDRSD UCTRYDR CTRYDRSD

2005 1.13 1.79 2.16 1.74 1.03 −0.05
2006 1.32 2.09 1.27 0.68 −0.05 −1.41
2007 1.47 2.32 1.6 2.1 0.13 −0.22
2008 1.39 2.19 2.72 3.37 1.33 1.18
2009 1.52 2.4 0.64 0.56 −0.88 −1.84
2010 1.25 1.97 2.31 2.99 1.06 1.02
2011 1.65 2.61 1.24 0.14 −0.41 −2.47
2012 1.45 2.29 3.31 3.12 1.86 0.83
2013 1.48 2.33 2.38 2.53 0.9 0.2
2014 1.21 1.91 1.33 1.34 0.12 −0.57

Average 1.39 2.19 1.89 1.85 0.51 −0.33

For the CTRYDRSD, ETh was 2.19 × 109 m3, and the ACW was 1.85 × 109 m3 from
2005 to 2014. There, ETh exceeded the ACW in 2005, 2006, 2007, 2009, 2011 and 2014
(especially in 2009 and 2011); in these years, the amounts of ACW were 0.05 × 109 m3,
0.14 × 109 m3, 0.22 × 109 m3, 1.84 × 109 m3, 2.47 × 109 m3 and 1.57 × 109 m3, respectively.
During 2005–2006 and 2012–2014, ETh was close to the target of the ACW and showed a
trend of further reduction, by 1.58 × 109 m3 and 1.74 × 109 m3, respectively. Considering
the 10-year average, ETh exceeded the amount of ACW, which was 0.33 × 109 m3. In this
case, a long-term warning should have been issued. Notably, all the land cover types except
grasslands (i.e., forest, wetland, cropland and urban areas) experienced an increasing trend
[Wu]. Therefore, long-term warnings should focus on the impact of ecological restoration,
green infrastructure construction and agricultural development on environmental flows.

Table 6 shows that in 2014, the precipitation in both the UCTRYDR and CTRYDRSD
regions decreased compared with that in the previous year, with reductions of 2.1 × 109 m3

and 1.92 × 109 m3, respectively. Forests and grasslands experienced decreases in precipita-
tion, accounting for 6.72% and 14.18%, respectively, of the total precipitation. The decreases
in the croplands and urban areas accounted for 40.98% and 1.67%, respectively, of the total
precipitation. For UCTRYDR, ETh was 1.21 × 109 m3, and the ACW was 1.33 × 109 m3.
Although ETh < ACW, this difference decreased compared with the values for the previous
year. For the CTRYDRSD, ETh was 1.91 × 109 m3, which exceeded the ACW (1.34 × 109 m3)
by 0.57 × 109 m3 and also showed a decreasing trend from the previous years; hence, an
annual warning should have been issued for water consumption in 2014.

Table 6. ETh and ACW for the UCTRYDR and CTRYDRSD regions in 2014 (109 m3).

Sub-Basin UCTRYDR CTRYDRSD

ETh 1.21 1.91
ACW 1.33 1.34

ACW–ETh 0.12 −0.57

5. Discussion
5.1. Water Supply and Water Consumption Analysis

The use of ET as a metric for water resource management is based on the principles
of hydrology and water balance. The whole water cycle is used as the basis for analysis.
The target of management is total water vapor flux, which is based on the relationship
between the supply and consumption of water resources in a river basin. Limited water
consumption is used as the upper limit of resource management, and ET is reduced
through measures from perspectives such as engineering, agronomy, management, policy,
and biology to save resources, change the current state of groundwater overexploitation
in the basin, and gradually realize goals such as the replenishment of groundwater, the
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maintenance of a specific and appropriate ecological base flow, and the fulfillment of
requirements of macro and microlevel quota management. An essential part of using ET
for water resource management is to implement broader regulations and management of
resources than required by traditional water management approaches; ET-based water
resource management is also the management of water consumption in the water cycle.

Water consumption management is a complement to, and further development of,
water supply management and water demand management [61]. It is a product of tech-
nological advancements and a conceptual leap from water resource management. Water
consumption management focuses on controlling the consumption of water resources
(mainly ET), emphasizing the total control of the target ET, the reduction in water con-
sumption and the increase in water productivity to achieve a sustainable and efficient use
of water resources.

Table 7 and Figure 4 show that from 2001 to 2014 in the YD River Basin, the water
supply was maintained at approximately 2.0 × 109 m3. The minimum and maximum water
supplies were observed in 2009 (18.05 × 109 m3) and 2003 (21.62 × 109 m3), respectively.
The local surface water supply was related to precipitation and streamflow and was
between 5.63 × 109 m3 and 8.19 × 109 m3. After the inclusion of the Yellow River water
supply from 2011 to 2014, the local surface water supply was maintained at an average of
approximately 6.55 × 109 m3. The groundwater supply was between 12.00 × 109 m3 and
13.00 × 109 m3, reaching the highest level in 2010 (13.84 × 109 m3) and then experiencing
a decreasing trend. With the improvement in the urban wastewater recycling level and
the increase in the amount of recycled water used, a decrease in unconventional water use
occurred, from 0.06 × 109 m3 in 2001 to 0.75 × 109 m3 in 2014.

Table 7. Water supply and water consumption in the YD River Basin from 2001 to 2014 (109 m3).

Year

Water Supply Water Consumption

Surface
Water GW UW Tot.

Domestic
IND

Agriculture Ecosystem
Tot.

Tot. YW Tot. UB Tot. Irr Tot. UC

2001 8.19 0.00 12.15 0.06 20.40 2.10 1.26 3.90 14.38 13.23 0.02 0.00 20.40
2002 7.71 0.00 12.63 0.06 20.40 1.96 1.26 3.99 14.43 13.19 0.02 0.00 20.40
2003 7.90 0.00 13.61 0.11 21.62 1.99 1.34 3.86 15.72 14.43 0.05 0.02 21.62
2004 7.34 0.00 13.37 0.09 20.79 2.04 1.35 3.79 14.89 13.72 0.07 0.04 20.79
2005 7.93 0.00 11.76 0.24 19.92 2.17 1.54 4.12 13.54 12.58 0.10 0.07 19.92
2006 6.95 0.00 12.62 0.19 19.76 2.10 1.46 4.22 13.34 12.32 0.09 0.05 19.76
2007 6.68 0.00 13.03 0.22 19.93 2.01 1.39 4.02 13.80 12.82 0.10 0.06 19.93
2008 6.34 0.00 12.90 0.25 19.49 2.12 1.41 3.37 13.84 12.91 0.16 0.11 19.49
2009 5.63 0.00 12.15 0.27 18.05 2.21 1.46 3.18 12.55 11.69 0.12 0.07 18.05
2010 5.87 0.00 13.84 0.40 20.10 2.25 1.46 3.71 13.77 12.93 0.37 0.33 20.10
2011 6.71 0.24 13.46 0.58 20.76 2.41 1.62 3.41 14.58 13.59 0.35 0.23 20.76
2012 6.33 0.65 13.49 0.84 20.66 2.66 1.81 3.85 13.69 12.83 0.46 0.34 20.66
2013 6.45 0.41 12.42 1.39 20.25 2.79 1.91 3.66 13.21 12.41 0.59 0.39 20.25
2014 6.71 0.70 12.41 0.75 19.87 2.77 1.93 3.36 13.07 12.24 0.67 0.45 19.87
Avg 6.91 0.14 12.85 0.39 20.14 2.25 1.51 3.75 13.92 12.92 0.23 0.15 20.14

Note—YW: inclusion of the Yellow River; GW: groundwater; UW: unconventional water, such as rainwater and
recycled water; UB: urban areas; IND: industry; Irr: cropland irrigation; UC: urban ecology.
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Figure 4 shows the water consumption in the YD River Basin from 2001 to 2014.
There was an upward trend in water consumption in domestic areas and ecosystems
and a decrease in water consumption in industrial and agricultural areas. The TWC was
maintained at approximately 20.00 × 109 m3. Agricultural water consumption decreased
by 1.31 × 109 m3. With the increase in water conservation and the adjustment of industrial
structures, industrial water consumption decreased by 0.54 × 109 m3. Regarding domestic
water use, water consumption in urban areas increased by 0.67 × 109 m3, while that in
rural areas was maintained from 0.6 × 109 m3 to 0.89 × 109 m3. With the increase in
recycled water supplied to urban rivers and lakes, the water consumption in ecological
environments increased annually, from 0.02 × 109 m3 to 0.67 × 109 m3.

Given the importance of the water consumption balance, water resource management
approaches should be considered. Based on our study, we present three findings. First, it is
necessary to continuously analyze the water consumption balance, reasonably control the
water consumption in dry years, and strictly control the water consumption in wet years to
ensure that surplus water is recharged to groundwater. In addition, agricultural fallow is
beneficial to water shortages at the basin scale, but it was not possible to assess its impact
on social security. Improving water productivity will greatly help to achieve efficient
water consumption in agriculture. However, the standard for developing water-saving
agriculture is not to increase irrigation areas but to reduce agricultural ET and alleviate
the downward trend of the groundwater level. Finally, for a long time, water resource
management experts have attached great importance to industrial water and domestic
water but have ignored the measurement of water consumption.
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5.2. Available Consumable Water and Early Warning

An early warning system for environmental flow issues is further developed through
the analysis of the water consumption balance. In the water consumption analysis, a
method for determining the total amount of water resources in the basin is provided from
the perspective of water consumption management and control. The ACW is the upper
limit of human water consumption considering human interventions in the basin. Any
new human intervention in the natural landscape, such as afforestation, may change this
balance; if the natural landscape is stable, then the ACW represents the maximum amount
of water that can be consumed by human activities [22]. Early warnings can improve the
effect of water consumption management in river basins by tracing the temporal and spatial
changes in water consumption. However, regular warning is not very effective in tracking
dynamic changes, so early warning can be used to grasp the progress of water resources in
a timelier manner and to regulate and control river basin water resource management.

Notably, the ACW is the amount of water that can be consumed by agricultural, indus-
trial or domestic water use. Before water is evaporated, it can be used repeatedly through
circulation; the ACW is calculated from precipitation and ETn, not hydrological data, and is
simple and convenient to derive. Rivers correspond to strong human interventions, such as
dams, backwaters, and retreats, but these have almost no effect on the estimation of water
consumption. The ACW decreases with ecological restoration, which is consistent with the
relationship between the ACW and sustainable development. Unlike water withdrawal,
water consumption is directly related to the ecological processes in the basin.

When there are upstream increases in water consumption and decreases in precip-
itation resulting in downstream decreases in water consumption, agricultural and envi-
ronmental flows will be reduced in upstream areas. Otherwise, there will be a shortage of
water resources, and downstream environmental flow consumption cannot be guaranteed.
At this time, there is a need for early warnings related to environmental flows. There are
many reasons for a shortage of environmental flows, including excessive upstream water
consumption, human-made diversion or controlled discharge. However, the main factor
leading to the shortage of environmental flows is the overuse of water resources relative to
the allowable water consumption. In practice, the cooperation of researchers, technicians,
industry management departments and river basin management departments is required
to deliver a reliable report, and release early warning information in a timely manner.

5.3. Limitations and Outlook

The method proposed in this article involves many types of data, and the use of remote
sensing data is key. However, the application of remote sensing in basin management
has some limitations: there are few conventional applications, as it is more for emergency
use; industry management departments have fewer needs for such an application, which
generally require complex processing and debugging. Additionally, remote sensing is
widely used in watershed land use classification, while other quantitative remote sensing
methods are difficult to promote and apply in watershed management. Data bottlenecks
still exist: on the one hand, there is a lack of continuous field observation data to effectively
calibrate and verify remote sensing methods or models; on the other hand, the industry
application department is still unable to obtain continuous raw spatial and temporal remote
sensing data and data analysis products for remote sensing data. With the maturity of
remote sensing method and the development of cloud computing technology, we need to
further strengthen the study of water consumption estimation methods for human activities
in river basins and the driving mechanism of dynamic ET changes due to human activities
to further water consumption management, and improve the effect of water consumption
management in the river basin.
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6. Conclusions

In this study, a method for environmental flow regulation and early warning was
proposed, and a case study of the YD River Basin was carried out. The water consump-
tion analysis was based on the water balance relationship. From 2001 to 2014, the mean
precipitation was 17.90 × 109 m3, and the mean water consumption was 19.42 × 109 m3,
indicating that the basin water budget was unbalanced and that there was a general defi-
ciency. Combined with the imbalance between groundwater exploitation and utilization,
we concluded that the development and utilization of water resources in the YD River
Basin were unsustainable.

The ACW for human activities is based on the water balance equation. The ACW was
determined for the UCTRYDR and CTRYDRSD regions from 2001 to 2018. We calculated
the difference between the ACW and ETh and chose a ten-year period (2005–2014) and a
single year (2014) for analysis. The differences in the ACW and ETh over the ten-year period
were 0.51 × 109 and −0.33 × 109 m3, respectively, and both showed a trend of further
reduction from 2005 to 2014; similar results were found for 2014. The main conclusion that
was drawn from these findings is that long-term and annual early warnings should have
been issued.

Further research should consider the potential effects of human activities more care-
fully, for example, further strengthening the study of estimation methods for water con-
sumption due to human activities in basins and the mechanism driving the dynamic
changes in ET due to human activities.
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Nomenclature

YD Yongding
ET Evapotranspiration
ETh Water consumption by human activities
ACW Available consumable water
UCTRYDR Upstream of the Cetian reservoir of the Yongding River
CTRYDRSD Cetian reservoir of the Yongding River to Sanjiadian
TRMM Tropical Rainfall Measuring Mission
HWCC Haihe River Water Conservancy Commission
P Precipitation
O Surface water outflow
I Regional surface water inflow
∆gw The change in groundwater and soil water storage
∆s The change in surface water storage
R The amount of outbound water flowing out of the basin

http://hwcc.gov.cn
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∆W Storage variable
ETsol Evaporation caused by solar energy
Qm Mineral energy water
Qb Bioenergy water
ETn Natural evapotranspiration
NWC Total natural water consumption
ETfor Total natural water consumption by natural forests
ETgra Total natural water consumption by natural grasslands
ETwet Total natural water consumption by natural wetlands and surface water
ETfal Total natural water consumption by croplands
ETurb Total natural water consumption by urban environments
ETbar Total natural water consumption by bare lands
Q Control section runoff
Qf Uncontrollable outflow
Qe Ecological flow
TWC Total water consumption
EThf Evapotranspiration from human activities in cropland
ETres Evapotranspiration from residential activities
ETi Evapotranspiration from industrial water
ETl Evapotranspiration from urban environments
YW Inclusion of the Yellow River
GW Groundwater
UW Unconventional water
UB Urban areas
IND Industry
Irr Cropland irrigation
UC Urban ecology
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