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Abstract: The upstream Yangtze River is located in the southwest of central China, where it flows
through several ecosystems and densely populated regions that constitute a unique complex coupled
system. To determine how the characteristics of supply and demand in a water-coupled system
will vary under the influence of climate change and human activity in this area in the next 85 years,
the upper Yangtze basin was considered as the study area and was divided into seven sub-basins
according to seven main control sections: Shigu, Panzhihua, Xiluodu, Xiangjiaba, Zhutuo, Cuntan,
and Yichang; a method for water supply and demand research considering climate change was
proposed. Based on simulated runoff in the study area under changing environmental conditions,
this study analyzed the available water supply and constructed a long-term water demand forecasting
model using the classified water use index method under macro regulation in the study area from
2016 to 2100. The results show that the total water demand in the upstream Yangtze River appears
to first increase and then decrease in 2016–2100 and will reach its peak around 2028. The ecological
pressure in the upstream Yangtze River increases gradually from upstream to downstream but will
not reach the surface water utilization stress threshold (hereinafter referred to as stress threshold) for
the next 85 years. The contradiction between monthly supply and demand is more prominent under
ecological restrictions. Under the RCP4.5 scenario, water demand exceeds the stress threshold in
each sub-basin across several months (mainly March, April, and May), and the water demand nearly
reaches the damage threshold in May as the basin extends below the Zhutuo section.

Keywords: water supply and demand analysis; water demand forecasting; Yangtze River

1. Introduction

The Yangtze River is the largest river in Asia and the third largest worldwide, with rich
resources, tributaries, and lakes. The Yangtze River is generally divided into three portions:
extending from its source to the Yichang section, it is referred to as “upstream”; from the
Yichang section to the Hukou section is “midstream”; and from the Hukou section to its estu-
ary is referred to as “downstream.” The upstream Yangtze River is located in the southwest
region of central China, where it flows through several ecosystems and densely populated
regions. It serves critical functions such as forming an ecological barrier and water source
in the river basin and alleviating local ecological and environmental degradation [1].

The variability of ecological and hydrological processes in the basin has been strongly
increased by the intensification of global climate change, increase in water demand, and
other human activity in recent years [2]. The complex coupled system in the upstream
Yangtze River has made it the focus of international research on the response of the
ecological environments to climate change and human activity [3–6]. As anthropogenic
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pressure continues to intensify in the upstream basin of the Yangtze River, the high demand
for water for social and economic development has exerted a significant impact on the
ecological environment in this basin [7]. In order to explore the water supply and demand
pattern and its variation law of the water resource coupling system in the upstream
Yangtze River in the long-term future, and to provide a reference for developing long-term
management plans/policies of local water resources, the upstream Yangtze River Basin
was selected as the study area to forecast the contradiction between water supply and
demand under the influence of climate change and human activity. The research results
have important theoretical and practical significance for protecting the ecological barrier
and maintaining social and economic development in this basin.

The changes in hydrological processes directly affect the development and utilization
of water resources. In the 1980s, the hydrological communities worldwide began focusing
on the impact of environmental changes on hydrology and water resources. Researchers
have established a variety of climate models (general circulation models; GCMs) to simulate
climate changes caused by human activity under multiple scenarios. GCMs are dynamic
models that can provide reliable historical, contemporary, and future climate data to ex-
plore the mechanisms of climate change and the associated response of the water cycle [8].
The World Climate Research Program (WCRP) proposed the Coupled Model Intercompari-
son Project (CMIP) to promote atmospheric, climate system, and regional system models.
The CMIP program, implemented in 1995, has produced a fifth revised model (CMIP5)
that includes multiple climate system models and earth system models and defines new
climate change scenarios, known as representative concentration pathways (RCPs) [9–11].
CMIP5 data under three different greenhouse gas emission scenarios—(RCP2.6 (low emis-
sions), RCP4.5 (medium stable emissions), and RCP8.5 (high emissions))—were used
to analyze future climate scenarios. Since their first use, climate models have been an
important tool for evaluating decadal climate change [12,13]. With the development of
information technology, combining climate and hydrological models has comprised an
important approach for studying the impact of climate change on runoff variation [14–16].
The global climate model of CanESM2 in CMIP5 and RCP2.6, RCP4.5, and RCP8.5 were
considered for this study, and the variable infiltration capacity (VIC) macroscale hydrologi-
cal model was utilized to simulate runoff sequences under different discharge scenarios
in the study area.

There are many methods for forecasting water demand considering socioeconomic
development, including trend analysis, classified water quota, and mathematical model
calculation methods. The trend analysis method is mainly applied to forecast industrial
water demand and often includes the Kuznets curve method [17,18]. The classified water
quota method is commonly applied for water resource planning, requiring water quota
data and social and economic factor forecasting. The mathematical model method requires
statistical data from the past several years to establish a model, determine the factors
affecting changes in water consumption, identify the relationship between time and water
consumption, and forecast water consumption. Commonly used methods include tra-
ditional regression analysis [19–21] and gray forecasting models [22–24]. There are also
intelligent mathematical models such as artificial neural network models [25–27]), fuzzy
mathematics [28], and system dynamics models [29,30]. The trend analysis method cannot
reflect the mechanism of water consumption. The data-driven mathematical model method
is limited by the short time series of water consumption data; thus, it is only suitable for
short-term water demand forecasting. The water quota, which is set every few years in
detail by water management agencies, is actually the maximum water that is allowed to
be used by each user. Thus, the quota method will always result in overestimated water
demand. The historical data of water use spans only 15 years in the upstream Yangtze
River, which is unsuitable for a long-term data-driven water demand forecasting. For
long-term forecasting, the impact of water use mechanisms and macro-control in China
must be considered.
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Considering the impact of climate change on utilizable water, social and economic
development on long-term water demand, and various factors on supply and demand
contradictions in terms of different measures, an analytic method for determining avail-
able water supply and a long-term water demand forecasting model are proposed. The
proposed methods were developed to analyze the supply and demand characteristics of
water resource coupling systems in the upstream Yangtze River under changing envi-
ronments. By comprehensively considering the influence of water use mechanisms and
macro regulation on future long-term water demand, the classified water use index method
under macro regulation was used to construct a long-term water demand forecasting
model. The forecasting period was divided into several parts based on the time nodes of
macro regulation to enhance the reliability of the forecasting results. The contradiction
between supply and demand was analyzed, and a discussion on countermeasures from the
perspectives of water supply capacity and utilizable water constraints is presented. The
utilizable water constraint is also referred to as ecological constraint, because of the relation
of ecological water (in channel) demand and utilizable water. After introducing the study
area and describing the socioeconomic structure in Section 3, an analysis of current water
supply-use patterns, available water supply, and long-term water demand is presented
in Section 4 to evaluate the contradiction between water supply and demand in the water
resource coupling system. Finally, conclusions are presented in Section 5.

2. Materials and Methods
2.1. Analytic Methods for Determining Available Water Supply
2.1.1. Runoff Simulation Method

Specific climate scenarios of the Coupled Model Intercomparison Project Phase 5
(CMIP5) were introduced to reflect the impact of climate change on runoff. The runoff
series of study areas in the next 82 years were simulated using a distributed hydrological
model VIC model based on CMIP5 climate projections.

The VIC model divides the watershed into several grids, and each grid has many
vegetation types. For each vegetation type, characteristic vegetation parameters were
formulated, including LAI (leaf area index), vegetation albedo, vegetation minimum
impedance, structural impedance, roughness length, root system distribution of each
soil layer, and zero plane displacement of vegetation. Evaporation data were obtained
by calculating the net radiation and water vapor pressure difference using the Penman–
Monteith equation. In the basin, the soil was divided into three layers. The top two layers
were used to simulate the rapid response process of soil to rainfall infiltration, and the
bottom layer was used to simulate the seasonal soil moisture process and the short-term
rainfall infiltration process when the upper soil was saturated. The water in the underlying
soil was absorbed from the middle layer under the action of natural gravity, and the Brooks
Corey equation was used to simulate the unsaturated water conduction process [31]. The
bottom outflow process can be expressed according to the Arno model [32]. Soil water
can also be transmitted from the root system via transpiration. The soil characteristic
parameters (such as soil texture and hydraulic conductivity) in each grid are constant.
In this model, soil water distribution, infiltration, inter-layer water conversion, surface
outflow, and underground outflow of each vegetation type were calculated at each time
step. For each grid, the total heat flux (latent, sensible, and geothermal), effective surface
temperature, and total surface and subsurface outflow were weighted according to the
proportion of each vegetation type.

The steps for applying the VIC model are as follows:

1. Select control sections and determine the basin boundary and river network based on
digital elevation model (DEM) data.

2. Resample DEM data into several grids at specific latitudes, and number them from
west to east and north to south.

3. Use ArcGIS to generate grid flow, and manually judge and adjust the resulting grid.
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4. Determine the distribution of soil type in the upper and lower layers in the control
basin and calculate the proportion of different types of vegetation in each grid.

5. Sort and interpolate the meteorological data sequence to each grid in the basin. Export
the meteorological input file of the flow generation module of the VIC model, and
determine the flow generation ratio of the boundary grid.

6. Calibrate and test VIC model parameters.
7. Select the global climate model and typical emission path to form an emission scenario.

Take the downscaling data of meteorological compression in each emission scenario
as the input value and run the calibrated VIC model to simulate the future runoff
sequence of the basin.

2.1.2. Available Water Supply Forecasting Method

Available surface water supply can be analyzed by using an inverse or positive
algorithm. With the inverse algorithm, the available surface water supply was calculated as
the annual average water volume in a river minus the water that cannot be used (minimum
ecological water demand in the river) and unavailable surface water (annual average
volume of abandoned water in the flood season). In contrast to the inverse algorithm, the
positive algorithm focuses on how much water can be used by analyzing projects’ supply
capacity, water demand, and so on.

As the surface water supply in the study area (upstream Yangtze River) accounts for
more than 90% of the total water supply, the available surface water supply was considered,
and the terms “available water supply” and “utilizable water” refer only to surface water
resources in this study. The available water supply was determined jointly by identifying
the amount of utilizable water and supply capacity in the study area.

Utilizable water, which corresponds to the result of the inverse algorithm, refers to the
amount of usable water limited to the maximum exploitation amount. At present, most
experts in China and abroad agree that the rational maximum development proportion
of water resources should not exceed 40% of the total water resources to maintain the
ecological water demand [33–35]. On this basis, the concept of the surface water utilization
threshold coefficient has been introduced to represent a reasonable maximum exploitation
proportion of the study area, which is expressed by β. Then, the utilizable water (WA)
can be expressed by the total runoff (WR). The threshold coefficient (β) was calculated as
shown in Equation (1):

WA = WR × β (1)

The European Environment Agency indicates that areas with WEI+ above 40% are
considered subject to unsustainable use of freshwater resources, areas with WEI+ values
between 20% and 40% are water-deficit areas, and areas with WEI+ values below 20%
are non-stress areas [36–38]. Then, corresponding to the two boundaries presented above
(non-stress to water-deficit areas, and water-deficit to unsustainable areas), 20% and 40%
were taken as the stress (β1) and damage (β2) threshold coefficient of surface water utiliza-
tion, respectively. When the regional water demand exceeds the available water supply,
there is a contradiction between water supply and the local ecological environment protec-
tion. This contradiction can be alleviated by implementing water reclamation and other
source supply projects or by improving water-conserving technology and enhancing water
conservation awareness.

Identifying available water supply is also related to evaluating the capacity of water
supply projects in the basin. Surface water supply projects are those with surface water
sources such as reservoirs, ponds, rivers, and lakes and can be classified into storage,
diversion, and pumping projects. Storage projects refer to reservoirs and embankments,
excluding non-irrigated fish ponds, waterlogged ponds, and so on. Diversion projects
direct water from river channels, lakes, and other surface waters by artesian flow, and
pumping projects carry water from surface water sources, such as rivers and lakes. The
contradiction between supply and demand caused by water supply projects’ capacity can
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be alleviated by engineering approaches such as the construction of water supply facilities
and non-engineering measures such as optimal scheduling.

2.2. Water Demand Forecasting Method

In the long-term water demand forecast, more attention should be paid to the impact
of water use mechanisms and macro regulation on water demand in China. Focusing
on this question, the classified index forecasting method under macro regulation is pro-
posed. The influence of the water use mechanism and macro regulation on future water
use changes is taken into comprehensive consideration, and the reliability of forecasting
results is enhanced by segmenting the forecasting period based on macro regulation. The
classified index method under macro regulation, an improvement based on the classified
water quota method, was used to forecast water demand. The classified water quota
method is a common method for water demand forecasting [39,40], but its results are often
overestimated due to high quotas. Macro regulation refers to an adjustment and control
method carried out by the government, comprehensively using various means for the
national social economy and other aspects, such as resources and the environment. By
considering macro regulation efforts, the classified index method can improve the water
quota method, and the results become more practical, especially for long-term forecasting.

According to different types of water users, the method classifies water use or demand
into four parts— domestic, agricultural, industrial, and environmental parts—and forecasts
the water demand of each part through the following main steps, as shown in Figure 1.

Figure 1. Schematic diagram of water demand forecasting process using classified water index method under
macro regulation.

• Analyze social and economic factors variation under macro regulation.
• Analyze water use index variation under macro regulation.
• Forecast water demand based on the results of steps 1 and 2.

According to the various living environments in rural and urban areas, the current
water demand forecast mainly involves domestic water for urban residents, urban public,
rural residents, and large or small livestock. Domestic water for residents and livestock
includes drinking, cleaning, and other uses; urban public water use refers to the amount of
water used to maintain urban public facilities and environments. With the development and
preliminary results of China’s new rural construction and urban–rural integration process,
rural public water demand should be considered in the new round of domestic water
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demand forecast. The main socioeconomic factors involved in the forecasting of domestic
water demand include urban and rural populations as well as the amount of small and
large livestock, while the involved water use indices include water use indices for urban
residents, urban public, rural residents, large and small livestock, and rural public life.
Domestic water use indices include the water requirement (L) for per urban/rural resident
and per large/small livestock per day. Thus, the corresponding socioeconomic indicators
are the populations of urban/rural residents and large/small livestock. According to the
definition of the index, the relationship between annual water demand (m3) and water use
indices in urban and rural areas is shown in Equations (2) and (3).

Wul,i = 0.365 × Pul,i × mul,i (2)

Wrl,i = 0.365
(

Prl,i × mrlp,i + QMi × mqm,i + QNi × mqm,i

)
(3)

where Wul,iWrl,i refers to the domestic water demand of urban and rural residents in the
ith year; Pul,i and Prl,i refer to the urban and rural population in the ith year; QMi and
QNi refer to the number of large and small livestock in the ith year; mul,i, mrl,i, mqm,i and
mqn,i refer to the water index for urban comprehensive (urban residents and urban public),
rural comprehensive (rural residents and rural public), and large and small livestock in
the ith year.

Agricultural water demand mainly comprises farmland, forest, grassland irrigation,
and fish pond replenishing water and is characterized by high demand, poor use efficiency,
and high pollution because traditional irrigation methods such as flood irrigation are
applied in most areas. Considering the low utilization rate of irrigation water, irrigation
water carries fertilizer (including N and P) from the field back to the river after irrigation,
leading to a water eutrophication risk. Therefore, agricultural water has always been a key
part of water conservation work. The main socioeconomic factors involved in forecasting
agricultural water demand include cultivated land, farmland irrigation, forest and fruit
land irrigation, grassland effective irrigation, and fish pond areas. The indices of water
use include a net quota of irrigation, effective utilization coefficient (EUC) of irrigation
water, and quota of fish pond replenishment. Agricultural water use indices include net
irrigation/replenish quota (water requirements (m3) for a unit area (ha) used to grow
crops/fruit trees/grasslands, or refill fish ponds), and EUC of irrigation water (ratio of net
water requirements to irrigated water supply). The corresponding socioeconomic indicator
is the irrigated/replenished area (ha). The relationship between annual agricultural water
demand (m3) and water use indices is shown in Equations (4) to (7).

WLI,i =
ALI,i × mLI,i

ηi
(4)

WFI,i =
AFI,i × mFI,i

ηi
(5)

WGI,i =
AGI,i × mGI,i

ηi
(6)

WFP,i = AFP,i × mFP,i (7)

where WLI,i, WFI,i, WGI,i, and WFP,i refer to water demand for farmland, forest and fruit
land, and grassland irrigation, and fish pond replenish in the ith year, respectively;ALI,i,
AFI,i, AGI,i, and AFP,i refer to their irrigated or replenished area in the ith year, respectively;
mLI,i, mFI,i, mGI,i and mFP,i refer to their water use index or quota, respectively; and ηi
refers to the EUC of irrigation.

For industrial water demand, the data are complicated and difficult to obtain owing
to the diversity of and distinct statistical standards for industrial types. Therefore, it
is impossible to consider industrial water demand from the classification of the water
use mechanism in the calculation. However, industrial water use has a high reuse rate,
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and the change in water demand can be reflected by the change in industrial production
(1000 yuan), an index of the water requirement (m3) for per unit industrial production
(1000 yuan), and reuse rate. The relationship between annual industrial water demand and
water use indices is shown in Equation (8).

WF,i = Gi × mF,i × (1 − ci) (8)

where WF,i refers to industrial water demand in the ith year, Gi refers to industrial produc-
tion in the ith year,mF,i refers to industrial water use index in the ith year, and ci refers to
the water reuse rate in the ith year.

The environmental water demand is divided into the internal river and external river
water demand, among which the external river water demand, which was taken out of
the river, mainly includes the water needed to keep the city clean and green. The water
demand of this kind was considered the same as the water demand of the public life part
and did not require recalculation. Internal river water demand was reserved in the analysis
of available water supply and did not require recalculation.

3. Study Area

The Yangtze River has important ecological barrier and water supply functions in
the river basin and plays a key role in alleviating local ecological environment degrada-
tion, forming a complex coupled system. The upstream Yangtze River covers an area of
approximately 1 million km2. The major tributaries of the Yangtze River include the Jinsha,
Yalong, Mintuo, Jialing, and Wujiang tributaries and span 38 cities across 6 provinces,
including Sichuan, Qinghai, Guizhou, Yunnan, Gansu, and Hubei. The upstream Yangtze
River is characterized by complex and variable topography as an important part of the
Qinghai–Tibet Plateau with karst and other special terrain and more mountainous and
hilly areas [41,42]. In the basin, the population presents a regional aggregation feature
in the area that is sparse above the Shigu section and gradually increases from the Shigu
section to the bottom, with human activity gradually increasing in frequency. The climate
of the upstream Yangtze River belongs to the Qinghai–Tibet alpine region and subtropical
monsoon region. The water sources in the region are mainly the melting snow and rainfall
on the plateau. The flood season in this area generally spans May to October, and the
rainfall during the flood season accounts for more than 70% of total annual rainfall. The
precipitation in the basin ranges from 800 to 1200 mm per year, exhibiting uneven spatial
and temporal distribution [43].

To analyze the spatial distribution of the contradiction between supply and demand
in the upstream Yangtze River, seven main control sections—Shigu, Panzhihua, Xiluodu,
Xiangjiaba, Zhutuo, Cuntan, and Yichang—were selected from the upper reaches to divide
the upstream Yangtze River into seven sub-basins, as shown in Figure 2. The seven sub-
basins are distributed in the Jinsha, Yalong, Mintuo, Jialing, Wujiang, and main streams.

Figure 2. Sub-basins of upstream Yangtze River based on seven main control sections.
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The study area is sparsely populated with low-intensity human activity above the
Shigu section, which gradually increases from the Shigu section to the bottom. According
to the national, provincial, and city data from China [44] obtained during 2011–2015, the
population of this basin continued to rise at a rate of 5‰, which is higher than the national
average growth rate of 2‰, and reached 155 million in 2015 with a lower urbanization rate
of 50.0% (compared with the national rate 56% in 2015).

In 2015, the total upstream gross domestic product (GDP) reached 6.14 trillion yuan,
with a per-capita GDP of 39,600 yuan, which was less than the national per-capita average
of 49,900 yuan. Upstream regions of Chongqing and Hubei, whose economies are relatively
developed, have a per-capita GDP of more than 50,000 yuan. The provinces of Sichuan,
Yunnan, Gansu, and Guizhou have a per-capita GDP of approximately 30,000 yuan, with
less developed economies and high potential. From 2011 to 2015, GDP maintained a
continuous growth trend, but the growth rate slowed down to 6% in 2015 from 18% in 2011
in the upstream, which was consistent with the national GDP change trend. According
to the “Classification of Three Industries” established by New Zealand economist Fisher,
agriculture, including farming, forestry, animal husbandry, and fishery, is classified as the
primary industry; manufacturing/construction industry is classified as secondary industry;
and circulation/service industry is classified as tertiary industry. From the perspective of
industrial structure, the agricultural output (primary industry) in 2015 was 664.6 billion
yuan, secondary industry was 2692 billion yuan, and tertiary industry was 2783.2 billion
yuan, with an industry structure of 10.8:43.8:45.3 in the upstream. The proportions of
primary industrial output in Yunnan, Sichuan, Gansu, Guizhou, and Hubei were 15%, 12%,
14%, 15%, and 11% higher than the upstream average, respectively. Qinghai, Chongqing,
and Hubei exhibited advantages in secondary industry, while Gansu and Chongqing had
advantages in tertiary industry. Compared with the national industry structure in the same
year of 8.4:41.11:50.46, as shown in Figure 3, the industries in the upstream exert stress on
agriculture and the secondary industry, while the tertiary industry lagged.

Figure 3. Industry structure in upstream Yangtze River Basin and in China.

In terms of agricultural patterns, a well-known agricultural production base, Sichuan
Basin, is located in this area and is among the main grain-producing areas in China. The
main crops in this region are food crops, which are supplemented by cash crops; among
cash crops, rice, wheat, corn, and sweet potato occupy dominant positions. Rice accounts
for 47.1% of total grain output, wheat accounts for 15.3%, corn accounts for 18.0%, and
sweet potatoes account for 10.7%. Cash crops include a wide variety of plants such as
cotton, oil, sugar cane, fruit, tea, tobacco, hemp, and medicinal materials. The total area
of cultivated land in the basin was 13.49 million ha in 2015, of which only 4.61 million ha
was irrigated, with an irrigated ratio of only 34.2%. The proportion of the irrigated area in
Sichuan and Hubei was relatively higher, while that in other regions was less than 40%,
which is far lower than the national average of 48.8%.
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4. Results and Discussion
4.1. Analysis of Current Water Supply-Use Pattern

According to the data published by China Water Resources Bulletin [45] and Changjiang
and Southwest Rivers Water Resources Bulletin [46], the average annual runoff in the up-
stream Yangtze River is 428 Bm3 (Billion m3), and per-capita water resources in the upper
reaches of the Yangtze River is only 2700 m3, which is slightly higher than the national av-
erage but only 30% of the world’s average. In recent years, the annual runoff of the Yichang
section (the outflow boundary of upstream), as well as the total amount of water resources
in upstream, shows a downward trend, and the water resource per-capita decreased after a
plateau period, as shown in Figures 4 and 5.

Figure 4. Change in annual runoff in Yichang section.

Figure 5. Change in water resource in Yichang section.

Figure 6 shows that the total amount of water use in the upstream continued to rise
from 2001 to 2017. Domestic and agricultural water use showed a trend of first plateauing
and then decreasing, while industrial water use first increased and then decreased, both
exhibiting a change in 2009. Similarly, the water use proportion for the upstream industry
gradually decreased, while that for life and agriculture increased since 2009, as shown in
Figure 7, which reflects the continuous improvement of living standards and agricultural
irrigation facilities upstream. The irrigated farmland area will stop increasing at some point
in the future due to limited land area, and both the amount and proportion of agricultural
water use will gradually decrease as water-conserving irrigation technology improves.
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Figure 6. Change in basin water use.

Figure 7. Change in basin water use structure.

Water use efficiency is typically reflected by classified water use indicators, such as
domestic water per capita (DWC), industrial water per 1000-yuan industrial production
(IWIP-1000), and agricultural irrigation water per ha (AIWH); comprehensive water use
indicators such as total water use per-capita (TWC) and total water use per 1000-yuan GDP
(TWGP-1000) are also used. As shown in Figure 8, the DWC and IWIP-1000 presented
significantly increasing and decreasing trends, respectively, and AIWH decreased slowly,
while TWC grew slowly, and TWGP-1000 declined significantly from 1998 to 2017 in the
upstream. In the same period, the total amount of water use in the whole Yangtze basin
generally tended to remain stable, and the indicators mentioned above changed more
slowly than upstream [28]. The indicators upstream turned from worse to better than the
whole Yangtze basin during recent years (2000–2017) and contributed significantly to the
improvement of water use efficiency in the Yangtze basin.

Controlling and improving water use efficiency is necessary to reduce the total amount
of water used and minimize the discharge of wastewater, both of which protect the ecologi-
cal barrier in the upstream Yangtze River.
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Figure 8. Changes in water use indices in the upstream Yangtze River.

4.2. Analysis of Water Supply Capacity and Utilizable Water

The available water supply is influenced by the capacity of water supply projects
and the amount of utilizable water resources. The available water supply analysis should
first ascertain the local water supply structure, including the proportion and sequence of
different sources, and then analyze the water supply capacity and utilizable water resources
according to the water supply mechanism of each source.

4.2.1. Runoff Simulation of Sub-Basin in Upstream Yangtze River

The CanESM2 global climate model has a strong ability to simulate meteorological
factors such as temperature and precipitation in China [47]. Considering the impact of
climate change on the hydrological process in the study area, the CanESM2 global climate
model and typical concentration path RCP2.6, RCP4.5, and RCP8.5 were selected, and the
VIC model was used to simulate the upstream runoff process in the future under climate
change. The modeling process is briefly described below.

First, the DEM data of the study area were imported into ArcGIS, and the study
area was divided into seven sub-basins according to control sections and in grids with a
horizontal resolution of 0.5◦ × 0.5◦. Then, the flow direction and the distribution of soil
and vegetation were determined, and the meteorological data were interpolated into each
grid. Second, the parameters of the VIC model were calibrated using meteorological and
runoff data from 1 July 2014, to 30 June 2017, and verified using data from 1 July 2017 to
30 June 2018. The optimal parameters and Nash–Sutcliffe efficiency (NSE) coefficient are
shown in Table 1. Finally, the daily meteorological data from 2016 to 2100 under the typical
discharge path were extracted and scaled down as input to drive the VIC model and obtain
the daily runoff under each section from 2016 to 2100. The annual runoff was sorted as
shown in Figure 9. The runoff of each section corresponds to the runoff from the source to
the section upstream of the Yangtze River.

Table 1. Parameters, NSE, and total error (ER) of VIC model in calibration and validation.

Section
Parameters Calibration Validation

B Ds Dm Ws d1 d2 d3 NSE ER NSE ER

Shigu 0.39 0.27 12.51 0.31 0.035 0.274 0.51 0.835 0.145 0.843 0.060
Panzhihua 0.48 0.11 15.25 0.31 0.047 0.215 1.18 0.822 0.040 0.850 0.028

Xiluodu 0.49 0.84 12.11 0.99 0.044 0.284 2.41 0.861 0.035 0.878 0.041
Xiangjiaba 0.47 0.75 112.61 0.89 0.076 0.302 2.42 0.859 0.012 0.874 0.055

Zhutuo 0.62 0.88 15.05 0.89 0.013 0.304 3.21 0.885 0.021 0.875 0.060
Cuntan 0.62 0.80 13.23 0.95 0.054 0.284 2.73 0.891 0.025 0.885 0.055
Yichang 0.55 0.33 13.22 0.98 0.079 0.305 3.01 0.722 0.004 0.765 0.039
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Figure 9. Predicted annual runoff under different emission scenarios for each section of the study area.

4.2.2. Forecasting of Utilizable Surface Water Resources in the Upstream Basin

Combined with the runoff simulation results of the VIC model under climate change
conditions, the utilizable threshold of surface water of each sub-basin was calculated according
to Formula (1). RCP4.5 emissions were taken as an example, as shown in Figure 10.

Figure 10. Utilizable threshold of surface water resources in evaluated sections of the upstream basin.
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4.2.3. Analysis of Water Supply Structure in Upstream Yangtze River

The main water source for the upstream Yangtze River basin is surface water. The
water resources and supply structure of the upstream Yangtze River Basin from 2000 to 2017
are shown in Figures 11 and 12. All data were taken from the Changjiang and Southwest
Rivers Water Resources Bulletin [45].

Figure 11. Historical water resource structure in upstream Yangtze River.

Figure 12. Historical water supply structure in upstream Yangtze River.

4.2.4. Analysis of Surface Water Supply Capacity in Upstream Yangtze River

According to the data of the National Comprehensive Plan for Water Resources [48]
compiled in 2008 and the Changjiang and Southwest Rivers Water Resources Bulletin in
2000 [45], the water supply capacity and the actual amount of supplied water in the Yangtze
River Basin in 2000 are shown in Table 2.

As shown in Table 2, the average utilization rate of surface water supply projects
was 82% in the entire Yangtze basin in 2000; upstream, it was 87%, over 80% of which
comprised the utilization rates of all tributaries in the upstream sub-basins excluding the
Jinsha River Basin (71%). Due to the lack of statistical data for new water supply projects
upstream between 2000 and 2015, the water supply capacity in 2015 in this basin was
estimated according to the actual supply amount and utilization rate. The surface water
supply capacity of the Yangtze River Basin was 134 Bm3 in 1980, of which 26.2 Bm3 was
in the upstream basin [48]. Compared with 1980, the water supply capacity in the whole
basin and upstream basin respectively increased by 67.2 Bm3 m and 13.4 Bm3 in 2000,
accounting for about 50% of that recorded in the 1980s. The period from 2001 to 2015
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was also characterized by significant water conservancy development. During this period,
several water conservancy projects of varying scopes were initiated or completed in the
upstream Yangtze River, and the water supply capacity was significantly improved. From
this information, it was estimated that the utilization rate of surface engineering in 2015
was slightly higher than that in 2000, and that of upstream comprehensive water supply
engineering would reach approximately 88% in 2015.

Based on the actual water supply in each sub-basin in 2015, the water supply capacity
of the surface water supply project in the upstream Yangtze River was calculated, as shown
in Table 3.

Table 2. Water supply capacity and actual supply amount in Yangtze River Basin in 2000 (Bm3).

Water System

Supply Capacity of Large
or Middle Reservoirs Capacity of Other Water Supply Project Total

Capacity
Actual
Supply

Utilization
RateNumber Capacity Small

Reservoir Pond Diversion Lifting

Jinsha river 63 1.23 1.37 0.31 3.85 1.73 8.49 6.06 71%
Mintuo river 39 0.87 0.91 0.74 7.00 1.74 11.47 11.47 100%
Jialing river 61 1.54 1.1 1.31 1.42 2.81 8.18 6.64 81%

Wujiang river 26 1.22 1.02 0.13 0.96 1.13 4.46 3.92 88%
Yiban to Yichang 30 0.32 1.08 0.87 0.95 3.79 7.01 6.17 88%

Dongting lake 284 7.62 6.16 5.16 7.25 12.32 38.51 33.54 87%
Hanjiang river 144 5.11 0.76 1.37 4.69 4.11 16.04 11.12 69%

Yichang to Hukou 153 5.05 1.55 1.9 4.49 6.95 19.94 16.47 83%
Poyang lake 210 4.65 4.16 1.61 5.06 7.07 22.55 19.22 85%
Taihu lake 20 0.51 0.16 0.24 10.47 26.21 37.59 34.66 92%

Below Hukou 76 2.78 1.12 3.45 10.62 9 26.97 14.81 55%
Upstream 219 5.18 5.48 3.36 14.18 11.2 39.61 34.27 87%

Middle and
downstream 887 25.72 13.91 13.73 42.58 65.66 161.6 129.82 80%

Entire Yangtzi River 1106 30.90 19.39 17.09 56.76 76.86 201.21 164.09 82%

Table 3. Water supply capacity estimation in sub-basins of upstream Yangtze River in 2015.

Sub-Basin Utilization Rate Actual Supply
(Bm3) Capacity (Bm3)

Cumulative
Capacity (Bm3)

Shigu 80% 0.54 0.67 0.67
Panzhihua 80% 0.83 1.04 1.71

Xiluodu 80% 2.77 3.46 5.17
Xiangjiaba 80% 0.24 0.30 5.47

Zhutuo 90% 13.76 15.29 20.76
Cuntan 85% 7.34 8.64 29.40
Yichang 90% 17.34 19.27 48.66

Upstream
Yangtze River 88% 42.82 48.66 48.66

4.3. Water Demand Forecasting

Water diversion and use are interactions between human activity and the natural
water cycle, comprising two essential methods by which humans affect water systems.
Therefore, the intensity and evolution of human activity should be considered in water
demand forecasting.

4.3.1. Change Analysis of Social-Economic Factors

Social-economic planning or macro regulation targets were collected and combined
with historical data to develop stage control indices and forecast long-term socioeconomic
changes based on the data in 2015. The control indices include future population, livestock
population, irrigated farmland area, forestry and grassland, replenished fishery area, and
industrial production. Considering the difference in domestic water use between rural and
urban areas, and the differences in large and small livestock populations, the socioeconomic
factors of domestic water use were divided into urban, rural, large livestock, and small
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livestock. The number of livestock was expected to vary with population, regardless of
exports and the changes in per-capita demand for meat products. The irrigated farmland
area refers to the farmland area that can be irrigated normally under certain conditions
of water source and irrigation facilities and is limited to the total cultivated land area. In
recent years, the growth of forestry and fisheries in China has been relatively flat. The
irrigated areas of forestry, grassland, and replenishment areas are all kept constant by the
limitation of the total land area. According to China’s “13th Five-year Plan” [49], industrial
development will exhibit steady growth in the coming years. As the forecast period
is 2016–2100, the control period was selected as 2016–2020, 2020–2030, 2030–2050, and
2050–2100. According to the “13th Five-year Social-economic Development Plan” of China,
river basin, and local governments, a “centennial goal” of China’s economic growth [50],
and other related planning and management goals, the control indices applicable to the
basin were set as shown in Table 4. Current and historical data were taken from the
national and local statistics bureaus and the Statistical Bulletin of National Economic and
Social Development.

Table 4. Social-economic control years and indices.

Prediction Index Control Year
2015 2020 2030 2050 2100

Urban /rural population Growth rate of total population /% 0.5 0.43 −0.43 −0.54
Urbanization rate /% 43 48 58 75 95

Irrigated Area of farmland Irrigated ratio of farmland/% 35 45 55 55

Industrial product
GDP growth rate in China /% 9 6 4 3 1.5

GDP growth rate in the basin/% 10 7 5 4 1.5
Industrial production growth rate /% 5 3.5 2.5 2 0.5

According to the base value of socioeconomic factors and the current level of economic
development in each sub-basin, control indices were pushed forward or backward to obtain
the predicted values of the future factors in each sub-basin. The changes in socioeconomic
factors in the Shigu section are shown in Figure 13 as an example.

4.3.2. Change Forecasting of Water Use Indices

Owing to a strong emphasis on development, utilization, and protection of water
resources, China has formulated various water-related plans at different levels [48,51].
Similar to socioeconomic indicators, the water use planning and regulation targets of
the study area were collected and considered in combination with the historical data of
national and local water resources bulletin [45,46] to develop appropriate staging control
indicators. Then, long-term comprehensive water use indices were predicted based on
2015 data. The predicted indices include the future domestic water use index; livestock
water use index; EUC of irrigation water; comprehensive irrigation/replenish index for
farmland, forestry, grassland, and fishery; and industrial water demand per 1000-yuan
production. Considering the current level of domestic water use, even if the awareness
of water conservation is constantly strengthened, the domestic water use index will be
significantly increased with the improvement of living standards, and the livestock water
use index will remain unchanged. The comprehensive irrigation/replenish indices for
agriculture, forestry, grassland, and fishery were calculated by planting distribution, net
irrigation quota for each crop, and EUC of irrigation in the study area. The growth rate
of EUC for irrigation water decreases as its value increases. The reuse rate of industrial
water is an important index for industrial water-use level and water-conservation level,
and industrial water demand per 1000-yuan production was calculated. The control period
is consistent with social-economic indicators. The overall control indices of the upstream
basin are set according to the 13th five-year plan for water conservancy development and
reform and for building a water-conserving society planning of China [51,52] and local
governments and other relevant planning and management goals, as shown in Table 5.
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Current and historical data were obtained from national, local, and river basin water quota
standards and the water resources bulletin [45].

Figure 13. Social-economic factors forecasting in Shigu section: population (a), livestock (b), irrigated area (c), and industrial
production (d).

Table 5. Social-economic control years and indices.

Index Time Point
2015 2020 2030 2050 2100

Annual growth of urban domestic water /L 2 2 2 1.5 1.5
Annual growth rate of rural domestic water /L 1 1 1 1 1

EUC for irrigation 0.5 0.54 0.6 0.7 0.875
Industrial water use per 1000-yuan production/ m3 11.8 7 5.6 3 1.5

Reuse rate of industrial water /% 72 86 90 95

According to the base value of water indices in 2015 and the current level of water
use, comprehensive water use indices in 2016–2100 in the study area were predicted, as
shown in Figure 14.

4.3.3. Water Demand Forecast

Based on the results presented in Sections 4.3.1 and 4.3.2, the water demand under
runoff frequencies of 50%, 75%, and 95% from 2016 to 2100 was calculated according to
Formulas (2)–(8). Figures 15 and 16 show the changes in domestic and total water demand
under different runoff frequencies in each sub-basin.
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Figure 14. Forecasting of water use indices: domestic (a), agricultural forestry and pastoral and fishery irriga-
tion/replenishment (b,c), and industrial (d).

Figure 15. Domestic water demand forecasting in each sub-basin.
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Figure 16. Forecasting of water demand in upstream Yangtze River and its sub-basins.

According to Figures 15 and 16, the proportion of agricultural demand will decrease
from 2016 to 2100 in the upstream Yangtze River Basin; as the proportion of domes-
tic demand increases, the demand structure of the water resource coupling system will
gradually improve.

Domestic water demand in sub-basins exhibited two primary trends from 2016 to
2100—first rising, then falling and rising. Among them, the sub-basins of Shigu, Xiluodu,
Zhutuo, Cuntan, and Yichang tended to follow the first trend, with the peak of domestic
demand appearing around 2050, while the other exhibited the second trend, exhibiting a
reduction in the rate of increase after 2050. The intercoupling of the change in population,
which first increases and then decreases in the long term in the future, and the continu-
ous improvement of people’s quality of life results in domestic water demand changes
in sub-basins.

The industrial water demand gradually decreases from 2016 to 2100 in the sub-basins.
While industrial production continues to increase, the decrease in industrial water demand
reflects the increasing reuse rate of industrial water and the gradual improvement in indus-
trial technology owing to continued technological development. However, agricultural
water demand showed a trend of first rising and then falling, reaching a peak between
2025 and 2035, which was a result of the comprehensive effect of two factors: increasing ir-
rigation area and improving EUC of irrigation water. Due to the limitation of the land area,
the first factor will eventually remain constant. The second continues to increase with the
gradual application of new irrigation technologies, such as drip irrigation, replacing flood
irrigation characterized by high water demand and environmental cost. The agricultural
irrigation demand will eventually remain stable at a lower level.

In terms of the total water demand, the six sub-basins except Xiangjiaba show a trend
of first rising and then falling, reaching the peak of water demand around 2030. Because of
the high domestic water demand and stable demand structure in the Xiangjiaba sub-basin,
its total water demand reaches its peak around 2050 and then declines slowly. The peak of
the total water demand for each sub-basin is shown in Table 6.
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Table 6. Peak water demand in upstream Yangtze River and sub-basins from 2016 to 2100.

Sub-Basin
50% Runoff Frequency 75% Runoff Frequency 90% Runoff Frequency

Peak Demand (Bm3) Time Peak Demand (Bm3) Time Peak Demand (Bm3) Time

Shigu 6.66 2033 6.86 2032 7.24 2032
Panzhihua 10.81 2028 11.37 2028 12.51 2027

Xiluodu 32.03 2029 32.89 2029 34.68 2027
Xiangjiaba 3.45 2059 3.65 2059 3.77 2050

Zhutuo 163.64 2027 168.19 2027 176.77 2027
Cuntan 94.75 2034 97.96 2034 104.07 2034
Yichang 200.9 2025 212.38 2025 238.98 2024

Upstream 511.35 2029 532.06 2029 576.22 2028

4.4. Supply Versus Demand Analysis
4.4.1. Supply Capacity Limitation

According to the runoff simulation results and water demand forecasting results in
comparison with the current water supply capacity in each sub-basin, the supply and de-
mand contradictions of the water resource coupling system limited by the supply capacity
in sub-basins of the upstream Yangtze River were determined, as shown in Figure 17.

Figure 17. Contradiction evolution under supply capacity limitation in each sub-basin.

Figure 17 shows that if the current water supply capacity remains unchanged, the
upstream Yangtze River Basin will face a contradiction limited by supply capacity between
2020 and 2050. Only the existing water supply capacity of the Xiluodu sub-basin is
higher than its predicted water demand and will not face this contradiction. Different
degrees of this contradiction will appear in the Shigu sub-basin from 2020 to 2040; in the
Panzhihua, Zhutuo, and Yichang sub-basins from 2020 to 2050; in the Cuntan sub-basin
from 2020 to 2065; and in the Xiangjiaba sub-basin around 2020. This contradiction between
supply and demand mainly occurs between 2020 and 2050 and gradually decreases after
2050, which can be alleviated by adding new water supply projects or increasing project
supply capacities.
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4.4.2. Ecological Condition Limitation

To achieve correspondence with the simulated runoff value, the predicted data of
water demand were superimposed when the proportion of water demand in the runoff
above each section was calculated (hereinafter referred to as the water demand ratio).
The difference between the water demand ratio and threshold coefficient reflects the
contradiction between water demand and utilizable surface water resources, i.e., the
contradiction between water supply and ecological and environmental conditions. It was
considered that the mismatch between the demand and stress coefficient causes a minor
contradiction, and the mismatch between the demand and damage coefficient causes a
severe contradiction. The area above one section indicates the summary of sub-basins
above that section. Figure 18 shows the annual water demand ratio in the areas above
each section.

Figure 18. Annual water demand ratio above control sections.

Figure 18 indicates that the water demand ratio above each section does not exceed the
stress threshold coefficient 0.2 throughout the year and gradually increases from upstream
to downstream. According to the annual calculation results, the water stress in the upstream
Yangtze River increases gradually from the top to the bottom, but no contradiction will be
limited by the ecological environment in the next 85 years.

However, owing to the uneven distribution of runoff and water demand in a given
year, the contradiction between monthly supply and demand may be more prominent.
Taking RCP4.5 as an example, the relationship between the monthly water demand ratio
and the threshold coefficient above each section was calculated, as shown in Figure 19. The
invisibility of the threshold coefficient in some figures indicates that the upper limit of the
water demand ratio is far lower than the threshold coefficient in the following figures.
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Figure 19. Monthly contradiction evolution under ecological limitation above each section.

Figure 19 shows that the monthly water demand ratio exceeded the stress threshold
coefficient above all sections except Panzhihua, and the damage threshold coefficient was
nearly reached over several months in the areas above the Zhutuo, Cuntan, and Yichang
sections. Taking the Xiangjiaba section as a boundary, minor contradictions were observed
in March, April, and May above Shigu, Panzhihua, and Xiluodu sections. The peak water
demand ratio in these areas was observed around 2040 and is expected to decrease after
2050 following the decrease in water demand. In addition, contradictions are expected in
January, February, March, April, and May above the Zhutuo, Cuntan, and Yichang sections
and will remain, among which severe contradiction nearly appear in May around 2030
above the Zhutuo section, around 2020 above the Cuntan section, and around 2040 above
the Yichang section or in the whole upstream Yangtze River Basin.

5. Conclusions

A climate model was introduced, and development plans/data of local socioeco-
nomic/water use indicators were collected to systematically forecast the water supply and
demand pattern and its changes in the coupled water resources system of the upstream
Yangtze River over the next 85 years. By analyzing the historical water supply structure of
the water coupling system of the study area, the main water supply source in this basin
was identified as surface water. Considering the different influences onwater supply and
demand patterns, the utilizable water resources and supply capacity were evaluated as
preparation. The utilizable water resources are determined by simulated runoff and water
utilization threshold. Comprehensively considering the influence of water use mechanism
and macro regulation on future water use change, the classified index method under macro
regulation was used to extend the forecasting period and construct a long-term water
demand forecasting model. Further, contradiction analysis was conducted in terms of
water supply capacity and ecological condition limitations. It was found that the simulated
runoff increased slightly under different RCPs; the water demand generally showed a trend
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of first increasing and then decreasing; the contradiction between supply and demand was
more prominent on a monthly basis than on annual basis and became obvious gradually
from top to bottom in the study area for the next 85 years.

The water use situation in the upstream Yangtze River was analyzed systematically
from two aspects of water supply and demand under the changing environment of climate
change and socioeconomic development. Compared with data-driven models, the water
demand model based on the relationship between socioeconomic factors and water use
is less reliant on historical data of water use and more feasible for long-term forecasting,
especially in China, where macro regulation policies could provide socioeconomic scenarios
for the future. It provides an overview of the water demand in the long term under the
scenario that society and economy develop as planned. This study provided a longer
forecast period than other studies on the water supply and demand. A large number of
socioeconomic plans and water use data were collected, and the water use situation and
its changes in further future were explored, which can be used as references for the water
resources management agencies to develop future water management plans or policies
about the upstream Yangtze River Basin.

There are also many points that could be further improved. Short-term forecasting of
water demand, which are more accurate, would be conducted in further study to develop a
water supply and demand pattern analysis system coupled with long–medium–short-term
forecast. And the relationship between local environment condition and its environmental
water use (in channels) also remains to be explored.
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