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Abstract: Due to water supply increase and water quality deterioration, water resources are a critical
problem in saltwater intrusion areas. In order to balance the relationship between water supply and
water environment requirements, the nexus of water supply-water environment capacity should
be well understood. Based on the Saint–Venant system of equations and the convection diffusion
equation, the water supply-water environment capacity nexus physical equation is determined.
Equivalent reliability is employed to estimate the boundary design water flow, which will then
lead to a dynamic nexus. The framework for determining the nexus was then applied to a case study
for the Pearl River Delta in China. The results indicate that the water supply-water environment
capacity nexus is a declining linear relationship, which is different from the non-salt intrusion and
tide-impacted areas. Water supply mainly relies on freshwater flow from upstream, while water
environmental capacity is affected by both the design freshwater flow and the water levels at the
downstream boundary. Our methods provide a useful framework for the quantification of the physical
nexus according to the water quantity and water quality mechanisms, which are useful for freshwater
allocation and management in a saltwater intrusion area or the tail area of cascade reservoirs.
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1. Introduction

Owing to increasing population, improved living standards, changing consumption patterns, and
expansion of economic development, water supply is steadily increasing [1,2] especially in saltwater
intrusion areas [3]. Water environmental capacity, which indicates the total amount of pollutants that
can be discharged into the water volume in total maximum daily load, is explicitly stipulated in the
pollution control of water bodies in environmental management, including the pollution from water
supplies for domestic, agriculture, and industry [4–6] Water supply affects the water flow and it changes
the designed water flow conditions. As the water environmental capacity is also known to be mainly
dependent on designed water flow conditions, water supply will change the water environmental
capacity. Clearly, water supply and water environmental capacity are inextricably linked to each other
through designed water flow. Designed water flow is based on the stationarity assumption for the
flow series; however, in river basins it has been challenged by natural climate change and human
disturbances (e.g., water supply) [7]. The relationship between water supply and water environmental
capacity should be a joint issue to be taken into consideration by policymakers from water resources
management and environment management sectors. In this paper, we present a framework for
understanding the water supply-water environmental capacity nexus under nonstationary conditions.

Water 2019, 11, 346; doi:10.3390/w11020346 www.mdpi.com/journal/water

http://www.mdpi.com/journal/water
http://www.mdpi.com
https://orcid.org/0000-0001-6461-9126
http://dx.doi.org/10.3390/w11020346
http://www.mdpi.com/journal/water
https://www.mdpi.com/2073-4441/11/2/346?type=check_update&version=2


Water 2019, 11, 346 2 of 19

The nexus has been promoted as a conceptual tool in achieving sustainable development since
‘nexus thinking’ was first conceived by the World Economic Forum [8]. As the aim of nexus
studies is to improve system efficiency and performance and to pursue sustainability through
a holistic understanding and management of resources [9], the nexus approach has often been
advocated for sector-specific governance of natural resource use [10], including water resources.
Although integrated water resource management (IWRM) has been pervasive since the Harvard Water
Program [11,12], the nexus can also make the objectives of integrated water resource management more
practical in order to satisfy stakeholders across political boundaries, as is necessary in transboundary
river basins [13]. As global demand for water, energy, and food resources continues to increase,
in recent years the water-energy nexus (WEN) has drawn great attention [14–18]. With the growing
concern regarding water supply security and water environment protection (referring to wastewater
discharge), the interlinks between water supply and water environment, known as the water
supply-water environmental nexus, is being studied in detail to provide a holistic view to help
decision makers resolve the conflict between water supply and water environment in regional water
resource management [19–21]. There are many methods of analyzing the nexus to assess the linkages
between resource systems [22]. For example, life cycle assessment (LCA) [23], input-output analysis
(IOA) [24], life cycle inventory (LCI) [25], multi-sectoral systems analysis (MSA) [26], competitive
Markov decision process (CMDP) [27], analytic hierarchy process [28], and so on. These assessment
methods mainly focus on two forms of interaction of the nexus: resource input-output and, interaction
via institutions, markets, and infrastructure [9]. However, relatively few studies have considered the
physical, biophysical, and chemical characteristics of interaction of the nexus [29].

In order to figure out a physical nexus between water supply and environmental sectors,
the designed water flow as a linkage for the two sectors should be firstly determined. The conventional
designed water flow has always relied on stationary return levels. As the frequency of hydrologic
events has been changing and it is likely to continue to change in the future [30], nonstationary
frequency research is becoming a hot topic, and many methods for estimating the design flow have
been developed to account for the change in the frequency of flow over time. For example, effective
return levels that vary as a function of time to maintain a constant occurrence probability of an extreme
event [31], expected waiting time until an exceedance occurs [32], expected occurrence frequency of a
given event over the return period [32,33], design life levels that quantify the probability of exceeding
a fixed threshold during the design life of a project [34], design exceedance probability that is constant
for any given return period during the life of the design [35], and expected occurrence frequency of
a given event over the engineering design life [36]. However, an equivalent reliability method can
quantify the design reliability under nonstationary conditions, and it considers the impact of the design
life of engineering on the estimation of design flow [37]; therefore, it provides an appropriate method
to assess the risk of low flow events and determine their corresponding design flows.

Saltwater intrusion is a universal phenomenon in coastal areas with developed cities and large
numbers of people [38–40]. It is necessary to understand the water supply-water environmental
capacity nexus of these areas for water supply security and water pollution control activities. Water
systems in a saltwater intrusion area are affected by, not only the upstream water discharge, but they are
also independently affected by the intrusion saltwater from the downstream sea water level boundary.
The water supply-water environmental capacity nexus under these conditions will be different from
that of an area where the downstream boundary condition is only correlated to the upstream boundary
and the amount of water that is supplied. Owing to more and more water being consumed by the
upstream areas and climate change, the water flow that is discharged into the saltwater intrusion
area fluctuates with nonstationary characteristics. In addition, water levels at the downstream
boundary may rise due to the rising sea level, which brings more saltwater into the area. The water
supply-water environmental capacity nexus in the saltwater intrusion area will vary with the changing
boundary conditions.
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The seven-day average low flow within a ten-year return period (7Q10) is often used to
support the modelling and data analysis under the Clean Water Act national pollution discharge
elimination system and total maximum daily load programs [41–44]. Although the methods for 7Q10
computation are documented in the report of the ASCE Task Committee on low-flow evaluation
(the methods and needs of the Committee on Surface-Water Hydrology of the Hydraulics Division [45],
the assumption of the methods is stationary data series. In our study, the aim of our paper is to
determine the physical nexus of water supply-water environmental capacity in the salt intrusion area
through estimating designed water flow under the nonstationary condition. Equivalent reliability for
nonstationary frequency analysis is employed to determine the design water flow boundary condition.
The hydrodynamic and water quality models are used to assess the link between water flow and
water quality issues [46]. Subsequently, the water supply-water environmental capacity nexus can be
quantified under water level scenarios through the enumeration method.

2. Methodology

In order to construct the water supply-water environmental nexus, the water supply scenario
should be set and its corresponding water environmental capacity needs to be determined through the
simulation of water flow and quality. The Saint–Venant equations simulate the water flow, while the
one-dimensional advection–dispersion mass transport equation in the saltwater intrusion area can
simulate the water quality. The reliability of the water supply and the water environmental capacity
are determined by the design water flow discharge conditions. That is, the designed water flow
discharge into the saltwater intrusion area from the equivalent reliability for nonstationary frequency
analysis is taken as the upstream boundary condition for the water flow and quality models. The water
environmental capacity estimation can be derived from one-dimensional advection–dispersion mass
transport equation and the Saint–Venant equations. The sea water level scenarios are set for the
downstream boundary conditions in the models. Therefore, the computational flow chart of the water
supply-water environmental capacity nexus can be as shown in Figure 1.
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2.1. Nonstationary and Trend Test Methods

Defining Q as the annual minimum daily flow, the stationarity of the time series data Q can then
be tested by the Kwiatkowski–Phillips–Schmidt–Shin (KPSS) test method [47]. The time series Qt is
assumed to be the sum of a deterministic trend βt, random walk γt, and stationary error εt at time t in
the following linear regression model [48].

Qt = βt + γt + εt (1)

and
γt = γt−1 + µt (2)

where the µt is independent and identically distributed N(0, σu
2). The initial value γ0 is treated as

a fixed value and it serves as an intercept in the linear regression model. The null hypothesis for
the stationarity around a deterministic trend is σu

2 = 0, while the alternative hypothesis is σu
2 > 0.

In another case, the statistic for the level-stationary model adopts the null hypothesis as βt = 0.
Kwiatkowski et al. [47] provide critical values of a certain significance level (α). The stationarity test of
low flow in our study will be implemented using the function “kpsstest” in the MATLAB environment.

The trend of the annual minimum daily flow time series will be tested using the Mann–Kendall
(M–K) method and the Pettitt change point analysis will be employed to determine the change
point [49–51]. The M–K test is a rank-based nonparametric trend detection method that is commonly
used to assess the significance of monotonic trends in hydrological data time series [40,52–54]. The null
hypothesis for no-trend in the M–K test is that the low flow time series are randomly ordered.
On the contrary, the alternative hypothesis states that the series has an increasing or a decreasing
monotonic trend at a certain significance level (α). If the series has a significant trend, then the
significant change point will be statistically detected through Pettitt change point analysis, which
is based on the first-order change point of the series. The details regarding the Pettitt change point
analysis can be found in the study by Pettitt [51].

Only nonstationary low flow time series are modelled by the nonstationary frequency analysis
method. For nonstationary low flow time series with significant trends (passing the M–K test), time is
chosen as a covariate in the location parameters of the frequency distribution function [46,55,56].
Pearson type III is the distribution function that is recommended by the Ministry of Water Resources of
China for hydrologic frequency analysis in China [57]. The nonstationary Pearson type III will be used
for the frequency analysis of low flow series with nonstationary or significant trends. Nonstationary
probability models always estimate the trend of location parameters under the assumption that the
scale and shape parameters are fixed (e.g., [52,58–60]). The primary reason is that modelling the
temporal changes in scale and shape parameters reliably require long-term observations that are often
not available for practical applications. [35]. Therefore, the probability distribution function of the
nonstationary Pearson type III is given by

fY(y|a(t), δ, ξ) =
1

δΓ(ξ)

(
y− a(t)

δ

)ξ−1

exp
(
−y− a(t)

δ

)
, y > a(t), a(t) > 0, δ > 0 (3)

where a(t), δ, and ξ are the location, scale, and shape parameters, respectively. The location parameter
a(t) follows a regression model of the year, like a(t) = a0 + a1exp[a2 (t − a3)], to guarantee a positive
location parameter [61,62]. The minimum Akaike information criterion (AIC) method is applied
in order to estimate the parameters (i.e., a0, a1, a2, a3, δ, and ξ) of the nonstationary Pearson type III
models in this study [63].
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2.2. Nonstationary Frequency Analysis for the Designed Discharge Condition

The application of hydrological frequency analysis for the designed discharge condition is often
framed as a risk (p0) of a hydrologic event that is below the design value X0 for water supply or
environmental protection projects. If no lower value than X0 occurs during the design life of n years,
then the reliability is defined as (1 − p0)n, under the assumption of independence and stationarity [64].
However, from the nonstationary perspective [7,65], the reliability (S) with which the probability of
flow exceeds design quantile X0 before or at life year n under the circumstances of time-varying
exceedance probabilities pt is:

S = (1− p1)(1− p2) · · · (1− pn) =
n

∏
t=1

(1− pt) (4)

If the reliability (S), as determined by Equation (1), can also be calculated through a surrogate
dataset under the stationary condition, then the probability (p′ is called equivalent reliability) and its
quantile value will be obtained, as follows:

(1− p′)n = S = (1− p1)(1− p2) · · · (1− pn) =
n
∏

t=1
(1− pt)

⇒ p′ = 1−
[

n
∏

t=1
(1− pt)

] 1
n

(5)

xp′ = Φ−1(pt, Θ) (6)

where Φ−1(•) is the inverse distribution function of pt under the nonstationary condition and it is
determined by Equation (3). Θ is the parameters [a0, a1, a2, a3, δ, and ξ].

2.3. Water Flow and Quality Models in a Saltwater Intrusion Area

A saltwater intrusion area is always a river delta or a plain river network area with a very
complex water system. The water flow in these areas is always simulated based on Saint–Venant
equations describing the mathematical translation of the laws of conservation of mass and momentum.
The equations can be formulated, as shown in Equations (7) and (8) [52,66–69]:

∂Q
∂x

+
∂A
∂t

= q (7)

∂Q
∂t

+
∂

∂t
(

αQ2

A
) + gA

∂H
∂x

+ g
|Q|Q

CO2 AR
= 0 (8)

where A is the wetted cross-sectional area (m2); Q is the flow (m3·s−1); x is the distance (m); t is the
time (s); q is the lateral inflow (m3·s−1·m−1); α is the momentum correction coefficient; g is the
gravitational acceleration (m ·s−2); H is the water surface elevation above datum (m); R = A/P is
the hydraulic radius (m); P is the wetted perimeter (m); CO = 1

n R
1
6 is the Chezy coefficient; and,

n is Manning’s roughness coefficient. Because there is no analytical solution for the Saint–Venant
equations, a numerical Preissmann implicit finite difference scheme is utilized [70].

A one-dimensional advection–dispersion mass transport equation is employed in order to
simulate water quality. As the equation takes into account the effect of advection, dispersion, dilution,
constituent reactions, interactions, flow sources, and sinks [71], for any constituent concentration C,
the mass transportation phenomena can be described, as follows [72–74]:
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∂AC
∂t

+
∂uAC

∂x
− ∂

∂x
(AEx

∂C
∂x

)− Sc = 0 (9)

where A is the cross-sectional area (m2); u is the cross-sectional averaged flow velocity (m·s−1); C is the
pollutant concentration (kg·m−3); Ex is the diffusion coefficient (m2·s−1); and, Sc is the source/sink
term that represents the phenomena of decay, growth, erosion, and deposition occurring in the
river for non-conservative constituents (kg·m2·s−1). Sc is often converted to –KAC, where K is the
comprehensive decay coefficient. An implicit implementation of the upwind difference scheme,
as developed by Courant et al. [75], is used to approximate the advection term (the second term in
Equation (9)). The third term (diffusion) in the equation, which represents the flux of pollutants out of
the water, is approximated through the central difference scheme.

2.4. An Analytical Approach for Estimating Water Environmental Capacity in a Saltwater Intrusion River Network

The water environmental capacity estimation (W) can be derived from the water quality equation
(Equation (9)) and the hydrodynamic equations (Equations (7) and (8)) as the following expression [76]:

W =
LN

∑
l=1

[
Ql

0

(
Cl

S − Cl
0

)
+ qlCl

S + KlV lCl
S

]
(10)

Q0
l is computed based on the Saint–Venant equation (Equations (7) and (8)) model in the saltwater

intrusion area at the lth river; C0
l is obtained from the monitored results in flow water quality

(Equation (9)); Cs
l is the water quality concentration that meets the specified water environment

function, and Vl is a river segment volume, which is equal to AlLl (L is the river length); LN is the total
number of sub-rivers; and, ql, Al are the same as in Equations (7) and (9), respectively.

3. Study Area and Dataset

The Northwest Pearl River Delta, which is located in Guangdong Province in South China
(see Figure 2), drains 18,851 square kilometres, and it is characterised by a humid climate with annual
precipitations ranging from 1184 to 2679 mm (from 1959 to 2000). There are five main administrative
cities, namely Guangzhou, Foshan, Jiangmen, Zhongshan, and Zhuhai, in the Guangdong province.
Water is supplied through 94 waterworks intakes that are distributed as shown in Figure 1. The river
networks in the Northwest Pearl River Delta are divided into 154 river units, 93 junction units,
and 781 sections. 15 external units have been taken as boundary conditions, which represent the
upstream discharge hydrographs (Beijiang River and Xijiang River) and the downstream water levels.
The discharge data for Makou and Sanshui as the upstream boundary conditions are for the period
1959–2000. The other external unit data as boundary conditions are the water levels. As more polluted
water is discharged into the rivers with increasing water consumption, the water supply-water
environmental nexus has become more important for local water resource operations, especially in the
dry season, when low freshwater flow in the upstream area and saltwater intrusion in the downstream
area occurs.
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4. Results and Discussion

4.1. Calibration and Validation of Water Flow and Quality Models in Saltwater Intrusion Area

The calibration and validation of water flow and quality models in the Northwest Pearl River
Delta have been concretely described in a previous study [52]. According to intensive data collection in
December of 1991, the Nash–Sutcliffe Efficiency coefficients (NSE) of the water levels were 0.89–0.95 at
the observed five gauging stations. The NSE of the water level at the Nanhua and Rongqi stations were
0.983 and 0.981, while the NSE of the water discharges at the same stations were 0.849 and 0.636 in
the validation process. The results of the validation confirm the goodness of fit between the observed
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and simulated values from the Saint–Venant equations. The integrated chemical parameter, chemical
oxygen demand (COD), is considered to be an important indicator of variable water quality in our
study [77]. The comprehensive decay coefficient K was assigned a value of 0.2 day−1, according to the
results that were obtained from previous studies in the same area [78,79]. There was also agreement
between the observed data and the model results from Equation (9) for the COD [52].

4.2. Designed Discharge Conditions for the Upstream Boundary Conditions under Climate Changes

4.2.1. Nonstationary and Trend Test for the Annual Minimum Seven-day Average Flow in the Makou
and Sanshui Gauge Stations

In order to assure the discharge data collected at the same time at both Makou and Sanshui gauge
stations, the annual minimum seven-day average flow is chosen from one station (e.g., Makou in
Figure 3a and Sanshui in Figure 3b), while the average flow during the same period will be picked
up in the other station (Sanshui in Figure 3a and Makou in Figure 3b) based on the typical low-flow
method. Even though the annual minimum seven-day average flow at the Makou gauging station
is significantly scattered, as shown in Figure 3a, the fitted trend line does show an overall increasing
trend. The stationarity test results show that only the annual minimum seven-day average flow time
series in Sanshui is considered to be nonstationary at a 5% significance level. The trends of the annual
minimum seven-day average flow time series are tested using the M–K test method, and the test
results are displayed in Figure 4. The series in Sanshui show a significantly positive trend, and they
also identify 1981 as a change point with a significance level of 5% (Figure 4b). Therefore, the 7Q10
from Sanshui (as shown in Figure 4b) should be determined through nonstationary frequency analysis,
while the stationary frequency analysis is fit to the time series, as presented in the report of the ASCE
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4.2.2. Q10 at Sanshui Gauge Station under Nonstationary Frequency Analysis

The regression equation for the time-varying location parameter a(t) in Equation (3) is
a(t) = 36.4884 + 19.9393 × e[0.1658×(t−1975)]. δ and ξ are 19.9998 and 19.9987, respectively.
As a sample size of 30 years (n = 30) is commonly adopted for hydrologic frequency analysis [80],
the values of the 7Q10 can be determined, as shown in Table 1, for periods 1959–1988 (for the
beginning of the data series), 1979–1999 (for the last data series in the historical record), 1992–2021
(for the current data period), and 1999–2028 (for the future) through Equation (5) if p′ = 0.1. A typical
low flow event over seven days was selected from the observed flow series in Sanshui based on the
minimum difference between the designed 7Q10 and the observed low flow event. The low flow
in Makou that happened during the same period was chosen and then converted to designed flow
by multiplying the ratio of the designed 7Q10 and the observed low flow in Sanshui. In order to
determine the differences between the nonstationary and stationary results, the designed low flow
after 1981 was determined through stationary frequency analysis where the frequency was also 10%
(as shown in the last column of Table 1). There are two water inflows in the upstream boundary, and
two data time series before and the after the changed point in every water inflow series, and four
scenarios can be formed under the nonstationary condition. As there is another assumed stationary
series, five scenarios for the upstream boundary conditions are set according to the results, as also
shown in Table 1.
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Table 1. 7Q10 for Sanshui station and its corresponding low flow at Makou according to the typical
low flow method (m3/s).

Station
Nostationary Stationary *

1959–1988 1970–1999 1992–2021 1999–2028

Sanshui 32.24 34.81 87.40 192.29 87.43
Makou 1080.29 1166.45 1792.13 2214.41 1792.66

* Stationary condition is satisfied after 1982 in Sanshui flow series.

The results of the nonstationary frequency analyse are different from those from the stationary
frequency analyse, which will impact the size of water environmental capacity and then the pollutant
control activities in environmental management. The designed low flow under stationary conditions
was slightly different from the results in 1992–2021, when the stationary condition was implemented,
and the designed low flow under nonstationary conditions increased with time. The low flow
freshwater in Sanshui and Makou is the upstream boundary for the Northwest Pearl River Delta.
Its increase will be beneficial for the water supply and water environmental capacity.

4.3. The Water Supply-Water Environmental Capacity Nexus under Changing Boundary Conditions

4.3.1. The Nexuses under Changing Upstream Boundary Conditions

The total capacity of water supply from 94 water plants is 3710 million m3 per year. In order to
present the impact of the amount of water supply on water environmental capacity, the amount of
supplied water varied from 0.1 to 10 times the total capacity of the water plants, that is, between
371 and 37,100 million m3 per year, and the amount of water was converted into the discharge flow
rate with units in m3 per second (from 11.76 to 1176 m3/s). Five scenarios for upstream boundary
conditions are provided to the water flow and quality models to estimate the water environmental
capacity (as shown in Figure 5a), while the water levels downstream are fixed according to the designed
boundary conditions. Figure 5a) illustrates the relationship between water supply in million cubic
meters and water environmental capacity in tons. While the amount of supplied water increases by
0.1 times the total water plant capacity, the water environmental capacity only decreases slightly under
the five scenarios. On the other hand, the water environmental capacities under the five scenarios
vary with the upstream boundary water flow conditions. The designed water flow increases, and the
water environmental capacities increase. As the designed water flow under the future scenario is the
maximum value among the scenarios, its environmental water capacity is also the largest (shown in
Figure 5a). There are two factors that impact the water supply-water environmental capacity nexus
in our study area. The first one is the designed freshwater flow. The water can only be supplied
when the direction of water flow is downstream. Thus, the amount of water supply is determined
by the five designed water flows under upstream boundary conditions. The other factor is the water
levels under downstream boundary conditions. The South China Sea water level and the law of
tides dominate the water levels at the downstream boundary water gates (as shown in Figure 2).
As the water environmental capacity is expressed by COD instead of chlorosity in our study, saltwater
can also dilute COD and increase the amount of water environmental capacity. The nexuses of the
water supply-water environmental capacity seem to be declined straight lines, as shown in Figure 5a–c,
on the assumption of fixed water levels in the downstream boundary conditions. However, if the
saltwater cannot dilute COD and assume the amount of water environmental capacity to be zero
when the water flow runs upward driven by saltwater. The water environmental capacity is shown
in Figure 5d, which is zoomed in under the stationary condition. The nexus of water supply-water
environmental capacity is changed into a declined curved line.
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4.3.2. The Nexuses under Changing Downstream Boundary Conditions

In order to investigate the impacts of water level conditions at downstream boundaries on the
nexuses of water supply-water environmental capacity, the water levels were assumed to increase
by 0.5 m. The nexuses under rising water levels at the downstream boundaries are shown in
Figure 6. Figure 6a–e shows the nexuses under the conditions of rising water levels at the downstream
boundaries and different upstream boundary conditions, as set out in Table 1. Figure 6a–e indicates
that water environmental capacities increase with rising water level, as shown in the right sides of
y-axis values. The water environmental capacity of an increasing 0.5 m water level is bigger than the
original downstream water level conditions. As the freshwater in the upstream boundary became
nonstationary (increasing or decreasing), the amount of water supply fluctuated. However, the water
environmental capacity was impacted by the designed water flow at the upstream boundary, and by
the water levels at the downstream boundary. As there is an increasing trend of designed water flow
under nonstationary conditions, and the water levels at the downstream boundary are rising from
the sea level, the water environmental capacity will increase. The water supply-water environment
nexus in a saltwater intrusion area is impacted by both the upstream boundary water inflow and
downstream boundary water level conditions. The fluctuated water inflow and the rising sea level are
the two primary factors for the nexus of water supply and the pollutant control sectors.



Water 2019, 11, 346 13 of 19

Water 2019, 11, x FOR PEER REVIEW  14 of 19 

 

 

Figure 6. Cont.



Water 2019, 11, 346 14 of 19

Water 2019, 11, x FOR PEER REVIEW  15 of 19 

 
Figure 6. Supply-water environmental capacity nexus responded to the downstream boundary scenarios: “I” is the result of the figure 5with original downstream 
boundary condition corresponding to the left Y axes while “II” represents the water levels increased by 0.5m corresponding to the right Y axes. (a) Stationary, (b) 
1959–1988, (c) 1970–1999, (d) 1992–2021, and (e) 1999–2028represent the upstream water inflow boundary condition.

Figure 6. Supply-water environmental capacity nexus responded to the downstream boundary scenarios: “I” is the result of the figure 5with original downstream
boundary condition corresponding to the left Y axes while “II” represents the water levels increased by 0.5m corresponding to the right Y axes. (a) Stationary,
(b) 1959–1988, (c) 1970–1999, (d) 1992–2021, and (e) 1999–2028represent the upstream water inflow boundary condition.



Water 2019, 11, 346 15 of 19

5. Conclusions

In this paper, we developed a framework to quantify the water supply-water environment nexus
in a saltwater intrusion area under nonstationary conditions. We examined this nexus by imposing
nonstationary designed water flow at the upstream boundary and rising water levels at the downstream
boundary, respectively. Saint–Venant equations and the one-dimensional advection–dispersion mass
transport equation were employed to determine the water environmental capacity under changing
boundary conditions, and these two types of equations are impacted by water supply. The models
for simulating water flow and water quality in the saltwater intrusion area were solved by using the
numerical Preissmann implicit finite difference scheme and the central difference scheme. Equivalent
probability determined the designed water flow under nonstationary conditions.

Five scenarios under nonstationary upstream water flow conditions and two scenarios based on
the assumption of rising water level at the downstream boundary were examined. The capacity of the
water supply was determined by the designed freshwater flow, while the water environmental capacity
was impacted by both the designed water flow at the upstream boundary and the water levels at the
downstream boundary. As there was an increasing trend in the designed flow, the water environmental
capacity should also increase. As the salt intrusion water can dilute COD, which increases the water
environmental capacity, the nexuses of water supply-water environmental capacity seem to be constant
lines for saltwater intrusion areas. Our research results can also help in water quality protection in
the river-reservoir system, where the impacts of reservoir operation on its tail area are analogous to
tide intrusions.
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