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Abstract: The construction of multifunction reservoirs is important for flood control, agriculture
irrigation, navigation, and hydropower generation, but dam construction will inevitably affect
the downstream flow and sediment regimes, which can cause some environmental and ecological
consequences. Therefore, this paper aims to propose a framework for assessing the multiobjective
reservoir operation model based on environmental flows for sustaining the suspended sediment
concentration (SSC) requirements in the turbidity maximum zone (TMZ). The Yangtze River Estuary
was used as a case study. Through using an analytical model, a quantitative correlation between SSC
and water flow rate was established. Then, the quantitative correlation and the SSC requirements were
applied to determine the environmental flows for the estuarine TMZ. Subsequently, a multiobjective
reservoir operation model was developed for the Three Gorges Reservoir (TGR), and an improved
nondominated sorting genetic algorithm III based on elimination operator was applied to the model.
An uncertainty analysis and a comparative analysis were used to assess the model’s performance.
The results showed that the proposed multiobjective reservoir operation model can reduce ecological
deficiency under wet, normal, and dry years by 33.65%, 35.95%, and 20.98%, with the corresponding
hydropower generation output lost by 3.37%, 3.88%, and 2.95%, respectively. Finally, we discussed
ecological satiety rates under optimized and practical operation of the TGR in wet, normal, and dry
years. It indicated that the multiobjective-optimized runoff performs better at maintaining the TMZ
in the Yangtze River Estuary than practical runoff. More importantly, the results can offer guidance
for the management of the TGR to improve the comprehensive development and protection of the
estuarine ecological environment.

Keywords: multiobjective reservoir operation; environmental flows; Three Gorges Reservoir;
turbidity maximum zone; suspended sediment concentration; Yangtze River Estuary; improved
nondominated sorting genetic algorithm III

1. Introduction

The construction and operation of multifunction reservoirs can provide water supply, agriculture
irrigation, flood control, navigation, and hydropower generation [1]. The construction of dams
decreased sediment load entering the estuary and sea, which would affect physical, chemical, biological,
and geological processes in these areas. As a result, various serious environmental issues occurred,
such as eutrophication, phytoplankton blooms, oxygen depletion, erosion of the subaqueous delta,
and interference with fish migration and survival [2–7].
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Estuaries, where freshwater from upstream rivers mixes with saltwater from the sea, host
interactions between the lithosphere, hydrosphere, atmosphere, and biosphere. Within estuaries, there
is a reach where the suspended sediment concentration (SSC) is higher than that in the adjacent waters;
commonly, this region is termed the turbidity maximum zone (TMZ). The spatial–temporal variability
and the behavior of TMZ were studied in many estuaries, such as the Capibaribe estuary in Brazil [8],
the Loire estuary in France [9], and the Sabaki estuary in Kenya [10]. The TMZ, which migrates
regularly within an estuary [11,12], plays an important ecological role in the estuary through nutrient
transformation and plankton abundance [5,13], heavy metal distribution [14,15], and anadromous fish
productivity [16,17].

The TMZ in the Yangtze River Estuary is well developed and characterized by the high wash-load
content [18]. The mechanisms of TMZ formation in the Yangtze River Estuary include tidal asymmetry,
gravitational circulation, near-bed periodic tidal resuspension, and turbulence suppression by cohesive
suspension/salinity stratification [19,20]. In the Yangtze River Estuary, the TMZ is delivered by the
local resuspension of the accumulated materials and bed erosion [21]. It shifts seaward in the summer
and landward in the winter due to seasonal variations in runoff into the estuary [22,23]. The SSC
delivered by the Yangtze River into the estuary is dominated by freshwater discharge, deforestation,
land use, soil erosion, and dam impoundment [24].

Extensive anthropogenic activities, such as water withdrawals, interbasin water transfers, and
dam construction, have affected flow and sediment regimes in the middle and lower Yangtze
River [1,25]. After the TGR began operation in 2003, riverine sediment transport into the Yangtze
River Estuary has greatly changed because of the sharp decrease in SSC and suspended sediment
discharge (SSD) [23,24]. Since the Three Gorges Dam (TGD) impoundment, the reduction of river
discharge has resulted in a decrease in the areas of the TMZs and changes of topographic features
in all channels [26]. The TGD caused a reduction in TMZ area of 12.88% and 1.24% during spring
and neap tides, respectively [25]. Between 1959–1999 and 2000–2009, the average SSC for the TMZ in
Yangtze River Estuary decreased by 24.73% and the latitudinal range of the TMZ shrank inwards for
1/6 degree [27].

Because of TGR operations, the construction of new large dams, and the South-to-North Water
Diversion project in the Yangtze River watershed, the sediment load into the Yangtze River Estuary
will continue to decline in future decades [6]. To maintain the location and area of an estuarine TMZ,
it is imperative for water resource managers to evaluate the effect of TGR operations on SSC in critical
TMZ regions. In the Yangtze River Estuary, the extent and magnitude of the TMZ varies with upstream
water discharge [25]. The forward shift of the TMZ was determined by runoff and tide, and the sharp
decrease of the TMZ area was determined by SSD from the upstream watershed [27]. Furthermore,
the location, area, and average SSC of the TMZ in the estuary were considerably changed by the TGD.
Research on freshwater requirements from upstream drainages for preserving the estuarine TMZ is
crucial for maintaining the estuary’s role as a filter; such research has significant theoretic value and
wide potential applications.

Fang et al. [28] presented a one-dimensional numerical model for unsteady and nonuniform
sediment transport and applied it to the Hongshui and Yellow Rivers in China with good results.
Shi et al. [29] developed a two-dimensional horizontal numerical model of fine-sediment transport
to predict fine-sediment transport processes within the TMZ at the South Channel–North Passage
of the Yangtze River Estuary. Zhang et al. [30] developed a process-based sediment transport model
under a wide variety of wave and current conditions. Park et al. [31] developed a three-dimensional
intertidal sediment transport model to study TMZ characteristics along the main channel of the upper
Chesapeake Bay. Grasso et al. [32] used a 3D process-based mixed-sediment (i.e., mud, sand, and
gravel) numerical model, forced by wind, waves, tides, and river flow, to quantify the influence of the
main forces (river flow, tides, and waves) on the TMZ location and mass changes. These modeling
studies could accurately predict the water flow rate and suspended sediment transport processes in
coastal regions when basic estuarine topography, hydrology, and sediment concentration data were
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sufficiently known. However, these data (especially topographic data) are difficult to obtain in many
estuarine and coastal waters, and few studies have focused on the impacts of freshwater changes on
position variations of the TMZ. One-dimensional analytical models for suspended sediment transport
have a simple structure that can be easily programmed and requires limited data. Additionally,
the simulation accuracy of the analytical model does not decrease significantly compared with that
of numerical models for predicting mass and heat transfer in many studies [33,34]. Accordingly,
a one-dimensional sediment transport analytical model was used in this study to assess the influence
of upstream freshwater on the decrease in SSC and the shift of the TMZ in the estuary.

Conventional reservoir operation usually maximizes economic benefits, but their influences
on society and the river ecosystems are often ignored [35–37]. Numerous methods for analysis of
proper functioning of critical infrastructures have been developed so as to achieve improved safety
and reliability [38]. Considering environmental sustainability and water supply reliability, a new
paradigm which incorporates the deficits of environmental flow requirement into modern reservoir
operations for multiobjective water resources planning and management has been developed [39–41].
Besides, comparative analysis of reservoir operation results and environmental flow requirements was
performed to evaluate the performance of the scheduling model [42].

In this study, we first established a quantitative relationship between the SSC and water flow rate
using an analytical model that was calibrated and validated by comparison with in situ hydrological
and sediment concentration data. Based on the quantitative relationship and the SSC objectives, we
determined the environmental flows required to sustain the SSC requirements for upper-limit cross
sections of the TMZ. Then, a multiobjective reservoir operation model was developed to achieve
the economic, societal, and environmental benefits simultaneously. We chose the wet, normal, and
dry years as the three typical hydrological years and applied the improved nondominated sorting
genetic algorithm III based on the elimination operator (NSGA-III-EO) to the model. Finally, practical
operation results, multiobjective-optimized operation results, and the environmental flows were
analyzed by means of an uncertainty analysis and a comparative analysis, and the results were used to
formulate suggestions for water resource management in the estuary that will aid in the preservation
of the TMZ.

2. Materials and Methods

2.1. Study Area and Data

The Yangtze River is the largest river in Asia in terms of length and the fourth largest in the world
in terms of fluvial sediment load [18,43]. The TGR located at the upper end of the Yangtze River is the
largest hydroelectric power station in the world, with maximum and minimum releases of 98,800 and
1580 m3/s, respectively. The operation of the TGR alters the river’s monthly flow distribution and
significantly decreases the annual mean SSD [23].

The Yangtze River Estuary is a mesotidal estuary characterized by three-order bifurcations and
four outlets into the East China Sea (Figure 1). Estuarine turbidity maximums exist in the outlets of each
branch, but the locations and formation mechanisms of the TMZs are different [44]. The longitudinal
extension of the TMZ in the Yangtze River Estuary ranges from 25 to 46 km; the SSC in surface waters
varies between 0.1 to 0.7 kg/m3, while the SSC in bottom waters varies between 1.0 to 8.0 kg/m3 [45].

The data used in this study included topography, SSC, and river discharge, as well as suspended
sediment and bed material grain composition. Topography comprises the cross-sectional area, width,
and water depth of the Yangtze River Estuary’s branches. The water depth was measured in situ and
the width was determined using Google Earth; these values were then used to calculate cross-sectional
area. The water discharge data were taken from the Hydrologic Year Book for the Yangtze River
Basin. The water depth, SSC, and grain composition data were obtained from the Data Archive and
Sharing Network for Resource and Environment Projects of 973 Program (http://www.973geodata.cn).
The depth-averaged SSC and water depth data were simultaneous observations at hourly intervals

http://www.973geodata.cn
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during a spring tide, made on 13–14 February 2006 and 30–31 January 2010 for each cross section along
the estuary. We took the cross-sectional hourly averaged observations as the SSC and water depth of
the cross section.
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Figure 1. The Yangtze River Estuary (SSC refers to the suspended sediment concentration, TMZ refers
to the turbidity maximum zone).

2.2. Suspended Sediment Concentration Objectives for the TMZ

The upper boundary of the TMZ has been widely used to evaluate the location variation of the
TMZ under the influence of human activities [25,27]. In this study, we used the upper limit of the TMZ
during the pre-TGD period (with the corresponding critical SSC) to quantify the environmental flows
needed to maintain the location of current TMZ.

The locations of TMZs vary in the different branches. Chen et al. [25] determined that the TMZ
was a region with surface SSC higher than 0.9 kg/m3 during the spring tide. They also pointed out
that there were two separate parts of the TMZ in the South Branch during spring tide, with upper
boundaries located 35.32 km and 103.15 km from the Xuliujing cross section in the pre-TGD period.
Accordingly, we assigned the upper boundary of the upstream part as TMZ1 in the South Branch
and the upper boundaries of the downstream part as TMZ4 and TMZ5 in the North Passage and
South Passage, respectively. Jiang et al. [18] determined that the general upper limit of the TMZ
in the Yangtze River Estuary was approximately 121◦20′ E, which we considered the equivalent of
TMZ2 in this study. We used a surface SSC value higher than 0.7 kg/m3 to empirically indicate the
TMZ [18]. Moreover, according to hydrological measurements in the estuary for the period 1959–1999,
Yang et al. [27] concluded that the peak zone of SSC was 121◦45′ to 122◦30′; thus, the latitude 121◦45′ E
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was considered as the upper limit of the TMZ3, with 0.70 kg/m3 as the critical surface SSC value.
An upstream cross section of the South Branch is selected as a reference cross section (NZ0) at the
landward boundary. The SSC requirements and critical cross sections for the TMZ are shown in Table 1
and Figure 1.

Table 1. SSC objectives for the upper limits of the five TMZs in the Yangtze River Estuary.

Branch
Channel

Critical Cross
Section

Corresponding
Period

Critical SSC for
the TMZ (kg/m3) Reference Distance to

NZ0 (km)

South Branch TMZ1 (35.32 km
from Xuliujing)

Pre-TGD
(before 1 June 2003) 0.9 [25] 17.72

South Branch TMZ2 (121◦20′ E) In 1981 and 1995 0.7 [18] 25.97
South Channel TMZ3 (121◦45′ E) From 1959 to 1999 0.7 [27] 76.55

North Passage TMZ4 (103.15 km
from Xuliujing)

Pre-TGD
(before 1 June 2003) 0.9 [25] 85.55

South Passage TMZ5 (103.15 km
from Xuliujing)

Pre-TGD
(before 1 June 2003) 0.9 [25] 85.55

2.3. The Inflows of the TGR in Different Exceedance Probabilities

The ten-day inflow data of the TGR is uncertain within each year, so exceedance probabilities
are used in this study for selecting typical hydrological years to trigger the multiobjective reservoir
operation model. The annual inflow data of the TGR from 2003 to 2016 are analyzed. The inflow data
less than 30%, 50%, and 70% of historical values represent a wet year, a normal year, and a dry year,
respectively. The exceedance probabilities of 0% and 100% represent the maximum and minimum
inflow data of the TGR, respectively. Table 2 lists the annual inflow values of the TGR corresponding to
different exceedance probabilities. Practical 10-day inflow and outflow data under different exceedance
probabilities can be seen in File S1.

Table 2. The annual inflow values of the TGR in different exceedance probabilities.

Exceedance Probabilities (%) Annual Inflow of the TGR (×108 m3/a)

0 4559.16
30 4252.89
50 4060.56
70 3869.50
100 2979.84

2.4. Suspended Sediment Concentration Calculation for the Alluvial Estuaries

2.4.1. Modification of Shape Description of Alluvial Estuaries

The analytical solution for the sediment transport model is developed on the basis that the
topography can be accurately modeled. Based on the theory developed by Savenije [46], alluvial
estuaries have converging banks and their shape can be described by some exponential functions.
Meanwhile, topographical changes caused by anthropogenic activities need to be considered [47,48].
The shape of alluvial estuaries needs to be corrected by the correction coefficients. Afterward, we
improved the shape description of alluvial estuaries as follows:

A = (A0 + A′0) exp (− xe
ai+a′i

) (i = 1),

A = (A(i−1) + A′
(i−1)) exp (− xe−xe(i−1)

ai+a′i
) (i > 1)

(1)

B = (B0 + B′0) exp (− xe
bi+b′i

) (i = 1),

B = (B(i−1) + B′
(i−1)) exp (− xe−xe(i−1)

bi+b′i
) (i > 1)

(2)
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h = (h0 + h′0) exp (xe(
ai−bi
aibi

+ h′i )) (i = 1),

h = (h(i−1) + h′
(i−1)) exp

((
xe − xe(i−1)

)(
ai−bi
aibi

+ h′i
))

(i > 1)
(3)

where A, B, and h are the cross-sectional area, width, and depth away from the estuary mouth xe in
kilometers, respectively; A0, B0, and h0 are the cross-sectional area, width, and depth at the mouth; i
represents the reach number of the channels—the exponential functions would be applied to describe
the geometry of a single channel estuary when i = 1, and that can be applied to a multiple-reaches
estuary when i > 1; xe(i−1) is the length of the (i− 1)th reach; A(i−1), B(i−1), and h(i−1) are the
cross-sectional area, width, and depth for the downstream section of the ith reach; and ai and bi
represent the convergence length of the area and width for each reach, respectively. A′0, A′

(i−1),

B′0, B′
(i−1), h′0, h′

(i−1), a′i , b′i , and h′i are correction coefficients.

2.4.2. Analytical Solution for the Steady Nonuniform and Nonequilibrium Sediment Transport Model

The erosion and deposition of fluvial sediments constitute a dynamic equilibrium in alluvial
estuaries [46]. The theory for this model was proposed by Han [49]_ENREF_42: when sediment
transport is in nonequilibrium, the sediment concentration and the gradations of suspended load and
bed load change along the river.

For a system mixing water and sand, the continuity equation and momentum equation can be
described as

∂A
∂t

+
∂Q
∂x

= 0 (4)

∂Q
∂t

+
∂

∂x

(
Q2

A

)
+ gA

∂Z
∂x

+ gA
Q|Q|

K2 = 0 (5)

where x and t are spatial and temporal variables, Q is the discharge, A is the cross-sectional area, Z is
the water surface elevation, g is the gravitational acceleration, and K is the runoff modulus.

Because convective motion is the major process in water and sediment transportation,
the influence of the diffusion term can be ignored, leading to the following continuity equation
for sediment transportation:

∂(AS)
∂t

+
∂(QS)

∂x
+ ρ′

∂A′

∂t
= 0 (6)

where S is the cross-section-averaged sediment concentration, ρ′ is the dry density of sediment, and A′

is the erosion or deposition area. The study of total erosion or deposition ρ′ ∂A′
∂t can be categorized as

total sediment transport modeling, suspended load modeling, and bed load modeling. Traditionally,
nonequilibrium transport of suspended load is adopted for calculations pertaining to unsaturated
sediment transport:

ρ′
∂A′

∂t
= αωB(S− S∗) (7)

where S∗ is the cross-section-averaged sediment transport capacity, ω is the sediment settling velocity,
α is the recovery coefficient relating to adaptation from a nonequilibrium state to the equilibrium state,
and B is the channel width.

A derivation process for the steady one-dimensional nonuniform suspended sediment
nonequilibrium sediment transport model can be found in File S2.

The suspended sediment transport model can be expressed as follows:

S = S∗ + (S0 − S∗0)·e−
αωBL

Q +
Q

αωBL
·(S∗0 − S∗)·(1− e−

αωBL
Q ) (8)

where S0 and S∗0 are the cross-section-averaged sediment concentration and transport capacity of the
upstream section, respectively, and L is the length of the river reach.
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2.4.3. Gradations of Suspended Load and Its Variability along the River

If the nonuniform sediment particles are separated into n classes, the particle size and settling
velocity of each class is Dj and ωj (j = 1, 2, · · · , n), respectively:

Sj = PjS, S∗j = P∗jS∗ (9)

where Pj and P∗j are the gradation of suspended load concentration and the sediment transport
capacity, respectively, and Sj and S∗j are the sediment concentration and capacity of the ith class
sediment, respectively. P∗j is assumed to equal the gradation of the suspended load concentration [50],
thus P∗j = Pj.

(1) In the case of erosion, the gradation of suspended load is derived as

Pj =
P0j − λP∗j

1− λ
(10)

where P0j is the initial gradation of suspended sediment, λ is the erosion ratio (denoted as λ = S0−S
S0

),
and P∗j is the alimentative gradation of suspended load from bed material, defined as

P∗j = Pb0j
1− (1− λ∗)

(
ωzh
ωj

)
β

λ∗
(11)

where λ∗ is the thickness ratio of the eroded subsurface layer and the mixing layer, Pb0j is the initial
gradation of bed material, β is a revised index (often assumed to be 0.75 in natural river courses), and
ωzh is the comprehensive effective settling velocity of the sediment, satisfying the following equation
determined by ∑n

j=1 P∗j = 1. Thus,

∑n
j=1 Pb0j[1− (1− λ∗)

(
ωzh
ωj

)
β

]

λ∗
= 1 (12)

(2) In depositional situations, the gradation of the suspended load is expressed as

Pj = P0j
(1− λ)

(
ωj

ωzh
)

β

1− λ
(13)

where λ is the deposition ratio, and ωzh must satisfy

∑n
j=1 P0j(1− λ)

(
ωj

ωzh
)

β

1− λ
= 1 (14)

2.4.4. Sediment Settling Velocity

The settling velocity ωj for each size class can be computed individually (File S3).
The comprehensive settling velocity of nonuniform sediment ω∗ is formulated as follows:

ω∗ = (
n

∑
j=1

Pjω
m
j )

1
m

(15)

where m represents the index of sediment transport capacity.
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2.4.5. Average Sediment Transport Capacity of the Cross-Sectional Area

Han [50] presented a sediment transport capacity formula for suspended load:

S∗ = kγs[
γU3

(γs − γ)gHω∗
]
m

(16)

where k is the coefficient of sediment transport capacity, H is the average depth of water, and U is the
mean velocity of the cross section.

2.5. Multiobjective Reservoir Operation Model Development

2.5.1. Objective Function

(1) Economic benefit objective
The economy objective function is the maximum benefit of hydropower generation, which is

derived from a previous work [51].

F = max
T

∑
t=1

kα ∗ qt ∗ ht ∗ τt (17)

ht = zup(qt)− zdown(qt)− zloss (18)

zup(qt) = 78.65 +
√

23.288 ∗ [Vt + (It − qt) ∗ τt] + 127.225 (19)

zdown(qt) = 62.57917 + 9.84891× 10−5 ∗ qt + 1.42007× 10−9 ∗ q2
t (20)

zloss =

{
1× 10−4 ∗ It 5000 < It ≤ 10, 000

1× 10−5 ∗ It + 0.9 10, 000 < It ≤ 60, 000
(21)

where F is the maximum output of hydropower generation (kW·h); k is the price of hydropower
(0.2506 RMB/kW·h); α is the output factor of power generation and α = 9.81 [52]; qt is the water outflow
rate in the tth time period

(
m3/s

)
; ht is the reservoir average water head at time period t (m); τt is the

duration in the ith dispatching period (s), and T denotes the whole schedule period count within a
year: T = 36; zup(qt) represents the relationship between water level and water discharge; zdown(qt)

represents the relationship between tail water level and water discharge; zloss denotes the head loss; Vt

is the volume of reservoir storage at the beginning of the tth period
(
m3); and It is the reservoir inflow

in the tth period
(
m3/s

)
.

(2) Social benefit objective
The minimum shortage of the socioeconomic water requirement in the TGR area is considered as

the social benefit objective function:

S = min

∣∣∣∣∣ T

∑
t=1

(Dt −Qt − qt ∗ τt)

∣∣∣∣∣ (22)

where Dt and Qt represent the socioeconomic water requirement and water storage volume of the
reservoir region over the tth period

(
m3), respectively.

(3) Ecological objective
The ecological objective is the minimum shortage of water demand that conserves the

drinking-water source:

E = min
T

∑
t=1

max[0, (qeco − qt)× τt] (23)

where qeco is the minimum water demand for preventing seawater spill over into the
drinking-water source.
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2.5.2. Constraints

The multiobjective ecological reservoir operation is subjected to the following constraints:
The water balance equation:

Vt+1 = Vt + (It − qt) ∗ τt − EPt (24)

where EPt is the sum of seepage and evaporation from the reservoir in the period t
(
m3).

Flood control discharge limits:
qt ≤ qF (25)

Shipping discharge limits:
qt ≥ qS (26)

Reservoir discharge limits:
Qt,min ≤ qt × τt ≤ Qt,max (27)

where Qt,min and Qt,max are the minimum and maximum water discharges of the reservoir over time
period t, respectively (m3).

Reservoir storage volume limits:

Vt,min ≤ Vt ≤ Vt,max (28)

Non-negative constraint:
qt ≥ 0 (29)

The calculations were simplified by assuming that the seepage and evaporation of the reservoir
was 0. The socioeconomic water demand in the Yibin–Yichang section of the Yangtze River is predicted
to be 1.0058× 1010 m3 in 2020, and its annual distribution was considered as the socioeconomic water
demand in the reservoir region in each time period [1]. The water storage volume of the reservoir in
each time period t was obtained by the annual distribution of the average storage volume of the TGR.
The Qingcaosha water source located to the east of Changxing Island is the third largest water source
for Shanghai, and it is easily affected by saltwater spilling over from the East China Sea. The protection
of this water source is imperative and has been selected as a key ecological objective. The minimum
water demand of the TGR outflow needed to ensure the optimal salinity of the Qingcaosha water
source is 10,555 m3/s [1,53]. Thus, the value of qeco = 10, 555 m3/s was used in the ecological objective
function (Equation (23)).

The scheduling scheme of the TGR is to increase reservoir discharge by 1000–2000 m3/s between
January and May. During mid-to-late September, immediately before the storage period, the reservoir
discharge is kept above 10,000 m3/s to ensure flood control safety. In October, the storage period,
the reservoir discharge is kept at a minimum of 6500 m3/s and water discharge is decreased by
4000 m3/s [54]. The water discharge of the reservoir required to ensure flood control was set
to 35,000 m3/s [51]. When the navigable condition of the TGR meets the water discharge of
[5000, 56,700] m3/s, the ship can pass through the TGR smoothly [51]. The minimum and maximum
capacities of the reservoir were set to Vt,min = 1.175× 1010 m3 and Vt,max = 3.93× 1010 m3, respectively.

2.5.3. Improved Nondominated Sorting Genetic Algorithm III Based on the Elimination
Operator (NSGA-III-EO)

The NSGA-III algorithm proposed by Deb and Jain [55] is similar to the original NSGA-II [56].
The significant breakthroughs of NSGA-III are the decomposition-based idea and the selection
mechanism. Based on the above, Bi and Wang [57] proposed an improved nondominated sorting
genetic algorithm III (NSGA-III-EO) with the elimination operator to create new individuals.
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General framework of NSGA-III-EO:

Input:
Multiobjective optimization problem;

a termination criterion;
N: the number of population (size) considered in NSGA-III-EO;
Z =

{
λ1, λ2, . . . , λN}: a set of N reference points;

Output:
Approximation to the Pareto optimal set and the Pareto optimal objective vectors.

Step 1: Initialization:
Generate reference points Z;
Generate an initial population P0. Set i = 0.
While the termination criterion is not met, generate a new offspring Qi from parents Pi by applying binary
crossover and polynomial mutation, and then combine parent and child populations, and set Ri = Pi ∪Qi;
Nondominated sorting of Ri, set (F1, F2, · · ·) which are all PF of Ri, and set Si = ∅, k = 1;
Step 2: Update:
Include all nondominated fronts in the new population Si, set k = k + 1 and Si = Si ∪ Fk, until the size of new
population is equal to or for the first time becomes larger than the size of the parent population, thus |Si| ≥ N,
and the last front to be included is Fl = Fk;
Step 3: Termination criterion:
If |Si| = N, then Pi+1 = Si, break. Output P = PS ∪ PF; or else normalize the individuals in Si with reference
points Z, then eliminate individuals from Si: K = |Si| − N;
Associate the normalized individual in Si according to the perpendicular distance of each individual of St

from each of the λi;
The worst individual whose associated reference point has the maximum niche count is eliminated from Si,
then i = i + 1 and go to Step 2.

2.5.4. The Quantitative Relationships of Water Flow Rate along the Yangtze River

Yu et al. [58] developed regression models for assessing the impact of the TGR impoundment on
the downstream water flow rate. The relationship of water flow rate between the Yichang and Datong
hydrologic station is shown in Equation (30):

y = 1.153x + 11744.563 (30)

where x is the daily water flow rate
(
m3/s

)
at the Yichang station and y is the daily water flow rate(

m3/s
)

with a 6-day lag at the Datong station.
The relationship of water flow rate between the TGR outflow and the Yichang station is shown in

Equation (31):
y = 1.032x− 180.614 (31)

where x is the daily TGR outflow
(
m3/s

)
and y is the daily river flow rate

(
m3/s

)
without a time lag

at the Yichang station.

3. Results and Discussion

3.1. Calibration of the Steady Nonuniform and Nonequilibrium Sediment Transport Model for the Yangtze
River Estuary

Although we sourced the topographical parameters of the Yangtze River Estuary’s branches from
Zhang et al. [59], which is listed in Supplementary Materials Table S1, we obtained the topographical
correction coefficients for the estuary by calibration. We used two approaches to calculate the SSC
distribution. First, we calculated the SSC distribution for the signal channels of the South and North
Passages. Second, we calculated the SSC distribution for the combined South Channel; the width
and area of the combined channel were the sum of the widths and areas of the separate channels.
The combined water depth was the ratio of combined area to combined width. The SSC of the combined
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channel was thus a weighted average of the separate channels, in which the cross-sectional area of
each separate channel was taken as the weight. Based on the above topographical parameters and SSC
computational approaches, the topography and SSC distribution for the South Passage, North Passage,
and the combined South Channel have been calibrated using data observed on 13–14 February 2006
during the spring tide. The calibrated results are presented in Figure 2. The computed cross-sectional
area, width, water depth, and SSC fit the observed data well, both for the separate and combined
channels of the estuary’s branches.

River discharge is an important parameter in the calibration process of SSC distribution.
The freshwater in a multichannel estuary is separated into different branches, and it is difficult to
observe the discharge from separate channels because of the tidal influence. Therefore, we considered
the river discharge observed at the Datong Hydrometric Station as the river discharge into the
Yangtze Estuary.
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Figure 2. The computed topography and SSC distribution for the South Passage (a,b), North Passage
(c,d), and the combined South Channel (e,f) on 13–14 February 2006, compared to observations.
(Scatters represent observations, and the drawn lines represent the simulated values).

3.2. Validation of the Steady Nonuniform and Nonequilibrium Sediment Transport Model for the Yangtze
River Estuary

The topographical and SSC data measured on 30–31 January 2010 during the spring tide from
the same six cross sections of the Yangtze River Estuary as calibration values were used to validate
the suspended sediment transport model. Figure 3 shows that the topography and SSC distribution
curves fit the monitoring data well. Therefore, the suspended sediment transport model can be used to
obtain environmental flows for SSC requirements.
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Figure 3. The computed topography and SSC distribution for the South Passage (a,b), North Passage
(c,d), and the combined South Channel (e,f) on 30–31 January 2010, compared to observations. (Scatters
represent observations, and the drawn lines represent the simulated values).

SSC distributions in the Yangtze River Estuary are somewhat complicated because there are
three sources of suspended sediment: from sediment transport of upstream river discharge, from in
situ suspended sediment–bed sediment exchange and the resuspension process, and from the sea.
As shown by the distribution curves in Figure 3b,d,f, the increasing rate of SSC in the North Passage is
higher than that in the South Passage and the combined South Channel during the spring tide, which
is not only due to the south-leading jetty in the middle of the North Passage containing a large amount
of overlapping sediments, but is also related to the concentrated parts of overbank sediments and back
siltation [27,60]. Meanwhile, the reduced sediment flux from the upstream watershed and coarsening
of the bed sediments will lead to the reduction of the SSC downstream [27]. These situations require
more detailed future research using specific observations.

3.3. Environmental Flow Calculation for Estuarine TMZ

The relationship between the water flow rate recorded at the Datong control station and SSC
objectives in the five critical upper-limit cross sections of the TMZ were built to obtain the environmental
flows for maintaining the location of the estuarine TMZ (see Figure 4). The corresponding environmental
flows were listed in Table 3.
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Figure 4. Relationships between water flow rate and SSC at the upper-limit cross sections of the TMZ
(Q refers to the river discharge).

Table 3. Environmental flow requirements for the five critical cross sections of the TMZ (×104 m3/s).

Critical Cross Section Environmental Flows

TMZ1 2.35
TMZ2 1.75
TMZ3 1.21
TMZ4 1.62
TMZ5 1.01

3.4. Uncertainty Analysis of Objective Values between Practical Operation and Multiobjective-Optimized
Reservoir Operation

The objective function values of practical operation with inflow of the TGR in different exceedance
probabilities in Table 2 are all chosen to compare with the multiobjective-optimized objective function
values for the uncertainty analysis. The results are shown in Figure 5.
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Figure 5. Objective values of the practical operation and multiobjective optimal operation of the TGR.
(The reservoir inflow categories from 1 to 5 correspond to the actual operation under exceedance
probability from 0 to 100% in Table 2, and reservoir inflow categories 6, 7, and 8 correspond to the
optimal operation under wet, normal, and dry years, respectively).

It can be seen from Figure 5 that the hydropower generation output and surplus of socioeconomic
water requirement of the practical operation exhibit a declining trend with the exceedance probability
increasing from 0 to 100%. When the exceedance probability is below 50%, namely, in categories
1–3, the water shortages for protection of the water source are significantly less than the other
exceedance probability conditions. This indicates that the practical operation of the reservoir cannot
balance the economic, social, and environmental benefits. However, the objective values under
multiobjective-optimized operation indicate positive performance. Compared with practical operation,
the shortage of water demand for protecting the drinking-water source under wet, normal, and dry
years (the exceedance probabilities are 30%, 50%, and 70%, respectively) with multiobjective-optimized
operation has declined by 33.65%, 35.95%, and 20.98%, respectively, at the cost of hydropower
generation output lost by 3.37%, 3.88%, and 2.95%, respectively. This indicates that water shortage
for protection of the water source reduces significantly using the multiobjective-optimized reservoir
operation model presented in this study.

3.5. Comparative Analysis of Practical Operation and Multiobjective-Optimized Operation Results

In order to analyze the optimization performance of the multiobjective reservoir operation,
the practical operation and multiobjective-optimized operation results on the downstream Datong
cross section and the environmental flows requirement for five critical cross sections of the TMZ in the
three typical hydrological years are chosen for a comparative analysis. The optimization performance
of reservoir operation under different environmental flow requirements is discrepant, so reservoir
operation results should meet different environmental flow requirements. Ecological satiety rate is
proposed here to evaluate the optimization performance under different environmental flows. It can
be calculated as follows:

∑5
j=1 Wj

5× T
× 100% (32)

where Wj is the number of time periods during which the water discharge is larger than the
environmental flow requirement for the jth TMZ, and T is the whole schedule period count.

Figure 6 shows the results under both practical and optimized operation at the downstream
Datong cross section and environmental flow requirements for five different critical cross sections of
the TMZ in the three hydrological years. The water discharges in practical operation were obtained by
observed values at the Datong station in wet, normal, and dry years, respectively. It illustrates that the
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water discharge after multiobjective optimization could satisfy the environmental flow requirements of
TMZ2, TMZ3, TMZ4, and TMZ5 for the full year of the three typical years, while the water discharge
under practical operation could only meet the environmental flow requirements of TMZ5 for the
full year of the wet and dry years (shown in Figure 6a,c). Figure 6b shows that the water discharge
under practical operation can meet the environmental flow requirements of TMZ3 and TMZ5 for all of
the normal year. Figure 6 shows that the proposed strategy of reservoir multiobjective optimization
operation can significantly increase water discharges in the dry season (from December to April) for
maintaining the environmental flow requirements of the TMZ. The ecological satiety rates considering
environmental flow requirements for five different critical cross sections of the TMZ under practical
operation of the TGR in wet, normal, and dry years are 75.56%, 87.22%, and 70.56%, respectively.
Based on the multiobjective-optimized operation of the TGR, the ecological satiety rates considering
environmental flow requirements for five different critical cross sections of the TMZ in wet, normal,
and dry years are 90.56%, 91.67%, and 89.44%, respectively. The ecological satiety rate is larger for the
normal year than those for wet and dry years in both the practical and optimized operation results,
which means that the ecological influence of the reservoir operation is smaller in the normal year.
These results indicate that the developed multiobjective reservoir operation model is beneficial for
maintaining the TMZ in the Yangtze River Estuary.

Wet year

Normal year

Dry year

Figure 6. Practical operation and multiobjective-optimized operation results on the downstream
Datong cross section and the environmental flows for 5 critical cross sections of the TMZ in the three
typical years.

In the past 60 years, a number of high dams with large reservoirs have been built in the Yangtze
River basin, including the TGD. As a result, large amounts of sediment discharge are trapped behind
these dams. Decreasing SSD from the river basin to the estuary has affected the TMZ area and its
distribution. During the past 30 years, the average area of the TMZ in the Yangtze River Estuary
declined by 23%, corresponding to a 77% reduction in sediment load from the basin [18]. The SSC in
several measurement points in the Yangtze River Estuary did not show an obvious drop compared
with previous measurements [27,61]. The above results show a possible explanation, in that the TMZ
depends upon sediments not only from the upstream basin, but also from local sediment resuspension
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and from the sea. That is, the proposed multiobjective reservoir operational strategy for the TGR is
beneficial for maintaining the TMZ. Additionally, further study is needed on how the estuarine SSC
can be calculated with consideration of a dramatic drop of the SSC released from the dam.

4. Conclusions

We formulated a multiobjective reservoir operation model to assess the effect of TGR operations
on the locational variation of the TMZ in the Yangtze River Estuary. The relationship between water
flow rate and SSC at five critical cross sections was established using an analytical model. Based on the
SSC objectives for different locations in the branches, we determined the environmental flows for the
Yangtze River Estuary. The multiple objective functions of the operation model, including maximizing
benefit of hydropower generation, minimizing shortage of the socioeconomic water requirement in the
reservoir area, and minimizing deficit between water discharge and the water demand for protecting
the drinking-water source, have been considered simultaneously to obtain comprehensive benefit
with respect to the economy, society, and environment. In addition, the NSGA-III-EO was applied to
the model. It is believed that the proposed method is flexible for use in assessing the impact of other
reservoir operation schemes on estuarial TMZ in other alluvial estuaries, using location, area, or mass
changes of TMZs in these assessments.

The results show that the practical operating scheme of the TGR under the three hydrological
years is sufficient for the socioeconomic water requirement of the reservoir area; however, the released
flows from the reservoir cannot satisfy the environmental flow requirements for certain TMZ locations
in the dry season. After the optimized operation of the TGR, the water shortage for protection of
the water source under wet, normal, and dry years have declined by 33.65%, 35.95%, and 20.98%,
with the corresponding hydropower generation output lost by 3.37%, 3.88%, and 2.95%, respectively.
The ecological satiety rates under practical operation of the TGR in wet, normal, and dry years are
75.56%, 87.22%, and 70.56%, respectively. Based on the multiobjective-optimized operation of the TGR,
the ecological satiety rates in wet, normal, and dry years are 90.56%, 91.67%, and 89.44%, respectively.
The recommended multiobjective optimal operating scheme offers good performance for protecting
the water source and sustaining the suspended sediment concentration for the TMZ simultaneously at
the cost of power generation.

These results can provide important guidance for developing and utilizing fishery resources
and comprehensively developing and protecting the estuarine environment. In addition, more
measurements should be undertaken by boat in different tributaries in wet, normal, and dry years
during spring, mean, and neap tides, to potentially improve the accuracy and verification of the
sediment transport model. The decreasing sediment load released from the TGR also needs to be
considered to clarify the influence of the TGD on the estuarine TMZ in further work.
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File S3: The sediment settling velocity formula for each size class, Table S1: Topographical parameters of the
Yangtze River Estuary branches.

Author Contributions: Conceptualization, Y.Y., P.W., and C.W.; methodology, Y.Y. and C.W.; software, Y.Y.;
validation, Y.Y.; formal analysis, Y.Y. and X.W.; investigation, Y.Y. and B.H.; data curation, P.W. and C.W.;
writing—original draft preparation, Y.Y. and P.W.; writing—review and editing, P.W., X.W., and B.H.

Funding: We appreciate the generous financial support of this work provided by the National Science Funds for
Creative Research Groups of China (No. 51421006); the Key Program of National Natural Science Foundation
of China (No. 91647206); the National Natural Science Foundation of China (No. 51479065); the National Key
Research and Development Program of China (2016YFC0502203, 2016YFC0401709), and the Priority Academic
Program Development of Jiangsu Higher Education Institutions (PAPD).

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to
publish the results.

http://www.mdpi.com/1660-4601/15/10/2118/s1
http://www.mdpi.com/1660-4601/15/10/2118/s1


Int. J. Environ. Res. Public Health 2018, 15, 2118 17 of 19

References

1. Yu, Y.; Wang, C.; Wang, P.F.; Hou, J.; Qian, J. Assessment of multi-objective reservoir operation in the middle
and lower Yangtze River based on a flow regime influenced by the Three Gorges Project. Ecol. Inform. 2017,
38, 115–125. [CrossRef]

2. Keller, D.P.; Lee, D.Y.; Hood, R.R. Turbidity Maximum Entrapment of Phytoplankton in the Chesapeake Bay.
Estuaries Coasts 2014, 37, 279–298. [CrossRef]

3. Shen, Z.L.; Zhou, S.Q.; Pei, S.F. Transfer and transport of phosphorus and silica in the turbidity maximum
zone of the Changjiang estuary. Estuar. Coast. Shelf Sci. 2008, 78, 481–492. [CrossRef]

4. Hudson, A.S.; Talke, S.A.; Jay, D.A. Using Satellite Observations to Characterize the Response of Estuarine
Turbidity Maxima to External Forcing. Estuaries Coasts 2017, 40, 343–358. [CrossRef]

5. Shi, Z.; Xu, J.; Huang, X.P.; Zhang, X.; Jiang, Z.J.; Ye, F.; Liang, X.M. Relationship between nutrients and
plankton biomass in the turbidity maximum zone of the Pearl River Estuary. J. Environ. Sci. 2016, 57, 72–84.
[CrossRef] [PubMed]

6. Yang, S.L.; Milliman, J.D.; Li, P.; Xu, K. 50,000 dams later: Erosion of the Yangtze River and its delta.
Glob. Planet. Chang. 2011, 75, 14–20. [CrossRef]

7. Wild, T.B.; Loucks, D.P. Managing flow, sediment, and hydropower regimes in the Sre Pok, Se San, and Se
Kong Rivers of the Mekong basin. Water Resour. Res. 2014, 50, 5141–5157. [CrossRef]

8. Schettini, C.A.; Paiva, B.P.; Batista, R.D.; Oliveira Filho, J.C.; Truccolo, E.C. Observation of an Estuarine
Turbidity Maximum in the Highly Impacted Capibaribe Estuary, Brazil. Braz. J. Oceanogr. 2016, 64, 185–189.
[CrossRef]

9. Jalón-Rojas, I.; Schmidt, S.; Sottolichio, A.; Bertier, C. Tracking the turbidity maximum zone in the
Loire Estuary (France) based on a long-term, high-resolution and high-frequency monitoring network.
Cont. Shelf Res. 2016, 117, 1–11. [CrossRef]

10. Mavuti, K.M.; Kitheka, J.U.; Nthenge, P.; Obiero, M. The Dynamics Of The Turbidity Maximum Zone In A
Tropical Sabaki Estuary In Kenya. J. Environ. Sci. Water Resour. 2014, 3, 86–103.

11. Shen, H.T.; Pan, A.D. Turbidity Maximum in the Changjiang Estuary; The Ocean Publishing Company: Beijing,
China, 2001.

12. Mitchell, S.B. Turbidity maxima in four macrotidal estuaries. Ocean. Coast. Manag. 2013, 79, 62–69. [CrossRef]
13. Garnier, J.; Billen, G.; Némery, J.; Sebilo, M. Transformations of nutrients (N, P, Si) in the turbidity maximum

zone of the Seine estuary and export to the sea. Estuar. Coast. Shelf Sci. 2010, 90, 129–141. [CrossRef]
14. Smedt, F.D.; Vuksanovic, V.; Meerbeeck, S.V.; Reyns, D. A Time-dependent flow model for heavy metals in

the scheldt estuary. Hydrobiologia 1997, 366, 143–155. [CrossRef]
15. Tatoneab, L.M.; Bilosa, C.; Skorupkaa, C.N.; Colomboac, J.C. Trace metal behavior along fluvio-marine

gradients in the Samborombón Bay, outer Río de la Plata estuary, Argentina. Cont. Shelf Res. 2015, 96, 27–33.
[CrossRef]

16. North, E.W.; Houde, E.D. Retention mechanisms of white perch (Morone americana) and striped bass
(Morone saxatilis) early-life stages in an estuarine turbidity maximum: An integrative fixed-location and
mapping approach. Fish. Oceanogr. 2006, 15, 429–450. [CrossRef]

17. Islam, M.S.; Hibino, M.; Tanaka, M. Distribution and diets of larval and juvenile fishes: Influence of salinity
gradient and turbidity maximum in a temperate estuary in upper Ariake Bay, Japan. Estuar. Coast. Shelf Sci.
2006, 68, 62–74. [CrossRef]

18. Jiang, X.Z.; Lu, B.; He, Y.H. Response of the turbidity maximum zone to fluctuations in sediment discharge
from river to estuary in the Changjiang Estuary (China). Estuar. Coast. Shelf Sci. 2013, 131, 24–30. [CrossRef]

19. Shi, Z. Dynamics of the turbidity maximum in the Changjiang Estuary, China. Proc. Mar. Sci. 2002, 5,
655–669. [CrossRef]

20. Shen, Z.L. A new method for the estimation of fine-sediment resuspension ratios in estuaries—Taking the
turbidity maximum zone of the Changjiang (Yangtze) estuary as an example. Chin. J. Oceanol. Limnol. 2012,
30, 791–795. [CrossRef]

21. Li, J.F.; Zhang, C. Sediment resuspension and implications for turbidity maximum in the Changjiang Estuary.
Mar. Geol. 1998, 148, 117–124. [CrossRef]

22. Shi, Z.; Kirby, R. Observations of Fine Suspended Sediment Processes in the Turbidity Maximum at the
North Passage of the Changjiang Estuary, China. J. Coast. Res. 2003, 19, 529–540. [CrossRef]

http://dx.doi.org/10.1016/j.ecoinf.2017.02.004
http://dx.doi.org/10.1007/s12237-013-9692-2
http://dx.doi.org/10.1016/j.ecss.2008.01.010
http://dx.doi.org/10.1007/s12237-016-0164-3
http://dx.doi.org/10.1016/j.jes.2016.11.013
http://www.ncbi.nlm.nih.gov/pubmed/28647267
http://dx.doi.org/10.1016/j.gloplacha.2010.09.006
http://dx.doi.org/10.1002/2014WR015457
http://dx.doi.org/10.1590/S1679-87592016115006402
http://dx.doi.org/10.1016/j.csr.2016.01.017
http://dx.doi.org/10.1016/j.ocecoaman.2012.05.030
http://dx.doi.org/10.1016/j.ecss.2010.07.012
http://dx.doi.org/10.1023/A:1003184529504
http://dx.doi.org/10.1016/j.csr.2015.01.007
http://dx.doi.org/10.1111/j.1365-2419.2005.00389.x
http://dx.doi.org/10.1016/j.ecss.2006.01.010
http://dx.doi.org/10.1016/j.ecss.2013.07.003
http://dx.doi.org/10.1016/S1568-2692(02)80046-8
http://dx.doi.org/10.1007/s00343-012-2004-z
http://dx.doi.org/10.1016/S0025-3227(98)00003-6
http://dx.doi.org/10.1046/j.1365-2699.2003.00886.x


Int. J. Environ. Res. Public Health 2018, 15, 2118 18 of 19

23. Dai, Z.J.; Chu, A.; Li, W.H.; Li, J.F.; Wu, H.L. Has Suspended Sediment Concentration Near the Mouth Bar of
the Yangtze (Changjiang) Estuary Been Declining in Recent Years? J. Coast. Res. 2013, 29, 809–818. [CrossRef]

24. Dai, Z.J.; Fagherazzi, S.; Mei, X.F.; Gao, J.J. Decline in suspended sediment concentration delivered by the
Changjiang (Yangtze) River into the East China Sea between 1956 and 2013. Geomorphology 2016, 268, 123–132.
[CrossRef]

25. Chen, X.F.; Shen, Z.Y.; Yang, Y. Response of the turbidity maximum zone in the Yangtze River Estuary due
to human activities during the dry season. Environ. Sci. Pollut. Res. Int 2016, 23, 18466–18481. [CrossRef]
[PubMed]

26. Yang, Y.; Sun, Z.; Han, J.; Li, Y.; Huang, L. Influence of change in river discharge and tides on stagnation
points in the Yangtze River estuary. Shuikexue Adv. Water Sci. 2015, 26, 572–578. [CrossRef]

27. Yang, Y.P.; Li, Y.T.; Sun, Z.H.; Fan, Y.Y. Suspended sediment load in the turbidity maximum zone at the
Yangtze River Estuary: The trends and causes. J. Geogr. Sci. 2014, 24, 129–142. [CrossRef]

28. Fang, H.W.; Chen, M.H.; Chen, Q.H. One-dimensional numerical simulation of non-uniform sediment
transport under unsteady flows. Int. J. Sediment Res. 2008, 23, 316–328. [CrossRef]

29. Shi, J.Z.; Zhou, H.Q.; Liu, H.; Zhang, Y.G. Two-dimensional horizontal modeling of fine-sediment transport
at the South Channel–North Passage of the partially mixed Changjiang River estuary, China. Environ.
Earth Sci. 2010, 61, 1691–1702. [CrossRef]

30. Zhang, C.; Zheng, J.H.; Wang, Y.G.; Zhang, M.T.; Jeng, D.S.; Zhang, J.S. A process-based model for sediment
transport under various wave and current conditions. Int. J. Sediment Res. 2011, 26, 498–512. [CrossRef]

31. Park, K.; Wang, H.V.; Kim, S.C.; Oh, J.H. A Model Study of the Estuarine Turbidity Maximum along the
Main Channel of the Upper Chesapeake Bay. Estuaries Coasts 2008, 31, 115–133. [CrossRef]

32. Grasso, F.; Verney, R.; Hir, P.L.; Thouvenin, B.; Schulz, E.; Kervella, Y.; Fard IK, P.; Lemoine, J.P.; Dumas, F.;
Garnier, V. Suspended Sediment Dynamics in the Macrotidal Seine Estuary (France): 1. Numerical Modeling
of Turbidity Maximum Dynamics. J. Geophys. Res. Oceans 2018, 123, 558–577. [CrossRef]

33. Tang, H.S.; Keen, T.R. Analytical Solutions for Open-Channel Temperature Response to Unsteady Thermal
Discharge and Boundary Heating. J. Hydraul. Eng. 2009, 135, 327–332. [CrossRef]

34. Gisen, J.I.; Savenije, H.H.; Nijzink, R.C.; Abd Wahab, A.K. Testing a 1-D analytical salt intrusion model and
its predictive equations in Malaysian estuaries. Hydrol. Sci. J. 2015, 60, 156–172. [CrossRef]

35. Yan, H.X.; Edwards, F.G. Effects of Land Use Change on Hydrologic Response at a Watershed Scale, Arkansas.
J. Hydrol. Eng. 2013, 18, 1779–1785. [CrossRef]

36. Al-Aqeeli, Y.H.; Lee, T.S.; Aziz, S.A. Enhanced genetic algorithm optimization model for a single reservoir
operation based on hydropower generation: Case study of Mosul reservoir, northern Iraq. SpringerPlus 2016,
5, 797. [CrossRef] [PubMed]

37. Lanini, J.S.; Dozier, A.Q.; Furey, P.R.; Kampf, S.K. Stochastic Method for Examining Vulnerability of
Hydropower Generation and Reservoir Operations to Climate Change: Case Study of the Dworshak
Reservoir in Idaho. J. Water Resour. Plan. Manag. 2014, 140, 05014004. [CrossRef]

38. Pietrucha-Urbanik, K.; Zelazko, A. Approaches to Assess Water Distribution Failure. Period. Polytech.
Civ. Eng. 2017, 61, 632–639. [CrossRef]

39. Castelletti, A.; Yajima, H.; Giuliani, M.; Soncini-Sessa, R.; Weber, E. Planning the Optimal Operation of a
Multi-Outlet Water Reservoir with Water Quality and Quantity Targets. J. Water Resour. Plan. Manag. 2014,
140, 496–510. [CrossRef]

40. Anghileri, D.; Castelletti, A.; Pianosi, F.; Soncini-Sessa, R.; Weber, E. Optimizing Watershed Management by
Coordinated Operation of Storing Facilities. J. Water Res. Plan. Manag. 2013, 139, 492–500. [CrossRef]

41. Dai, L.Q.; Zhang, P.P.; Wang, Y.; Jiang, D.G.; Dai, H.C.; Mao, J.Q.; Wang, M.M. Multi-objective optimization
of cascade reservoirs using NSGAII: A case study of the Three Gorges-Gezhouba cascade reservoirs in the
middle Yangtze River, China. Hum. Ecol. Risk Assess. 2017, 23, 814–835. [CrossRef]

42. Yu, Y.; Wang, P.F.; Wang, C.; Qian, J.; Hou, J. Combined Monthly Inflow Forecasting and Multiobjective
Ecological Reservoir Operations Model: Case Study of the Three Gorges Reservoir. J. Water Res. Plan. Manag.
2017, 143, 05017004. [CrossRef]

43. Richard, S. Three Gorges Dam: Into the Unknown. Science 2008, 321, 628–632. [CrossRef]
44. Li, X.; Wu, D.A. Study on the Yangtze River Estuarine Turbidity Maximum. Appl. Mech. Mater. 2011, 90–93,

2774–2777. [CrossRef]

http://dx.doi.org/10.2112/JCOASTRES-D-11-00200.1
http://dx.doi.org/10.1016/j.geomorph.2016.06.009
http://dx.doi.org/10.1007/s11356-016-6872-1
http://www.ncbi.nlm.nih.gov/pubmed/27287491
http://dx.doi.org/10.14042/j.cnki.32.1309.2015.04.014
http://dx.doi.org/10.1007/s11442-014-1077-3
http://dx.doi.org/10.1016/S1001-6279(09)60003-2
http://dx.doi.org/10.1007/s12665-010-0482-x
http://dx.doi.org/10.1016/S1001-6279(12)60008-0
http://dx.doi.org/10.1007/s12237-007-9013-8
http://dx.doi.org/10.1002/2017JC013185
http://dx.doi.org/10.1061/(ASCE)0733-9429(2009)135:4(327)
http://dx.doi.org/10.1080/02626667.2014.889832
http://dx.doi.org/10.1061/(ASCE)HE.1943-5584.0000743
http://dx.doi.org/10.1186/s40064-016-2372-5
http://www.ncbi.nlm.nih.gov/pubmed/27390638
http://dx.doi.org/10.1061/(ASCE)WR.1943-5452.0000426
http://dx.doi.org/10.3311/PPci.10012
http://dx.doi.org/10.1061/(ASCE)WR.1943-5452.0000348
http://dx.doi.org/10.1061/(ASCE)WR.1943-5452.0000313
http://dx.doi.org/10.1080/10807039.2017.1285692
http://dx.doi.org/10.1061/(ASCE)WR.1943-5452.0000786
http://dx.doi.org/10.1126/science.321.5889.628
http://dx.doi.org/10.4028/www.scientific.net/AMM.90-93.2774


Int. J. Environ. Res. Public Health 2018, 15, 2118 19 of 19

45. Shen, H.T.; He, S.L.; Pan, D.A.; Li, J.F. A study of turbidity maximum in the Changjiang Estuary.
Acta Grogr. Sin. 1992, 47, 472–479. (In Chinese)

46. Savenije, H.H. Salinity and Tides in Alluvial Estuaries; Delft University of Technology Water Resources Section:
Delft, The Netherlands, 2012.

47. Dai, Z.J.; Liu, J.T.; Wei, W.; Chen, J. Detection of the Three Gorges Dam influence on the Changjiang
(Yangtze River) submerged delta. Sci. Rep. 2014, 4, 6600. [CrossRef] [PubMed]

48. Dai, Z.J.; Fagherazzi, S.; Mei, X.F.; Chen, J.Y.; Meng, Y. Linking the infilling of the North Branch in the
Changjiang (Yangtze) estuary to anthropogenic activities from 1958 to 2013. Mar. Geol. 2016, 379, 1–12.
[CrossRef]

49. Han, Q.W. A study of the non-equilibrium transportation of non-uniform suspended load. Chin. Sci. Bull.
1979, 17, 135–147.

50. Han, Q.W. A Study on the Non-Equilibrium Transport of Suspended Load; Symp TfI, Ed.; China Water and Power
Press: Beijing, China, 1980.

51. Hu, M.; Huang, G.H.; Sun, W.; Li, Y.P.; Ding, X.W.; An, C.J.; Zhang, X.F.; Li, T. Multi-objective ecological
reservoir operation based on water quality response models and improved genetic algorithm: A case study
in Three Gorges Reservoir, China. Eng. Appl. Artif. Intell. 2014, 36, 332–346. [CrossRef]

52. Liu, P.; Guo, S.L.; Wang, C.J.; Zhou, F. Optimization of limited water level in flood season and impounding
scheme for reservoir in three gorges project. J. Hydraul. Eng. 2004, 7, 86–91. (In Chinese)

53. Wang, C.; Yu, Y.; Wang, P.F.; Sun, Q.Y.; Hou, J.; Qian, J. Assessment of the Ecological Reservoir Operation in
the Yangtze Estuary Based on the Salinity Requirements of the Indicator Species. River Res. Appl. 2016, 32,
946–957. [CrossRef]

54. Dong, Q. Three Gorges Dam: Natural flow and dam operations. Front. Ecol. Environ. 2005, 3, 75–76.
[CrossRef]

55. Deb, K.; Jain, H. An Evolutionary Many-Objective Optimization Algorithm Using Reference-Point-Based
Nondominated Sorting Approach, Part I: Solving Problems With Box Constraints. IEEE Trans. Evol. Comput.
2014, 18, 577–601. [CrossRef]

56. Deb, K.; Pratap, A.; Agarwal, S.; Meyarivan, T. A fast and elitist multiobjective genetic algorithm: NSGA-II.
Evol. Comput. IEEE Trans. 2002, 6, 182–197. [CrossRef]

57. Bi, X.; Wang, C. An improved NSGA-III algorithm based on elimination operator for many-objective
optimization. Memetic Comput. 2017, 9, 361–383. [CrossRef]

58. Yu, S.P.; Yang, J.S.; Liu, G.M. Impact assessment of Three Gorges Dam’s impoundment on river dynamics in
the north branch of Yangtze River estuary, China. Environ. Earth Sci. 2014, 72, 499–509. [CrossRef]

59. Zhang, E.F.; Savenije, H.H.; Wu, H.; Kong, Y.Z.; Zhu, J.R. Analytical solution for salt intrusion in the Yangtze
Estuary, China. Estuar. Coast. Shelf Sci. 2011, 91, 492–501. [CrossRef]

60. Liu, M.; Wu, H.L.; Li, W.H. Observational study on flow and sediment transport overtopping the south
leading jetty in the Yangtze Estuary Deep-water Channel Regulation Project. Ocean Eng. 2011, 29, 129–134.
(In Chinese)

61. Zhai, X. Elementary Discussion of Hydrodynamic and Suspended Sediment Distribution Characteristic in the Yangtze
Estuary; East China Normal University: Shanghai, China, 2006. (In Chinese)

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1038/srep06600
http://www.ncbi.nlm.nih.gov/pubmed/25321660
http://dx.doi.org/10.1016/j.margeo.2016.05.006
http://dx.doi.org/10.1016/j.engappai.2014.07.013
http://dx.doi.org/10.1002/rra.2912
http://dx.doi.org/10.2307/3868511
http://dx.doi.org/10.1109/TEVC.2013.2281535
http://dx.doi.org/10.1109/4235.996017
http://dx.doi.org/10.1007/s12293-017-0240-7
http://dx.doi.org/10.1007/s12665-013-2971-1
http://dx.doi.org/10.1016/j.ecss.2010.11.008
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Study Area and Data 
	Suspended Sediment Concentration Objectives for the TMZ 
	The Inflows of the TGR in Different Exceedance Probabilities 
	Suspended Sediment Concentration Calculation for the Alluvial Estuaries 
	Modification of Shape Description of Alluvial Estuaries 
	Analytical Solution for the Steady Nonuniform and Nonequilibrium Sediment Transport Model 
	Gradations of Suspended Load and Its Variability along the River 
	Sediment Settling Velocity 
	Average Sediment Transport Capacity of the Cross-Sectional Area 

	Multiobjective Reservoir Operation Model Development 
	Objective Function 
	Constraints 
	Improved Nondominated Sorting Genetic Algorithm III Based on the Elimination Operator (NSGA-III-EO) 
	The Quantitative Relationships of Water Flow Rate along the Yangtze River 


	Results and Discussion 
	Calibration of the Steady Nonuniform and Nonequilibrium Sediment Transport Model for the Yangtze River Estuary 
	Validation of the Steady Nonuniform and Nonequilibrium Sediment Transport Model for the Yangtze River Estuary 
	Environmental Flow Calculation for Estuarine TMZ 
	Uncertainty Analysis of Objective Values between Practical Operation and Multiobjective-Optimized Reservoir Operation 
	Comparative Analysis of Practical Operation and Multiobjective-Optimized Operation Results 

	Conclusions 
	References

