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Abstract 
In an alluvial lowland river, sediment is transported in the form of suspended and bed 
loads. The fluvial process is the macroscopic view and long-term consequence of 
sediment movement. The river frequently adjusts its cross-section, longitudinal profile, 
course of flow and pattern through the natural process of sediment transport, scour and 
deposition. Anthropogenic factors, e.g., river damming, channelization and other wading 
projects, also modify the natural processes. With long-term alluvial changes, the river 
often exhibits patterns such as meandering, braiding and wandering. If the river course 
has a free connection with open sea, its flow is often bi-directional. The river is typically 
influenced by the interplay between the runoff and tides, which makes the behaviours of 
flow and sediment transport extremely complicated.  

By combining field measurements, numerical simulations, physical model tests and 
machine learning techniques, this research investigates the fluvial river dynamics and 
processes, paying attention to the flow patterns, bed shear stresses, steady and unsteady 
sediment transport and morphological changes. Measurements of flow and sediment, and 
mapping of bathymetry in both tidal and non-tidal river systems, are presented and 
discussed. Based on field data, 2D and 3D numerical simulations are performed with the 
open source code Delft3D, allowing a couped modelling between complex river geometry, 
bathymetry, and flow and sediment boundaries. A hybrid approach of physical and 
numerical simulations is adopted for examination of reservoir sedimentation issues, in 
which both suspended and bed load transport are taken into account. A machine learning 
method is also applied for predications of suspended load in a river.  

In a tidal river including a confluence and meander reach, the research elucidates the 
interplay between freshwater flows and tidal currents. This discloses the circulatory 
patterns of suspended load transport during the tidal rising and falling. From the 
interplay also the bed scour changes of hole at the confluence and asymmetric 
cross-sectional changes at the bends are illustrated. In addition, it is shown that the 
shifting tidal directions result in a migration of erosion and deposition in both directions, 
which does not exist in unidirectional runoff flows. The flood tides govern sediment 
transport and deposition, while the ebb tides with run-offs lead to erosion. Based on the 
perturbation theory, an improved sediment carrying capacity formula is also derived, 
suitable for calculations in a tidal environment.  

At a diffluence-confluence unit, the flow and sediment characteristics and the resulting 
bed changes are examined. The results indicate that incoming flow variations have a 
bearing on the diffluence flow partition. Secondary flow structures are found to be more 

influenced by the thalweg curvature than the flow division. The ‘inlet step’ or differential 
topography contributes to the unequal flow division. In the confluence, a two-cell flow 
structure coexists, which may diminish along with the dynamical adjustment of the two 
merging flows. The classical bed discordance is also observed.   

Based on extensive recorded hydrologic data and surveyed bathymetries, the 
sedimentation of the 500-km Lower Yangtze River reach is elucidated before and after the 
commissioning of the Three Gorges dam. The analyses demonstrate that the 
impoundment modulates the seasonal flow discharges and traps an appreciable amount 
of sediment, resulting in enhanced erosion potential and coarsening of sediment. The 
reach has not yet achieved a hydro-morphological equilibrium; the riverbed down-cutting 



II 
 

is supposed to continue for some years and the noticeable sediment reduction from 
upstream is the extrinsic cause for the bed erosion. 

Some river training measures, e.g., training wall at the diffluence and guide vanes in the 
reservoir, are employed to modify flow patterns and sediment transport. With proper 
training wall layout, acceptable flow patterns are achieved in the diffluence and the 
branch flow efficiently is increased. With respect to the layout of the vanes, 15º‒20º is 
suitable under typical operating conditions. The vanes modify effectively the flow 
patterns and suppress the flow circulations, leading to less sedimentation and enhancing 
the sediment flushing efficiency. 

In overall, this research provides support a decision-making process when considering 
the integrated river management and it also provides reference for other similar 
situations. 

Keywords: Alluvial river; Sediment transport; Morphological change; Meandering; 
Confluence-diffluence; River training; Field measurements; Numerical simulations; 
Physical model tests; Machine learning.
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Abstrakt 
I en alluvial låglandsflod transporteras sediment i form av hängande och bäddbelastningar. 
Fluvial processen är den makroskopiska synen och den långsiktiga konsekvensen av 
sedimentrörelse. Floden justerar ofta dess tvärsnitt, längsgående profil, flödesförlopp och 
mönster genom den naturliga processen med sediment transport, skurning och 
deponering. Antropogena faktorer, till exempel fördämning, kanalisering och andra 
vaddprojekt, modifierar också de naturliga processerna. Med långsiktiga alluviala 
förändringar visar floden ofta mönster som slingrande, flätade, vandrande och etc. När 
flodbanan har en fri anslutning till öppet hav är flödet ofta dubbelriktat. Floden påverkas 
vanligtvis av samspelet mellan avrinning och tidvatten, vilket gör flödes- och sediment 
transport beteenden extremt komplicerade. 

I kombination med fältmätningar, numeriska simuleringar, tester av fysiska modeller och 
maskin inlärningsteknik undersöker denna forskning flödesdynamiken och processerna, 
med uppmärksamhet på flödesmönstren, strängskjuvspänning, stadig och ostadig 
sediment transport och morfologiska förändringar. I denna avhandling presenteras och 
diskuteras mätningar av flöde och sediment och kartläggning av batymetri i både 
tidvatten- och tidvattenflodsystem. Baserat på fältdata utförs 2D- och 3D -numeriska 
simuleringar med Delft3D -paketet, vilket möjliggör koppling mellan komplex 
flodgeometri, batymetri och flödes- och sedimentgränser i en modul. En hybridmetod för 
fysiska och numeriska simuleringar antas för undersökning av sedimentationsfrågor, där 
både den sammanhängande hängande lasten och den icke-sammanhängande 
sänglasttransporten beaktas. Bortsett från fältposter används också 
maskininlärningsmetod som ett alternativ för predikation av avstängd last. 

I en tidvattenflod inklusive en sammanflöde och slingrande räckvidd belyser forskningen 
samspelet mellan sötvattensflöden och tidvattensströmmar, avslöjar 
cirkulationsmönstren för suspenderad lasttransport under tidvattnets stigande och 
fallande; och sängbyten av skurhål vid sammanflödet och asymmetriska 
tvärsnittsförändringar vid böjningarna illustreras; de skiftande tidvattenriktningarna 
resulterar i migration av erosion och avsättning i båda riktningarna, vilket inte finns i 
enriktade avrinningsflöden. Flodvatten styr sedimenttransport och deponering, medan 
ebbe med tidvatten leder till erosion. Baserat på störningsteorin härleds också en 
förbättrad formel för bärighetskapacitet som är lämplig för beräkningar i en 
tidvattenmiljö. 

Vid en diffluens-sammanflytningsenhet undersöks flödes- och sedimentegenskaperna och 
de resulterande bäddförändringarna. Resultaten indikerar att variationer i 
inflygningsflöden har betydelse för diffluensflödespartitionen. Sekundära flödesstrukturer 
har visat sig vara mer påverkade av thalwegkurvaturen än flödesindelningen. 
‘Inloppssteget’ eller differentialtopografin bidrar till den ojämlika flödesindelningen. I 
sammanflödet samexisterar en tvåcells flödestruktur, vilket kan minska tillsammans med 
den dynamiska justeringen av de två vattnen. Den klassiska sängen diskordans observeras 
också. 

Baserat på omfattande registrerade hydrologiska data och undersökta badmätningar 
belyses sedimenteringen av 500 km nedre Yangtze-floden, före och efter idrifttagningen 
av Three Gorges-dammen. Analyserna visar att uppslamningen modulerar säsongens 
flödesutsläpp och fångar en avsevärd mängd sediment, vilket resulterar i ökad 
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erosionspotential och grövre sediment. Räckvidden har ännu inte uppnått en 
hydromorfologisk jämvikt; nedskärningen av flodbotten ska fortsätta ett tag och den 
märkbara sedimentminskningen från uppströms är den yttre orsaken till bottenerosion.  

Vissa flodträningsåtgärder, t.ex. träningsvägg vid diffluensen och styrskenor i reservoaren, 
används för att modifiera flödesmönster och sedimenttransport. Med rätt 
träningsvägglayout uppnår det acceptabla flödesmönster i diffluensen och ökar grenflödet 
effektivt. När det gäller skovlarnas layout är 15º‒20º att föredra under normala 
driftförhållanden. De modifierar flödesmönstren effektivt och undertrycker 
flödescirkulationerna, vilket leder till att sedimentationen mildras. 

Denna forskning kan stödja en beslutsprocess när man överväger den integrerade 
flodförvaltningen och ger också en referens för andra liknande situationer. 

Nyckelord: Alluvial flod; Sedimenttransport; Morfologisk förändring; Slingrande; 
Konfluens-diffluens; Flodträning; Fältmätningar; Numeriska simuleringar; Fysiska 
modellprov; Maskininlärning. 
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Chapter 1 Introduction  
In a fluvial river system, flow, sediment, and morphology interplay and modify each other. 
As shown in Figure 1.1, the cause-effect relationships operating in such a system are 
closely interlinked with substantial feedback, both positive and negative [1,2]. Unsteady 
discharge through a highly non-uniform channel with rough bed produces a complicated 
spatial pattern of water velocity that also changes over time. The vertical velocity gradient 
at any point determines the bed shear stress; and this together with sediment availability 
governs the size and amount of bed material that can be moved as suspended load and 
bed load. In turn, sediment transport either maintains the existing size, shape and pattern 
of channels or alters the morphology by scouring, fill and lateral migration. It may also 
alter the existing texture and structure of bed sediments by selective entrainment and 
deposition. In conditions of fluctuating discharge, the system is obviously dynamic not 
static. Even at a constant discharge, streamwise variations in channel form and hydraulics 
that are inevitable, where channels divide and recombine cause differences in sediment 
transport and consequent erosional and depositional modification of channel form and 
sedimentology. 

 

Figure 1.1 The interaction of flow, sediment and morphology. Unification of conceptual models by 
Leeder [1] and Ashworth and Ferguson [2]. 

Based on the prevailing flow and sediment conditions, a river system can be subdivided 
into a non-tidal and a tide-driven river (Table 1.1). For the former, reducing the river 
sediment input impacts the entire system dynamics. For the latter, the sediment is 
subjected to both freshwater run-off and the dominating oceanic currents, showing a 
bidirectional transport feature driven by flood and ebb tides. The resulting 
morphodynamic adaption in a tidal environment occurs in weeks or months, which is 
shorter than the one in a non-tidal river. 
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Table 1.1 Comparison of the main characteristics between a tidal and non-tidal river. 

Items non-tidal river tide-driven river 

Flow volume timescale daily/seasonal hours 

Main sediment forcing run-off (fresh water) tides (salty water) 

Sediment concentration timescale days-weeks hours 

Sediment transport direction unidirectional bidirectional 

Morphodynamic adaption time scale months-years weeks-months 

1.1 Flow dynamics 

There are a number of factors that influence the sediment availability and its movement 
such as river discharge, tides, wind, waves and dredging. In this section, the freshwater 
flow and the tides are considered to be the two governing factors.  

1.1.1 Freshwater flow 

Freshwater from a river flows into an estuary and mixes with the salty water of the 
estuarine ecosystem. The mixing occurs spatially and temporally from climatic influences 
including tidal actions, seasonal variability and storms [3].  

This work considers freshwater input exclusively from rivers to simplify the analysis. The 
freshwater flow is the landward boundary of a tidal river, which provides run-off 
discharge and is one source of sediment to the estuary. The watershed drainage usually 
carries sediment from upstream to feed the estuary and the coastal region.  

In many rivers, the freshwater flow accounts for a large portion of the water system 
variability. There is usually an annual cycle driven by a dry and wet season. The 
freshwater flow affects the salinity gradient, the estuarine circulation, the water quality 
including the turbidity, the productivity and the abundance of species. Interfered by 
human activities, the freshwater flow is modified by a number of factors, such as the 
construction of dams, sluice gates, landings and piers, making it significantly different 
from the natural flow. 

1.1.2 Tides 

In some rivers connected with open sea, the flow circulation is dominated by strong tides, 
showing a noticeable water level fluctuation and a bidirectional flow. Astronomical 
tides—the regular rise and fall of the sea level, are forced by the Earth-Moon-Sun 

gravitational attraction. In most regions, tides are semi-diurnal, i.e. two nearly equal high 
and low tides a day, belonging to the category of incomplete standing waves.  

A rising tide is termed a flood tide and a falling tide is termed an ebb tide (Figure 1.2). The 
moment when the water reaches its highest or lowest point is called the slack water. The 
maximum flood and ebb occur in-between the times of the high and low tides. The tidal 
range, defined as the difference in height between a high tide and the following low tide, 
also varies periodically with the phase of the moon in a given month. Tides of maximum 
range, known as spring tides, occur twice in 29 days, when the lunar and solar 
tide-generating forces reinforce each other at around full and new moon. Likewise, tides 
of minimum range, known as neap tides, occur when the lunar and solar-generating 
forces act against each other—around the first and third quarter of the moon. 
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Figure 1.2 Description of the tidal terms, adapted from [4].  

Tides are also a kind of long waves propagating in the ocean basin. To simplify, if friction, 
rotation, inertia and obstacles were not considered, a rising-falling cycle would occur 
every 12 hrs. However, this is not the real case, especially considering the tide 
propagation inside of a river with complex geometry and bathymetry. The tides 
propagating in rivers may be disturbed, attenuated or amplified [5,6]. These processes 
modify the duration of the flood and ebb tides creating asymmetries. The inequality of the 
flood and ebb duration creates a residual sediment transport defining whether there is an 
import or export of sediment. The freshwater flow also influences this duration [6,7]. 

1.2 Sediment dynamics 

Sediment loads are the sediments carried by the flow or the sediments in motion. 
According to their moving patterns, sediment loads are typically classified as contact load 
(rolling or sliding), saltation load, laminated load, and suspended load (Figure 1.3). In 
these, contact load, saltation load and laminated load all belong to the category of bed 
load [8]. The total sediment load is defined as: Total Sediment Load = Bed Load + 
Suspended Load. 

 

Figure 1.3 Various sediment loads in rivers [9].  

To differentiate various types of particles, sediment is subdivided into groups based on 
the particle sizes. Two classifications are given as described in Tables 1.2 and 1.3 [8]: 

Table 1.2 Chinese classification. Unit: mm 

Boulder > 200 Cobble 20−200  Gravel 2−20  
Sand 0.05−2  Silt 0.005−0.05  Clay < 0.005  
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Table 1.3 Attenberg’s classification. Unit: mm 

Boulder > 200 Cobble 20−200  Gravel 2−20  
Coarse Sand 0.2−2  Fine Sand 0.02−0.2  Silt 0.002−0.02  

Clay < 0.002     

As seen the classifications are the same for the larger sediments, > 2 mm, and differ 
somewhat for the smaller, < 2 mm. Attenberg’s classification is approved by the 
International Union of Soil Science (IUSS) as the standard in soil analysis, and it has been 
widely adopted in European countries. The cohesive and non-cohesive of sediment are 
further identified considering the flocculation effect of fine particles. 

1.2.1 Suspended load 

Flows at high velocity are turbulent and have eddies of various sizes. If the size of an eddy 
is much larger than a particle, the eddy may carry the particle for a long time. The 
transport of the suspended particles is mainly the effect of large-scale eddies. The 
particles, carried by eddies and moving at the same velocity as the flow, are called 
suspended load.  

In steady turbulent flow, the amount of sediment carried by eddies from the lower layer 
into the upper layer per time is proportional to the concentration gradient. The sediment 
falling from the upper into the lower layer is the product of concentration (Sv) and the 
settling velocity (ɷs). If the concentration is in equilibrium, the following relationship 
results: 

𝜀𝑦
𝑑𝑆𝑣
𝑑𝑦

+ 𝑆𝑉𝜔𝑠 = 0 (1.1) 

in which εy = the sediment diffusion coefficient and y = the position in the vertical 
direction. Many researchers have assumed that [8] 

𝜀𝑦 = 𝑘𝑈∗ 𝑦
ℎ − 𝑦

ℎ
 (1.2) 

in which k = 0.41 is the von Karman constant, 𝑈∗ = √    is the shear velocity, R = the 

hydraulic radius, h = the average depth if the river is wide and the water is shallow, s = the 
energy slope and g = the gravity acceleration. Substituting equation (1.2) into (1.1) and 
integrating, the vertical profile of the suspended sediment concentration is obtained 
according to: 

𝑆𝑣
𝑆𝑣 

=  
ℎ − 𝑦

𝑦
 

 

ℎ −  
   (1.3) 

in which a = the elevation from the bed of a reference point, Sva = the concentration at the 
point and z = a dimensionless number called the Rouse number [10], given by  

𝑧 =
𝜔𝑠

𝑘𝑈∗
. (1.4) 

If the suspended particles move with the same velocity as the flow (v), the average 
transport rate of the suspended load per width (qs) is written as follows: 

𝑞𝑠 = ∫ 𝑆𝑣𝑣𝑑𝑦
ℎ

 
. (1.5) 
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1.2.2 Bed load 

Bed load is the sediment that moves in the vicinity of bed and is in direct contact with the 
bed (Figure 1.4). The particles on the bed are subjected to a drag force from the flow, and 
they slide or roll forward often in contact with the bed. These particles are called contact 
load. If the flow velocity is high, the contact load may move in a saltation way. 
Furthermore, if the drag force is extremely high a laminated load movement may occur. 
This laminated load movement is a special form of bed load transport with extremely high 
intensity. 

 

Figure 1.4 Bed load movement in rivers [11].  

To study the rate of bed load transport, the formulas of Meyer-Peter-Muller, Einstein, 
Bagnold, Engelund and Yalin are the most widely applied [12]. The models have different 
variables, including shear stress, flow velocity and stream power. For bed load movement 
in a steady and uniform flow, Meyer-Peter and Muller [13] derived the following formula: 

  =   
    𝑠 

   [(
  
  
 )

   

 
 

 𝑠 −  
   ⁄

  

 
− 0 0   

 𝑠 −  

 
   ⁄ ]

   

 (1.6) 

where    = the rate of bed load transport per unit width in weight, J = bed slope, D = the 
diameter of the bed load and is usually represented by the median diameter D50,     

 ⁄  = 
the ratio of the roughness coefficient to that of the total resistance,  𝑠 and   = the density 
of sediment and water in weight.  

1.2.3 Sediment transport  

In many fluvial rivers, the amount of bed load is often negligibly small meaning that the 
sediment is mainly in suspension with the water [14]. The sediment dynamics are closely 
linked to the flow dynamics described above. 

As aforementioned, cohesive sediment of mud (silt and clay) has completely different 
dynamics than non‐cohesive sediment of sand. In a tidal environment, cohesive sediment 
movement is somehow affected by the flocculation, leading to a lower settling velocity [15]. 
The difference arises from the electrochemical interactions of clay and silt particles, so 
the cohesiveness of sediment depends on their contents and also the salty water 
concentration. Laboratory experiments show that sediments become cohesive when the 
clay and silt contents are over 3−5% [16].  

Interplaying with the freshwater flow, tides penetrating the river lose energy in the 
bottom boundary layer, this energy dissipation is transformed into bed shear stress [17]. 
Deposition takes place when the shear stress is below a critical value, while erosion 
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occurs above this value. The critical shear stress is determined by the bottom composition, 
and cohesiveness augments the critical value by 2−5 times [16] as compared to 
non-cohesive sediment. This implies that the flow to erode the bed layer with tidal effect, 
should have more momentum although the sediment is finer, which is not in line with the 
findings for non-tidal rivers regarding the fine sediment transport.  

During flood tide, it is common to observe sediment in a high concentration advocating 
landward. The sediment deposits easily during the flow reversal, i.e. the shift between 
flood and ebb tides. A certain amount of particles consolidates and is not re‐suspended 
during the ebb tide [18]. This is the main sediment transport pattern for rivers driven by 
strong tides. This transport scenario may become the opposite in stormy periods, 
becoming ebb dominated. For non-tidal rivers during the wet season, the peak freshwater 
flow with high sediment concentration may govern the sediment transport in the river 
[19–21], suppressing the tides. There are also exceptions that are subject to the availability 
of sediment sources. 

To look into the sediment transport behaviours, the Shields diagram [22,23] and 
Hjulströms diagram [24] are two commonly used methods, which are based on shear 
stress and flow velocity, respectively.  

1.2.4 Shields diagram 

The Shields diagram in sediment transport is often used to describe the sand sediment 
incipient condition [12,22,25,26]. It is widely used in river and coastal engineering in bed 
stability analysis, scour depth estimation, and bed load transport calculation [27–30]. 

The factors that are important to determine the incipient motion are the bed shear stress 
τb, the difference in density between sediment and fluid  𝑠 −   , the diameter of the 

particle D, the kinematic viscosity  , and g. These five quantities are grouped into two 
dimensionless quantities, namely, 

 
      ⁄    

 
=
 𝑈∗

 
=   

∗ , (1.7) 

  
    −     

=
  

  [     0 −  ]
=    (1.8) 

where  𝑠 and    = density of sediment and water, respectively, 𝑈∗ = shear velocity and 
   = critical shear stress at initial motion. The relationship between the two parameters 
is determined experimentally. Figure 1.5 shows the Shields curve for incipient motion. At 
points above the curve, the particles will move, while at points below the curve, the flow 
is unable to move the particles. It is pointed that the Shields does not fit a curve to the 
data, but shows a band of considerable width. 
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Figure 1.5 Shields diagram for incipient motion [31].  

1.2.5 Hjulströms diagram 

Hjulström diagram describes the relationships between erosion, transportation, and 
deposition of sediments [24] (Figure 1.6). Competence is the maximum size of the load 
that a river can carry, and this is largely determined by flow velocity. The capacity is 
slightly different in that this is the total amount of load that is carried. The upper curve 
depicts the critical erosion velocity as a function of particle size, which decreases with 
decreasing particle size down to ~0.1 mm. For particles below that size, the critical 
erosion velocity increases with decreasing grain size in cohesive sediments. It shows the 
minimum velocity required to lift a particle of a certain size. The lower curve shows the 
settling velocity as a function of particle size. The critical velocity for deposition depends 
on the ɷs, which decreases with smaller grain sizes. It shows the maximum velocity at 
which a river can be flowing before a particle of a certain size is deposited. The zone 
in-between is the zone of transport. Note that the velocity for transport is lower than that 
for erosion, because it takes much more energy to lift sediment than to maintain it in 
transport. The other interesting pattern is that it takes more energy to erode some of the 
smallest particles. This is because they are clay particles that are clagged or bonded 
together, and therefore require a lot of energy to be eroded. 

 

Figure 1.6 Hjulströms diagram [24].  
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1.3 Fluvial processes 

An alluvial river is defined as a river with its boundary composed of the sediment 
previously deposited in the valley, or a river with erodible boundaries flowing in 
self-formed channels [8]. Over time the stream builds its channel with sediment it carries 
and continuously reshapes its cross-section to obtain depths of flow and channel slopes 
that generate the sediment-transport capacity needed to maintain the stream channel. 
Alluvial rivers are mostly perennial streams and the channel bed is composed mainly of 
sand and silt. A large river usually originates from mountains and flows over floodplains 
before it pours into the ocean, therefore, it is a mountain river in its upper reaches and an 
alluvial river in its lower reaches. Many alluvial rivers are large rivers or flat-land sections 
of large rivers, such as the lower reaches of the Yellow River and the middle and lower 
reaches of the Yangtze River. These rivers are confined within the valley defined by 
constructed or artificially reinforced levees. 

Three primary geomorphic processes govern the fluvial process, i.e., (a) erosion, the 
detachment of soil particles; (b) sediment transport, the movement of eroded particles in 
the flow volume; (c) deposition, settling of eroded particles to the river bed. In these 
processes, sediment as a bridge or media between flow and river bed, plays an essential 
role. 

1.3.1 Settling velocity 

To study the fluvial processes, the settling velocity ɷs is an essential physical quantity 
characterising the sediment transport. To simplify the problem, a single sphere falling 
with a constant velocity is considered. For this case, the force of gravity W and the 
resistance of the motion F are equal, according to: 

 =   𝑠 −   
   

 
, (1.9) 

 =    
   

 

 𝜔𝑠
 

 
, (1.10) 

𝜔𝑠
 =

 

 
 
 

  
 
 𝑠 −  

 
   

(1.11) 

in which CD is the drag coefficient being a function of the particle Reynold number:  

   = 𝜔𝑠  ⁄ . (1.12) 

For 1000 <    , CD is approximately constant at 0.5 [32]. 

If the inertia force in the fluid is negligible, the Navier-equations is linearized and solved 
and the following relationship is obtained [33] 

 =     𝜔𝑠 (1.13) 

which is known as the Stokes Law and   = the dynamic viscosity. In this case, CD is 
inversely proportional to     according to 
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  =
  

   
=

  

𝜔𝑠  ⁄
. (1.14) 

Substituting Eq. (1.14) into Eq. (1.11) results in 

𝜔𝑠 =
 

  

 𝑠 −  

 

   

 
 

(1.15) 

Now notice that a group of particles falling in a liquid is affected by each other and 
behaves differently than a single particle. The theory behind this is tricky, and an 
empirical formula has been proposed, based on extensive experiments [8], 

𝜔𝑠
 = 𝜔𝑠  − 𝑆𝑣 

  (1.16) 

in which 𝜔𝑠
  is the group settling velocity, m varies between 2−8 as a function of    .  

In a tidal environment, there is not a single formula for ɷs. Instead different empirical 
formulas for ɷs are usually obtained through laboratory or field experiments [34]. The 
values and ranges of ɷs vary significantly between different rivers. 

 

Figure 1.7 Experiment arrangement for settling velocity measurement [34]. 

1.3.2 bed form changes 

There is a clear relationship between resistance to flow, bed configuration, and rate of 
sediment transport. In order to understand the fluvial process, it is also necessary to 
know the definitions and the conditions under which different bed forms exist. In alluvial 
rivers with the bed consisting of sand and silt, various bed forms may develop. Fluvial 
sediment transport can result in the formation of ripples, dunes and antidunes, as 
illustrated in Figure 1.8 [35]. The different configurations may also be defined as: 

(1) Plane bed: there is a plane bed surface without elevations or depressions larger than 

the largest grains of bed material. 

(2) Ripples: these are small bed forms with wavelength < 30 cm and heights < 5 cm. 

Ripple profiles are approximately triangular, with long gentle upstream slopes and 

short, steep downstream slopes. 

(3) Bars: these are bed forms having lengths of the same order as the channel width or 

greater, and heights comparable to the mean depth of the generating flow. 
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(4) Dunes: these are the bed forms smaller than bards but larger than ripples. Their 

profile is out of phase with the water surface profile. 

(5) Transitions: the transitional bed configuration is generated by flow conditions 

intermediate between those producing dunes and plane bed.  

(6) Antidunes (standing waves): the bed and water surface profiles are in phase. While 

the flow is moving streamwise, the sand waves and water surface waves are actually 

moving in the opposite direction. 

(7) Chutes and pools: these occur at relatively large slopes with high velocities and 

sediment concentrations. They consist of large elongated mounds of sediment.   

 

Figure 1.8 Schematic of bedforms, the figure is adapted from [35]: (a) ripples, (b) ripples on 
dunes, (c) dunes, (d) transition or washed-out dunes, (e) plane bed, (f) antidune standing waves, 
(g) antidune breaking waves, and (h) chutes and pools.  

1.3.3 Sediment carrying capacity 

As for fluvial processes, sediment supply and transport capacity play dominant roles in 
the development of the plan-form geometry and bathymetry under specific 
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environmental conditions [36]. The sediment carrying capacity (Sc) reflects, as an index, 
the amount of entrained sediment transported by the flow if a river is in equilibrium. For 
a long time, the capacity is an important issue in the field of sediment study. In 
comparison with the actual sediment centration (S) in the water, predictions are made for 
the fluvial process. If S > Sc, the flow is over-saturated with sediment and deposition 
occurs. If S < Sc, it is under-saturated and erosion takes place. In a tidal environment, an 
approach to derive the carrying capacity formula is established in Paper 4. 

1.4 River patterns 

A river pattern represents a mode of channel form adjustment in the horizontal plane, 
which is additional to, but nevertheless linked with, transverse and lengthwise modes. 
The most common alluvial river patterns are meandering, braided, straight, wandering, 
and anastomosing channels [8]. A straight river is often an undeviating reach of a river. A 
natural river is rarely straight and it always exhibits a meandering shape. 

1.4.1 River diffluence and confluence 

In a natural alluvial stream, a combination of diffluence and confluence, though not 
frequently encountered as meandering loops, is a basic planimetric feature. A river course 
bifurcates into two branches that unite farther downstream, forming thus a 
diffluence-confluence unit. The diffluence-confluence unit is a key geo-morphological 
element and the branches exhibit a coupled behaviour of flow and sediment in between 
them. Many studies focus mostly on separate examinations of diffluence or confluence and 
more attention should be paid to their interplay [37,38]. Within the unit, the adjustment of 
flow, sediment and morphology often follows changes in flow discharge. Hence, to 
understand the morpho-dynamics of a diffluence-confluence unit, knowledge of the flow 
discharge range and the corresponding sediment rate is necessary [37]. Therefore, a 
renowned diffluence–confluence unit on the Yangtze River is chosen in this thesis with 
focus on examinations of the rivers flow and sediment variations and the impacts thereof 
on the morpho-dynamics. The findings of this study are presented in Paper 1. 

A river diffluence is a node in braided channels, controlling the routing of flow and 
sediment and platform stability of the diffluence-confluence unit [37]. As the flow 
bifurcates into two branches, the upstream river curvature [39] and each branch’s local 
along-channel slope [40] create helical flows in each branch. The splitting angle affects the 
formation of separation zones near the apex of the junction [40]. This causes sediment 
deposition and in turn accelerates the flow divergence [41]. In addition to the diffluence 
asymmetry, the unequal partitioning of sediment carried by the flow is also of concern, 
which plays a role in the bed-form evolution within the unit. Hence, it can be concluded 
that the flow and thus the sediment transport is complex in a diffluence.  

A river confluence is a key feature of a drainage basin in terms of hydrology and 
geomorphology, for geological records, as well as from a habitat point of view [42,43]. In 
the confluence, where two tributaries meet, there is an enhanced turbulent mixing, which 
significantly affects the sediment transport and the amount of sediment delivered 
downstream. Local scouring is a typical morphological feature of the river confluence. In a 
long-term perspective, it is the flow patterns that govern the morphology changes, e.g., 
the erosion and deposition [43]. 
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As for confluence, Mosley [44] and Best [45] develop the theory of six distinct confluent 
flow zones. Those included areas of flow stagnation, flow deflection, flow separation, 
maximum velocity, gradual flow recovery, and shear layers (Figure 1.9). In Yuan et al. [46] 

a review of state of the art in hydraulic research of run-off confluences is presented. As 
elaborated by time-averaged velocity data [47], the classical viewpoint is the coexistence 
of two secondary flow cells, rotating counter-clockwise, at the cross-section downstream 
of the confluence [48]. Further studies by Lane, Bradbrook, Richards, Biron and Roy [49] 
and Constantinescu, Miyawaki, Rhoads, Sukhodolov and Kirkil [50] show that, by analysing 
instantaneous flow data, a 3D streamwise coherent structure exists in the confluence. Its 
existence enhances the mixing in the interface between the two tributaries [51,52]. The 
confluence mixing results in extensive transport of sediments [44] and there is often a 
scour-hole in the vicinity of the confluence [44,53]. The tributary flow conditions including 
incoming angle, discharge ratio and bed discordance, are main factors governing the 
maximum scour depth [44,54,55]. 

 

Figure 1.9 Flow at a confluence with six hydraulic zones. Adapted from Best [45]. 

In tidal environments, the confluence is, in addition to freshwater flow, also affected by 
the tides. The flow patterns thus differ from an overall unidirectional flow. As a result, the 
alluvial process in terms of erosion and deposition is different, which is an issue of 
concern for many practical applications, especially if the confluence is in an urban 
development area. To understand the morphodynamic changes of a tidal river confluence, 
field measurements and numerical modelling are performed, as reported in Paper 2. 

1.4.2 Meandering river 

In nature, meandering is one of the most common shapes formed by river streams, which 
is especially true for streams in lowland alluvial plains [56]. Leopold indicated that 90% of 
the alluvial rivers in the U.S. have meandering stream channels [57]. 

Flow and sediment transport dynamics along meandering channels are controlled by 
changes in bed topography across the stream. Changes in channel curvature and bed 
topography are significantly interrelated, and the three-dimensional geometric properties 
of the channel need to be taken into account when assessing the effects of channel 
configuration on flow and sediment transport in meander bends [58]. The characteristic 
channel asymmetry at cross-sections in meander bends also favours the cross-sectional 
flow patterns, which in turn influence sediment transport (Figure 1.10). 
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Secondary circulation is generally observed in meander bends [3]. Secondary currents 
(laterally, across the channel) in curved channels are induced by a combination of two 
forces: centrifugal force (inertia) and pressure gradient force. The former acting on water 
flowing around a bend causes a build-up of water adjacent to the bank known as water 
super-elevation. This, therefore, results in a slope of the water surface laterally across the 
channel. The magnitude of the change in water surface elevation (Z) across the stream is 
determined from: 

 =  𝑣      (1.15) 

where B = the channel width, r = the radius of the bend curvature [59]. 

In a tidal environment, the cross-sectional flow of a meander bend shows a different 
feature. The patterns are simulated and displayed in Paper 3. 

 

Figure 1.10 Schematic diagram of a meandering river with cross-sectional flow [60]. 

1.4.3 Erosion and deposition patterns downstream of a dam 

Over the past decades, many rivers have become increasingly fragmented due to the 
construction of hydropower dams and other wading projects, resulting in major 
environmental and ecological impacts on the rivers themselves and on the adjacent 
coastal areas [61–63]. In particular, river damming alters both the flow and the sediment 
conditions that together modify the conditions in the downstream river course. 
Consequent to the introduction of the dam in a river, a new long-term equilibrium in the 
river takes form with time, which incarnates the interplay between nature and human 
beings. 

As one of the largest dams in the world, the impacts of the Three Gorges Dam (TGD) on 
the downstream sedimentation have been an issue of constant concern after its 
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completion [64–70]. Considering the long construction period (∼16 years), the reservoir 
operations have undoubtedly affected the downstream discharges of both water flow and 
sediment. The downstream impacts have been disclosed in several investigations, 
comprising flood mitigation and control [70–74], subaqueous delta recession [67,75,76] and 
decline of the riverine wetland and lake areas [77,78]. Several of these impacts are caused 
by the interplay between the water flow and the sedimentation. 

To shed light upon the sediment and morphological changes incident to the TGD 
operations, a 500 km river reach downstream of the dam, from Shanghai and up the river, 
is chosen for illustration. By combining historical field data and modelling results, Paper 
5 assesses the erosion and deposition patterns along the reach, so that the morphological 
trend it brings about is well understood.   

1.5 River training 

River training in its wider aspects covers all those engineering works, constructed on 
river to guide and confine the flow to the channel [8,79]. It is used to control and regulate 
the river bed configuration, ensuring the safe and effective disposal of floods and 
sediment loads. A river can also be trained by diverting its flow into a secondary channel, 
or by executing artificial cutoffs on the main river so as to cause a reduction in flood levels. 
Stabilizing and training the river along a certain alignment with a suitable waterway is the 
first and foremost aim [79]. The river training has different purposes dependent on the 
problems to be solved. 

1.5.1 River training problems 

River training problems are defined in five classes [79] as (i) training for flood protection: 
provision of sufficient cross-sectional area or construction of embankments; (ii) training 
for depth: maintenance of a safe navigable channel; (iii) training for sediment: sediment 
control, e.g., to exclude sediment from the entrance of irrigation canals; (iv) prevention of 
bank erosion; and (v) directing of the flow along a pre-defined alignment, e.g., towards 
irrigation canal offtakes. In the common operational use of the term, river training refers 
to the last four classes. Training for discharge usually is not called river training but flood 
risk management. Neither does river training apply to work for regulating river flows, 
such as weirs, dams and reservoirs. 

1.5.2 River training measures 

Commonly used river training approaches include construction of spur-dikes [80,81], rock 
vanes and bendway weirs [82,83], various types of revetments [84] and dredging [85]. Each 
approach has its advantages and limitations and the choice is often dictated by the local 
conditions. 

River training for flood protection is normally achieved by one or more of the following 
methods: (a) construction of levees or embankments to confine water in a narrower 
channel; (b) increasing the discharge capacity of natural channels by some suitable 
methods such as straightening, widening or deepening; (c) construction of reservoirs and 
(d) providing escapes or diversion from rivers. 

The measures to achieve adequate flow depth include dredging the shallow reaches of 
rivers and using spurs to contract the river channel and, thus, increase its depth. 
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Canalisation makes a non-navigable river navigable and is accomplished by building dams 
or weirs and locks. River training for sediment control aims at attaining efficient 
movement of sediment load for keeping the river channel in an equilibrium state. Guide 
vanes and spur dikes are normally used for training the river sediment. 

To guide the flow in river, a system of guide banks on one or both banks is built. 
Sometimes, the flow needs to be deflected away from a bank to protect some portions of 
the river bank. This is achieved by constructing one or more spurs projecting into the 
river from the bank. The stability of river banks is achieved by such methods as stone 
pitching or lining of banks. 

The planning and design of river training structures are based on: (i) empirical methods, 
(ii) intuition and judgement of experienced river engineers, (iii) physical model 
investigations, and (iv) numerical simulations. One or more of the above methods are 
generally used for the river training. 

In paper 1, a virtual training wall is placed at the diffluence to modify the intake flow. In 
paper 6, guide vanes are recommended for solutions of sediment deposition in a 
low-land reservoir with a multi-gate sluice structure. 

1.6 Research questions and objectives 

In a natural alluvial stream, flow, sediment and morphological changes affect each other 
and their relationship is reciprocal. The main research questions are: 

a) As elementary components within a river system, what are the typical fluvial 
dynamics and processes at a diffluence and a confluence? What is the linked pattern 
of flow and sediment transport in between? How does the tidal confluence differ from 
the non-tidal one? 

b) The impacts of the TGD on the downstream reach have been an issue of constant 
concern after its commissioning. So incident to the dam operations, how do the 
sediment and riverbed change? and what is the near future morphological trend it 
brings about? 

c) At a diffluence, what are the potential measures to counteract the decline of flow 
partition? In a reservoir with a multi-gate sluice, what are the countermeasures to 
solve the sediment deposition issue?   

d) Is machine learning a reliable method for real-time and multistep suspended 
sediment forecast? 

To answer the questions, this research combines field measurements, numerical 
simulations, physical model tests and machine learning technics. The objectives include 
the following aspects.  

a) In a tidal river including a confluence and meander reach, the objectives are to 

elucidate the interplay between freshwater flows and tidal currents, to illustrate 

circulatory patterns of suspended load transport during the tidal rising and falling, to 

provide insight into the physical phenomenon that governs flow features of the 

confluence and to predict the evolution of a scour hole, to make predictions of the bed 

deformation associated with the meandering properties (curvature, cross-channel 

asymmetry, etc.).  
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b) In a diffluence-confluence unit, the research aims to look into the flow and sediment 

characteristics and the morpho-dynamic responses of the unit, especially during 

medium and low flows. To get a complete picture of the alluvial behaviors, both field 

measurements and numerical simulations are performed. As a concept and to 

investigate if it is possible to improve the flow diversion ratio, the effect of putting a 

training wall at the diffluence area is examined.  

c) The sedimentation within a 500-km Lower Yangtze River reach, before and after the 

commissioning of the TGD, is elucidated. By combining historical field data and 

modeling results, the aim is to assess the erosion and deposition patterns along the 

reach, so that the morphological trend it brings about is well understood. The near 

future sedimentation of the large alluvial river has significant implications for the 

society and the economy. Thus, sediment predictions are of the highest importance. 

d) Hybrid modelling is applied for solutions of sediment deposition in a low-land 

reservoir with multi-gate sluice structure. The objectives are to understand flow 

patterns and sediment movement under typical sluice operation conditions and to 

evaluate the vanes as potential countermeasure for sediment deposition mitigation. 

e) Finally, a machine learning technique (an integrated dynamic neural network) is used 

to increase the accuracy when forecasting the suspended sediment concentration 

forecast. 

1.7 Outline of the thesis 

This thesis is structured in nine chapters. In addition to the introduction, it also contains 
eight chapters that follow the objectives presented above. 

Chapter 2 describes the methodology, including field measurements, numerical 
simulations, physical model tests and machine learning. 

Chapter 3 discusses the flow and sediment transport of a river diffluence. A training wall, 
as a concept, is installed at the diffluence to modify the intake flow (Paper 1). 

Chapter 4 presents the flow, sediment and bed deformation of the river confluence. Both 
non-tidal and tidal confluences are investigated, respectively (Paper 1 & 2).  

Chapter 5 explores the morphodynamic changes of a tidal meandering reach (Paper 3). 
An approach to derive a tidal flow carrying capacity for suspended load is also established 
(Paper 4).  

Chapter 6 reveals the sediment and morphological changes of 500-km Lower Yangtze 
River reach before and after the commissioning of the Three Gorges Dam (Paper 5). 

Chapter 7 presents the results of composite modeling for solutions of sedimentation in a 
low-land reservoir. The application of guide vanes is introduced (Paper 6).   

Chapter 8 introduces the applications of machine learning method for suspended 
sediment forecast (Paper 7). 

Chapter 9 summarizes the conclusions based on the seven papers appended. The future 
works are also briefly proposed. 
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Chapter 2 Methodology  

2.1 Field measurements 

2.1.1 A tidal river measurements 

The study area is in Southeast China, featuring a water system with a confluence called 
Sanjiangkou. Upstream of it, the two merging rivers are Fenghua and Yao and 
downstream it is the Yong River flowing into the Pacific Ocean (Figure 2.1). The length of 
the Yong River is ~26 km from the confluence to the river mouth. The area is significantly 
affected by the interplay between the freshwater flow and tidal currents, experiencing 
semi-diurnal tides, i.e. two nearly equal high and low tides each day, and belonging to the 
category of incomplete standing waves. The river bed profile from the confluence to the 
river mouth is shown in Figure 2.2. 

 

Figure 2.1 The water system, hydrological stations of water levels (WL) and flow and sediment 
(FS). 
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Figure 2.2 The longitudinal bed profile from the confluence to the river mouth. 

To record the tidal hydrological data, field surveys are carried out for the study area 
during June 2015 and January 2016. The hydrological data include water level, flow 
velocity, flow discharge, sediment concentration and grain-size distribution, etc. The 
water levels are monitored at seven cross-sections (WL1‒WL7), five of which are along 
the Yong river. To measure flow velocity and suspended sediment, seven corresponding 
cross-sections (FS1‒FS7) are arranged, each with three vertical lines A, B and C, from left 
to right, looking downstream (Figure 2.3). Their distances to the confluence as measured 
along the river centerline are given in Table 2.1. Along each line, sampling is made at six 
points, i.e., hi = 0, 0.2, 0.4, 0.6, 0.8 and 1.07 of the water depth H0 (i = 1, 2, …, 6). All data is 
recorded in a one-hour interval.  

 

Figure 2.3 Schematic diagram of cross-sectional measurement points (looking downstream). 

Table 2.1 Distance of field measurement stations to the confluence.  

Water Level station WL1 WL2 WL3 WL4 WL5 WL6 WL7 
Distance to confluence (km) 2.20 0.25 6.00 14.80 20.30 25.20 2.80 
Flow & sediment station FS1 FS2 FS3 FS4 FS5 (FS6) FS7 
Distance to confluence (km) 2.20 0.25 9.70 18.10 24.70 3.20 

Fourbeam 600/1200-kHz RDI Workhorse Acoustic Doppler Current Profilers (ADCPs) 
are used to measure the velocities. These are put on a vessel having a speed < 2.5 m/s, 
which is equipped with a GPS. The inaccuracy of the resulting flow discharges is below ± 5% 

according to the manufacturer of the ADCP. The YJD-1 type pressure sensors are used for 
water-level measurements, with an inaccuracy of ± 0.01 m. Table 2.2 lists the parameters 
and inaccuracy of the main devices used in the field survey. Some photos are also 
displayed in Figure 2.4. 
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Table 2.2 The parameters and inaccuracy of the main devices 

Device Parameter Inaccuracy Function 

    ADCP  600/1200 kHz ± 5 % Flow velocity 

Pressure sensor YJD-1 ± 1 cm Water level 
Electronic-Level Topcon ± 1.0 

mm/Km 
Elevation 

Echo sounder HY1600 ± 1 cm Topographic survey 

GPS  Trimble SPS461/BX982  ± 0.5 m Topographic survey 

Efforts are made on sampling of the suspended load, using point-integrative water 
samplers. Though small in amount, bed load samples are also taken with Shipek grab 
samplers and their percentages were calculated. The grain-size distribution of the 
suspended load is analyzed using an automatic sieving device (SFY-D) and an automated 
Laser particle-size analyzer (Mastersizer2000). Particle sizes falling between the range 
0.2 m and 2 mm are identified.  

 

 

 

(a) 600KHZ ADCP (b) Trimble SPS461 GPS 

 
 

(c) Vessel equipped with GPS and ADCP (d) Sediment collection device 

Figure 2.4 The devices mainly used during the field survey [86]. 

According to the field measurements, the bed load in the river is negligibly small in 
quantity (< 5 %) and suspended load dominates, a common feature of many fluvial rivers. 
Figure 2.5 shows the particle distributions for the suspended load at FS3 in wet and dry 
seasons, respectively. The particle size, in terms of D50, is comparatively small.  
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Figure 2.5 The particle distributions at FS3: (a) wet season 2015; (b) dry season 2015. 

For each WL and FS station, the time-series of the raw hydrological data are analyzed. For 
each time period, the average value of the FS sampling is first obtained for each line with 
the six points. Based on the three lines, cross-sectionally averaged sediment 
concentration, S (kg/m3), and flow velocity, V (m/s), are then achieved by the weighted 
average method given below: 

𝑆 =
∑ 𝑆   ℎ  

∑   ℎ  
 (2.1) 

 =
∑   ℎ  

∑ ℎ  
 (2.2) 

where Si and Vi are the sediment concentration and the velocity of each measured point, 
respectively.  

The obtained data is well suited for calibration and validation of numerical models. The 
field data acquired for the wet season, including one spring and one neap tide, in June 
2015, are used in Paper 2 & 3. In addition to the wet season data, a set of data acquired 
for the dry season in January 2016 are used in Paper 4. 

2.1.2 Lower Yangtze River reach measurements  

The study site in Paper 5 covers the 500 km of the lower reaches of the river, starting at 
Datong city and terminating at the Xuliujing town (Changshu city), ~60 km upstream of 
the river mouth in Shanghai. Their locations are labelled as A and B in Figure 2.6. Datong 
is situated 1 245 km downstream of the dam site. Within the city, the most seaward 
comprehensive hydrological station of the river is located, denoted as Datong station. This 
station is the only source of flow discharge and sediment data for the lower river. Hence, 
almost all published studies dealing with the lower reaches, either local or reach scale, are 
based on the Datong data. Xuliujing is a gauging station close to the river mouth, which 
delimits the saline water intrusion into the river. Year 2005 marks the beginning of the 
automatic tidal current observations. 
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Figure 2.6. The Yangtze River basin, with indication of the examined reach from the Datong city to 

the river mouth. Note: The digital elevation data is download from www.usgs.gov. 

At Datong station, the hydrological data of flow discharge and sediment cover the 1990–
2015 period and are collected from the Yangtze Water Resources Commission. At 
Xuliujing station, the water stage and discharge data for the 2005–2015 period are 
acquired from the Hydrology and Water Resources Survey Bureau of the Yangtze River 
Estuary. For the study site, i.e. from Datong to Xuliujing, the Yangtze Waterway Bureau 
maps the river bathymetry on three occasions of concerted operations in 1998, 2010 and 
2015, respectively. 

For point measurements of flow velocity and suspended load, the procedure is to first 
position plumb lines along a cross-section (normally 10–30 lines). More lines are placed if 
the river is wide. Along each plumb line, measurements of flow velocity and sediment 
sampling at six equidistant positions at hi = 0, 0.2, 0.4, 0.6, 0.8 and 1.0 of flow depth H0 (i = 
1–6) (counted from the water surface). The suspended load is collected with 
point-integrative water samplers. All the data are recorded at an interval of one hour.  

Attached to a customized motorboat with GPS positioning, RDI Workhorse Acoustic 
Doppler Current Profilers (ADCP) are used to measure flow depth and velocity. At a 
predetermined transect, the boat moves approximately perpendicular to the direction of 
the river flow, at a constant cruising speed, ∼1.0 m/s. The ADCPs operate in the bottom 
tracking mode and at a frequency of 600/1200-kHz with the four beams at 20° from each 
other. The velocity measuring error is ±5 cm/s according to the manufacturer of the ADCP; 
pressure sensors of the YJD-1 type measure water depths, with ±1 cm accuracy. The 
relative error of discharge measurements is by estimate below ±5%. The river bathymetry 
used in the study is surveyed with HY1600 bathymetric profilers, having a vertical 
mapping error of ±1 cm (if H0 ≤ 20 m) and ±0.1H0 cm (if H0 > 20 m). In addition to 
cross-sectional flow area and water-level elevation, the measured and derived parameters 
include V, Q, S, sediment transport rate Qs (kg/s) and grain-size distribution, all of which 
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are cross-sectionally averaged variables.  

To map the flow and sediment in such a large river, challenges do exist, especially during 
flood seasons, which is ascribed to navigation of the boat to follow the pre-determined 
transections and maintenance of constant cruising speed. In combination with the river 
width, high flow velocity and local vortexes are also factors involved. Despite this, 
measurements are usually repeated 2–4 times to guarantee accuracy. With the elapse of 
time, the measurement equipment and methods are also upgraded continuously; many 
manual undertakings are replaced by automatic procedures at the two stations. 

2.1.3 A confluence-diffluent unit measurements  

The study area is a part of the lower Yangtze River. It is situated ~350 km up the estuary 
from the river mouth in Shanghai (Figure 2.7a). An island, called Baguazhou, splits the 
river into two branches; the right one is the main course (Figure 2.7b). The left and right 
branches are 21.6 and 10.5 km long, respectively. The average river width, measured at 
the normal water level, is ~800 and ~1200 m; the average depth is 11.0 and 23.0 m. At 
the diffluence, the splitting angle is ~55°; at the confluence, the merging angle is ~90°.  

 

Figure 2.7. Study site: (a) Location of the study area and (b) Layout of measurement stations.  

To record the hydrological data and map the river topography, field surveys are 
undertaken at three flow discharges during the May‒September 2011 period. The 
measured parameters include Z, V, Q, S and grain-size distribution.  

Also marked in Figure 1b is the layout of the measurement stations for water levels at 
seven locations (denoted as WL1−7) and flow velocities at seven locations (denoted as 
FV1−7, three along the left branch). At FV1−3, sediment concentrations are also 
monitored (denoted as SC1−3). At each FV, five and six plumb lines are arranged in the 
left and right branches. Along each line, sampling is made at five depths, i.e., the distance 
from the water surface hi = 0, 20%, 60%, 80% and 100% of water depth H0 (i = 1−5). All 
data are recorded at one-hour intervals. At one cross-section (BM1) at the diffluence, bed 
materials are sampled at three cross-channel positions. The equipment used during the 
measurements is the same as those in sections 2.1.1 and 2.1.2. 

To examine the variations in flow and sediment and their impacts on the 
morpho-dynamics, three dates, May 13, June 22 and Sept. 27, are chosen. June 22 
corresponded to the peak flood of the year. The results and findings are introduced in 
Paper 1. 
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2.2 Numerical simulations 

2.2.1 Mathematical description 

The Delft3D 4.04 package [87] is a widely used software for solutions of river flow and 
sedimentation issues. The governing equations are the Navier-Stokes equations (for flow 
continuity and momentum) and formulas for sediment transport and bed-form 
deformation. The suspended load transport is expressed by an advection-diffusion 
(mass-balance) equation. The bed load transport calculation is dependent on the formula 
selected, in which the default one is the van Rijn formula [88]. The bed-form change is 
determined via the bed stability coefficient and bed resistance. The model is solved with 
the finite-difference method. For a detailed description of the mathematical formulation, 
one refers to the Delft3D website (https://oss.deltares.nl/web/delft3d) and some 
published results such as [89] and [90].  

The continuity equation for incompressible flow: 

  

  
+
     

  
+
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= 𝑞 (2.3) 

where ζ (m) = elevation of the free surface above a reference plane, H (m) = water depth,  
u, v, and ω (m/s) are longitudinal (x), transversal (y) and vertical ( ) components of flow 
velocity, and t (s) = time. The term q (m/s) represents the contribution per unit area due 
to the discharge or withdrawal of water, and it depends on local sources or sinks of water. 
It is expressed as follows. 
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where qin and qout (1/s) = local sources and sinks of water per unit volume.  

The momentum equations are 
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where 𝑣𝑣 (m2/s) = vertical eddy viscosity, 𝑃  and 𝑃𝑣 (kg/(m2s2)) = pressure gradients, 
   and  𝑣  (m/s2) = horizontal Reynolds stresses, and f (1/s) = Coriolis parameter 
(inertial frequency).  

For a 2D model, the depth-averaged flow parameters are obtained by Leibniz integration 
in the vertical direction. The vertical flow acceleration is neglected, leading to the 
hydrostatic pressure distribution. For a 3D model, the vertical velocity ω (m/s) 
component is computed from the mass balance: 
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where P (m/s) = precipitation and E (m/s) = evaporation. 

The calculation resolves the eddy viscosity and diffusivity with the κ−ε turbulence model 
[87]. The κ−ε model has been successfully used in many studies involving numerical 
simulations of tidal [91,92] and riverine [93] water bodies. In this model, the two variables, 
i.e., turbulence kinetic energy κ (m2/s2) and its dissipation ε (m2/s3), are solved using two 
partial differential equations, which are read as follows. 

     
  

  
+ ( 

 𝜀

  
+ 𝑣

 𝜀

 𝑦
+
𝜔

 

 𝜀

  
) = (

 

  
 

  
(  

  

  
) +  𝑃 +    ) − 𝜀 (2.8) 

 𝜀

  
+ ( 

  

  
+ 𝑣

  

 𝑦
+
𝜔

 

  

  
) = (

 

  
 

  
(  

 𝜀

  
) +  𝑃 +    ) −    

𝜀

 
 (2.9) 

where Pκ (m2/s3) and Pε (m2/s4) = production terms, Dκ and Dε (m2/s) = diffusivity terms, 
Bκ (m2/s3) and Bε (m2/s4) = buoyancy flux terms, and c2ε = calibration constant by Rodi 
[94]. 

For mass balance and advection-diffusion, the equation in 3D reads as 
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where εs,x, εs,y and εs,z = the eddy diffusivity of sediment fraction in three directions and Fs 
is a function of the river-bed deformation, which is dependent on sediment erosion and 
deposition and is proposed as follows by Partheniades-Krone [95].  
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where Zb (m) = the change in bed elevation,    (kg/m3) = the dry weight of bed material, 
Db (kg/(m2s)) = the sediment flux of deposition, Eb (kg/(m2s)) = the sediment flux of 
erosion, Sb (kg/m3) = the bottom sediment concentration, τ (N/m2) = the bed shear stress, 
τd and τe  (N/m2) = the critical stresses of deposition and erosion, respectively and M 
(kg/m2s) = the bed scouring rate. 

In light of the van Rijn formula [88], the bed load in form of fine sand is entrained into the 
flow by imposing a concentration Sb (kg/m3) at a reference height above the bottom 
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(delimiting bed load and suspended load), which is dependent on current-related 
effective roughness height. Sb (kg/m3) is calculated by: 

𝑆 = 0 0   𝑠
    

   

  ∗
    (2.15) 

where  ∗ = dimensionless particle parameter and T = dimensionless bed shear stress.   

According to the van Rijn formula [88], the transport rate of bed load, qb (kg/s), is 
expressed as 

𝑞 = 0 00           
     

    (2.16) 

The transport rate of suspended load, qs (kg/s) reads 

𝑞 = 𝑓   𝑈 𝑆  (2.17) 

The total transport rate, qt (kg/s) is the sum of qb and qs, which is 

𝑞t = 𝑞 + 𝑞  (2.18) 

where B (m) = the river width, U (m/s) = the depth averaged velocity, Ms = sediment 
mobility number, Me = excess sediment mobility number and fcs = a shape factor. 

To predict the morphological changes in the long-term (Paper 2 & 5), a time scale factor, 
which accelerates the bed changes for each hydrodynamic time step, is used. Lesser et al. 

[96] conceptually described it as: 

     = 𝑓      (2.19) 

where       = the morphological time step, 𝑓mor = the morphological scale factor and 
   = the hydrodynamic time step. 

2.2.2 Calibrations and validations 

Calibration, as well as validation, is a prerequisite for modelling accuracy. By adjusting 
specific parameters, a reasonable match is achieved between observed and simulated 
results. In the study, varying roughness coefficient in space, time step and open boundary 
conditions and refining the mesh are the tuning aspects. As in many other studies, the 
results turn to be most sensitive to the roughness. Time steps (dependent on the grid 
density) and boundary conditions also influence the model convergence; the grid density 
has a bearing on the accuracy of the results. 

River-bed roughness, represented by Manning’s roughness equation (n), is an essential 
parameter dependent on such factors as river-bed morphology, flow patterns including 
water depth, etc. Based on the field investigations, a channel is separated into main 
channel and shore region with different n ranges. For a given position, linear 
interpolation is then made in light of water depth (Figure 2.8). 
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Figure 2.8 Schematic diagram of river-bed roughness interpolation (adopted from the internet).  

As shown in Table 2.8, three model criteria, i.e. Nash-Sutcliffe efficiency (NSE), R-Squared 
(R2) and Percent bias (PBIAS) are often used for the model evaluation, where    = the 
observed (in situ) values,  ̅ = the average of   , 𝑃  = the predicted values, �̅� = the 
average of 𝑃  and N = the total number of observed or predicted values. 

Table 2.1 Error parameters and accepted ranges for the model evaluation [97,98]. 

Parameter Range 
Optimal 

value 
Satisfactory if Expression 

NSE −∞  1 1 > 0.5 𝐸 =  −
∑  𝑂𝑖−𝑃𝑖 

 𝑁
𝑖=1

∑  𝑂𝑖−�̅� 
 𝑁

𝑖=1

  

R2 0  1 1 > 0.5   = (
∑  𝑂𝑖−�̅�  𝑃𝑖−�̅� 
𝑁
𝑖=1

√∑  𝑂𝑖−�̅� 
 𝑁

𝑖=1 √∑  𝑃𝑖−�̅� 
 𝑁

𝑖=1

)

 

  

PBIAS −∞  +∞ 0 
±25% for flow 

±55% for 
sediment 

𝑃 𝐼𝐴𝑆 =  
∑  𝑂𝑖−𝑃𝑖     
𝑁
𝑖=1

∑ 𝑂𝑖
𝑁
𝑖=1

  

 

2.3 Physical model tests 

2.3.1 Experimental layout  

In Paper 6, a fixed-bed physical model is set up for examination of flow patterns in a 
low-land reservoir with a multi-gate sluice structure. Figure 2.9 shows a photograph over 
the model. The model is based upon the Froude law of gravity similitude. The reservoir 
bathymetry is acquired via echo-sounding from a remotely controlled vehicle. The 
reservoir length is 820 m. The sluice outflow being affected by the tailwater, a 380 m river 
reach downstream is also included. 

The model scale is λ = Lpt/Lm = 40, where Lpt = prototype length and Lm = model length. 
Measured along the river centerline, the model is ∼30.00 m long and ∼4.00 m wide in 
cross-section. At the upstream inlet, a honeycomb is installed to calm the inflow. At the 
outlet, a flip gate regulates tailwater levels in the light of the discharge-water stage 
relationship at the location. The sluice structure is manufactured with accuracy. Each gate 
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opening is 0.20 m wide. Including all the piers, the sluice structure is 1.50 m long in the Y 
direction. 

 

(a) 

 

(b) 

Figure 2.9. Sluice model with six bulk-head gates constructed on λ = 1:40, 30.00 m long measured 
along the river centerline and 4.00 m wide in cross-section: (a) an overview and (b) sluice 
structure, looking downstream. 

From prototype to model, the conversion scales for Manning’s roughness coefficient (n), 
flow pressure (p), time (t), flow velocity (u) and flow rate (Q) are λn = λ1/6, λp = λ, λt = λ0.5, 
λu = λ0.5 and λQ = λ2.5, respectively. The errors in terrain production are, on average, below 
±4 mm vertically and ±7 mm horizontally. Efforts are made to achieve proper surface 
finishing, so that the Manning’s roughness criterion is approximated followed.  

2.3.2 Experimental measurements  

Figure 2.10 shows the experimental setup. The water is supplied from a circulation 
system. A calibrated 90º sharp-crested weir measures flow rates, with a relative error 
below ±(2‒3)%. From up- to downstream, six cross-sections, denoted as CS1–CS6, are 
defined to facilitate the documentation. Measured along the river centerline, Table 2.2 
lists their distances (denoted as L0) from the Y axis. All except CS1 are parallel to Y. Near 
the left bank at each cross-section, a point gauge monitors the water levels (denoted as Z). 
The measurement inaccuracy is in the order of ±0.2 mm.  
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Figure 2.10. Experimental layout, with an inlet honeycomb to calm the inflow and an outlet flip 
gate to regulate the tailwater. Near the left bank at each of CS1–CS6, a point gauge is to monitor 
water-level changes. A 90º sharp-crested weir measures flow rates. A PIV system captures the 
surface flow velocity. 

Table 2.2. Location of cross-sections CS1–CS6, measured along the river centerline. 

Cross-section CS1 CS2 CS3 CS4 CS5 CS6 
Distance from Y axis (m) 700 330 220 110 100 280 

Under the roof of the laboratory building, a particle image velocimetry (PIV) system, 
comprising nine industrial digital cameras placed at a ∼10 m height above the floor, is set 
up to capture surface flow velocities. The measurement error is 0.10 cm/s. The tracers 
are customized plastic particles, 2.5 cm in diameter. Instantaneous flow images are 
captured at a 10 Hz frequency; the duration for data collection is 10 s. The time-averaged 
results are used when the flow fields are compared. 

Scale effects of viscous and surface tension forces are always an issue of discussion in 
physical modeling of free-surface flows [99,100], defined by Reynolds number R = (UH)/υ 
and Weber number W = U/(σ/ρ0H)0.5, where σ (N/m) = surface-tension coefficient. In the 
flow circulation zones, they are lower. As indicated by Heller [99,101,102], Peakall and 
Warburton [99,101,102], if R > 4.0×103 and W > 3.3–10, their effects become insignificant. 
Despite the fact that there is no consensus on a single critical condition, the R and W 
criteria are not always satisfied in the reservoir. At the bulk-head gates, both numbers are 
well above the threshold conditions. This implies that the viscous and surface tension 
forces play a certain role in the flow modelling results. A surfactant is thus used to reduce 
the surface-tension effect. 

2.4 Machine learning 

Prediction of suspended sediment concentration (SSC) is of importance in river 
engineering. Conventionally, the SSC in a stream is determined via either direct field 
measurements or already established sediment transport equations [103]. Some sediment 
curves are also proposed for the estimation of SSC [104,105], which are theoretically 
adequate to cope with the variations in catchment properties and uneven distribution of 
precipitation and evapotranspiration [106]. However, due to the scarcity of detailed spatial 
and temporal hydrological data, applications of those methods suffer from limitations 

[107]. Moreover, despite several established empirical models, choosing an appropriate 
one for a specific scenario is difficult, which is the reason why many of them do not gain 
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expected acceptance [108]. Some researchers even indicate that the approach to use 
sediment curves is misleading and the high goodness of fit is spurious [109]. As a result, 
efforts have been devoted to develop reliable methods for SSC predictions. Machine 
learning modelling offers an alternative. 

In Paper 7, a new hybrid model (denoted as INARX) is established for the improved 
forecast of SSC. It is a nonlinear autoregressive network with exogenous inputs (NARX) 
integrated with a data pre-processing framework. The model integrates wavelet 
transformation (WT) for time series decomposition with multigene genetic programing 
(MGGP) for details scaling. The two incorporated modules improve time and frequency 
domain analysis, allowing the network to unveil the embedded characteristics and 
capture its non-stationarity. 

In this part, the two static artificial neural network (ANN) models, MLPNN and MGGP, are 
first introduced. As an essential element in the INARX, wavelet transformation (WT) is 
described. The WT and MGGP are integrated to establish the nonlinear auto-regressive 
approach (INARX) with external input framework, allowing improved multistep forecast.  

2.4.1 Multilayer perceptron neural network (MLPNN) 

Inspired by human brains, an ANN is a commonly used intelligent method in addressing 
various issues, e.g. regression analysis, pattern recognition and time series forecast [110–

112]. It is particularly suitable for nonlinear systems, whose physical behaviours are 
difficult to describe mathematically. The MLPNN is one of the most popular ANN networks 
in hydrological applications [113,114]. Figure 2.11 presents its typical architecture, 
consisting of a number of elements known as neurons. The neurons are located in 
different network layers and are interconnected to each other between the layers with 
weight w and bias b. At the input layer, one neuron corresponds to one predictor; at the 
output layer, one neuron represents one response. At the hidden layer, the number of 
neurons depends on the complexity of the problem and is usually determined by trial and 
error. The signals are transferred in the forward direction without a loop, implying that 
the MLPNN belongs to the feed forward network type. 

 

Figure 2.11 Schematics of the MLPNN structure, with input, hidden and output layers. 

The network is developed by minimizing the error between the network output y and 
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target z through the adjustment of w and b. The input x is first processed by an identity 
function, and its outcome is then fed to the neurons at the hidden layer [115]. For instance, 
the signal Netj that the jth hidden neuron receives from the input layer is expressed by 

    =∑       

 

    

+    (2.20) 

in which xi = ith input variable, wij = weight between the ith input neuron and the jth hidden 
neuron, bj = bias at the jth hidden neuron and p = number of inputs. The net value Netj is 
then processed by an activation function, which generates a new signal and feeds into the 
output layer. Its value yj from the jth hidden neuron is computed by 

𝑦 = 𝑓 (    ) = 𝑓 (∑       
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where f1 = functional symbol. The same technique is employed for both the hidden and 
the output layer. The net weighted signal Netk entering into the output layer is given by 

   𝑘 = ∑ 𝑓  𝑦    𝑘 
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where bk = bias at the kth output neuron, q = number of hidden neurons and f2 = functional 
symbol. In the end, the outcome yk from the kth output neuron is calculated by 

𝑦𝑘 = 𝑓     𝑘 = 𝑓 (∑   𝑘𝑓  ∑       
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where f3 = functional symbol. By updating w and b, the algorithm iterates until it reaches 
the pre-defined error limit. 

2.4.2 Multigene genetic programing (MGGP) 

The MGGP model, originating from the gene programing (GP), is a supervised 
evolutionary learning algorithm, which adopts the concept of survival of the fittest [116]. It 
combines linearly the low-depth GP genes and creates a simplified solution with improved 
fitness. A GP gene is a tree-structured computer program with linking branches, root, 
inner and terminal nodes. As shown in Figure 2.12, this three-level gene comprises one 
root node (yellow), three inner nodes (pink) and four terminal nodes (green), which are 
connected by linking branches (mathematical operators). 

 

Figure 2.12 The MGGP mode, a tree-shaped GP solution: (x3 – x2) + (tan(x1) + x3). 

The evolution of the MGGP method starts from the creation of chromosomes, which are 
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then used as parents to produce offspring. Three genetic operations are involved in this 
process: reproduction, crossover and mutation. In the reproduction, the parent 
reproduces an offspring by solely copying itself, thus no additional gene information is 
created. In the crossover, two new genes are generated by exchanging materials between 
their parents. For example, at a selected crossover node, the sub-tree structure in a parent 
is replaced by another one in a different parent (Figure 2.13a). In the mutation, a new 
gene is produced by replacing its sub-tree structure with a random one controlled by the 
pre-defined operation parameters (Figure 2.13b). Jamei et al. [117] summarize the 
primary development procedures in a MGGP model: 

1) Define initial parameters: functions sets, population size, number of generation, 
rate of genetic operation and maximum number of genes; 

2) Generate a population of genes and create a solution with a number of them; 
3) Examine the model efficiency based on the objective function; and  
4) Produce new genes using the genetic operations and repeat the last step if the 

stopping criteria are not met.  

In the end, the MGGP solution is constructed with low-depth GP genes 

𝑦 =  ∑      

  

   

+   (2.24) 

where C = constant, ci = ith gene weight of ith gene Gi and ng = number of survived genes. 
Both C and ci are determined by the least squares method. 

  

Figure 2.13 The MGGP mode, examples of genetic operations: (a) crossover and (b) mutation. 

2.4.3 Wavelet transformation (WT) 

The essential information of temporal data is usually veiled in the frequency domain and 
is not readily available in the time domain [118]. To reveal the key features of a time series, 
data transformation is often performed. The Fourier transformation (FT) is one of the 
earliest methods used for frequency contents extraction. However, it is limited to 
non-stationary data; the time information is lost if transformed from the time to the 
frequency domain. As an improvement, the WT captures the time and frequency 
information simultaneously. The wavelet in a WT refers to the finite length and oscillatory 
window function. As its width varies with the transformation for every single spectral 
component, the WT is particularly useful for feature extraction for time series data whose 
patterns are not apparent in its raw form. 

(a) (b) 
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The WT generates a time-scale representation of the non-stationary data and their 
relationships, thus revealing their trends, breakdown points and discontinuities [119]. 
Specifically, the original signal is decomposed into low- and high-frequency elements and 
is analyzed in the time and frequency domain. This processing technique allows one to 
examine the unseen details of the raw data, hence improving the computational accuracy 
of the data mining models [117]. A WT is classified into continuous WT (CWT) and discrete 
WT (DWT). The major difference between them is how the scale parameters are 
discretized. The CWT Wa,b(t) of a time series f(t) is expressed as 

       =  ∫ 𝑓   
  

− 

 

√𝐴
 ∗ 

 −  

𝐴
 𝑑  (2.25) 

where t = time, ψ* = complex conjugate of the wavelet function or the mother wavelet ψ, A 
= dilation (scale) parameter and B = translation (position) parameter. The computation of 
the CWT coefficients at each A and B leads to a large number of data. As an alternative, the 
DWT employs the scaling (low pass filter) and wavelet (high pass filter) functions; the 
scales and positions are based on the power of two (dyadic scales and positions). The 
W(A,B)D in the DWT is given by 

  𝐴    =  
−  ⁄ ∫  ∗  −  ⁄ − 𝑘 𝑓   𝑑 
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where j and k = real integers. Through the low and high pass filter, the time series data are 
decomposed into two parts: approximation a and details di. The former represents the 
low frequency and high scale component and the latter the high frequency and low scale 
one. The low and high frequency contents are analyzed by the low and high pass filters, 
respectively. The low frequency part reveals the identity of the signal, and the high 
frequency one affects its flavour. In this way, the background information is captured by a, 
and the trivial attributes of interpretational value are characterized by di [120]. The length 
of the signal determines the number of the decomposition level. At each level, the low and 
high pass filters generate data that span half of the frequency band, which doubles the 
frequency resolution, as the uncertainty in the frequency reduces to half [121]. The 
temporal data after the DWT are expressed by 

𝑓   =   +∑𝑑 

 

   

 (2.27) 

where n = number of decomposition levels. 

2.4.4 Integrated dynamic neural network (INARX) 

As the core of our study, the improved INARX is a recurrent network-based model that 
couples with the WT and MGGP, shown in Figure 2.14. This scheme is composed of three 
phases, starting from the first phase, i.e. the decomposition of the raw signal by the DWT. 
The choice of the DWT over the CWT is favoured by high computational efficiency and 
easy implementation, as suggested by Kisi [122]. After the transformation, the raw data are 
decomposed into two components: approximation and details. If the raw data include m 
elements and each of them is decomposed into L levels, the total number of sub-signals 
(approximation and details) after the DWT becomes (m + mL). However, not all of them 
are equally informative [123]. 

In the second phase, the details are fed into the MGGP to remove the redundant inputs 
that may deteriorate the model performance. The MGGP generates an explicit expression, 
which consists of the inputs and indicates their contributions to the target. Although the 
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MGGP alone can act as a machine learning model, it is employed as a selection tool to scale 
the details. Successful MGGP applications as a selection tool are found in Hadi and Tombul 
[124], Mehr and Nourani [125]. As it combines the GP trees linearly, to solely improve the 
fitness based on the objective function tends to yield a complex evolved solution, which is 
likely to result in horizontal bloat and overfitting. To cope with this, the Pareto front (PF) 
method is used to optimize the model in terms of both accuracy and complexity. Based on 
the concept of dominance with the PF at any instant consisting of non-dominated solutions, 
it is a multi-objective optimization technique [126]. Given a population of models, the PF 
comprises the members that outperform others in the pre-defined criteria. The 
methodological procedures are summarized as follows 

1) To limit the maximum number of genes to reduce the model complexity and 
overfitting risks 

2) To calculate the expressional complexity of all evolved potential solutions 
3) To compare the model complexity of the whole population against their goodness 

of fit measure 
4) To identify the models that gain by comparison in terms of both accuracy and 

simplicity (Pare-front members) 
5) To select the scaled detail ds (the one with the highest contribution to the target) 

from the best model 

In the third phase, the time-lagged approximation, scaled details and simulated output are 
used as inputs for the feedforward network, creating a nonlinear auto-regressive model 
with an external input framework. This dynamic network is composed of three layers 
(similar to the MLPNN) with recurrent connections from the past outputs, which allows 
multistep forecasts. The network is mathematically formulated as 

𝑦   =      −         −       𝑑𝑠  −      𝑑𝑠  −      𝑦  −      𝑦  
−       

(2.28) 

in which y(t), a(t), and ds(t) = output, approximation, and scaled details at time t, Δt1 = 
input delay, Δt2 = feedback delay and F = functional symbol. The delayed y is automatically 
fed backwards to the input layer. Thus, the prediction is dependent on the exogenous 
parameters (a and ds), and the previous output signals. The delays in the external and 
feedback inputs sever as a short time memory of the network. They also represent vectors 
that each signal must pass through, after which all signals are available as an input for the 
next unit for a number of time steps. For a given training set, the true outputs are available, 
hence one can open the loop by feeding back the delayed observations instead of the 
estimated values. As more accurate inputs are used, the procedure leads to better 
predictions. It also saves computational costs, as the resulting network is in a simple 
feedforward architecture and static backpropagation is applied for model development. In 
applications, the network is in a closed loop for multistep ahead estimation. 

The training of the network is achieved using the Levenberg-Marquardt (LM) algorithm, 
which is a combination of the steepest descent (first-order) and Gauss-Newton 
(second-order) method. The resulting configuration improves the computational speed of 
the former and enhances the numerical stability of the latter [127]. The weight update We+1 
of the LM at (e + 1) epoch is defined by 

    =   −    +  𝐼 
−      (2.29) 

where e = epoch number, H = Hessian matrix, λ = variable scalar, I = identity matrix, J = 
Jacobian matrix and r = residual error vector. The presence of J and the diagonal term λI 
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lead to a positive definite H, which shortens remarkably the computational time [128]. This 
fast and reliable second-order local method has been successfully implemented in many 
studies, e.g., Adamowski and Chan [129], Daliakopoulos, et al [130]. 

 

Figure 2.14 Workflow of the proposed integrated nonlinear autoregressive network with 
exogenous inputs (INARX). 
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Chapter 3 Flow patterns and sediment 
transport of a river diffluence  

This chapter aims to look into the flow and sediment characteristics and the 
morpho-dynamic responses of a river diffluence, especially during medium and low flows 
(Paper 1). Both field measurements and numerical simulations are performed, which 
complement each other to help understand the alluvial behaviors. Based on the field data 
in June 2011, Figure 3.1a shows the river bathymetry. Figure 3.1b shows the adopted 
refined mesh, with the local enlarged views. As a concept, an application of a training wall 
in the diffluence area is examined, which is motivated by the need to improve the flow 
diversion ratio. The detailed geometric parameters and measurement methods are 
presented in section 2.1.3 and Paper 1. 

 

Figure 3.1 (a) Bathymetry measured in June 2011 and (b) Numerical grid with enlarged views at 
the diffluence and confluence. 

3.1 Flow and sediment features 

The TGP impoundment starting from year 2003 modifies the discharge pattern and 
sediment delivery to the downstream inclusive of the study area. Annual historical data 
between 1998‒2015 at the Datong station are used to analyse the flow and sediment 
variations. Figure 3.2a exemplifies the flow-sediment relationship before and after the 
impoundment, where Qa (m3/s) and W (t) denote annual flow discharge and sediment flux. 
The dam effectively smoothes out the flood discharge peaks and modifies the inflow 
downstream. The changes in Qa are not significant, but the decrease in W is drastical. This 
indicates that sediment bypassing the dam exhibits a declining trend, leading to the 
release of relatively clear water and augment in erosion potential downstream. 

Previous studies show that the split of flow and sediment between the two branches is 
mainly controlled by the cross-stream water-surface slope [131], bed slope [40] and 
geometrical aspects [132]. To further illustrate the sensitivity of flow partitioning to 
discharge, Figure 3.2b shows the 60-year historical data of Rf, grouped in the light of Z ≥ 
4.00 m and Z < 4.00 m. The Rf = Ql/(Ql+Qr), where the subscripts l and r denote the left and 
right branches, respectively. The Rf values for Z < 4.00 m are smaller than those for Z ≥ 
4.00 m. It indicates an obvious declining trend. The descending flow discharge leads to 
unfavourable hydraulic conditions for the left branch and potential sediment deposition. 
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In recent years, it passes only 12%‒15% of the total flow rate, significantly less than 
18%‒26% in the 1950’s. The riverine economic development requires that the discharge 
should be maintained or increased. In case of low flow discharge, it is essential that the 
flow impacts be well understood and proper countermeasures be taken. 

 

Figure 3.2 Historical data: (a) Qa−M relationship before and after the TGP impoundment in 2003 
and (b) Changes of Rfl with time (in light of water level Z ≥ 4 m and Z < 4 m).  

Based on the field measurements, the reach comprises mainly suspended load; the bed 
material consists predominantly of fine to medium sand, a common feature of many 
fluvial rivers. Figure 3.3a, b shows their particle size distributions and the D50 at SC1 and 
BM1, of which locations are marked in Figure 2.7. The results indicate that the suspended 
load falls in the range D = 0.001−0.10 mm, with D50 = 0.007 mm. For the bed material, its 
range is D = 0.10−1.00 mm, with D50 = 0.20 mm. These data form the basis for the 
numerical modelling. 

Let Si (kg/m3) denote point sediment concentration at hi. To display its feature along the 
vertical lines of measurement, Figure 3.3c, d presents, at SC2 and SC3, the Si distributions 
as a function of hi/H0. The lines are numbered from the left to the right bank. The results 
show that, from the water surface to the bed, Si exhibits an increasing trend. For a given 
line, the Si value at hi = 0.6H0 is near the line-averaged value. At each cross-section, the Si 
values along lines 2 and 3 are larger, implying that the cross-channel distribution is not 
uniform, and the main stream carries more sediment. Despite the significant difference in 
Q between the two branches, Si exhibits a comparable magnitude. 

 

Figure 3.3 Sediment features: (a) Suspended load size distributions at SC1 and (b) Bed material 
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size distributions at BM1. Distributions of Si along each line: (c) at SC2 and (d) at SC3. 

3.2 3D diffluence flow features 

To elaborate diffluence flow features in 3D, six cross-sections, D1‒D6, are defined (Figure 
3.1a). Their velocity profiles are plotted in Figure 3.4. The horizontal distance is counted 
from the left river bank. Upstream of the diffluence, a distinctive feature is the 
non-uniform distribution of the cross-sectional velocities (Figure 3.4a). At D1, the core of 
high velocities is to the left of the channel centreline. Downstream of D2, it shifts to the 
right and follows the thalweg line. Typical of rivers with a large ratio of width to depth, 
this behaviour has an impact on the flow split [133,134]. There is also a transverse gradient 
in the area and Rf is somewhat affected.  

At D3 and D4, an obvious flow deceleration is noticed (Figure 3.4b). The high velocity 
core follows the deep part of the channel, suggesting the centrifugal effects on the flow. 
This phenomenon is accentuated at high-flow stages [131], leading to appreciable 
morphological modifications. Secondary flows are also evidenced, circulating clockwise, 
which is mainly due to the thalweg curvature.  

On the contrary to the left branch, the flow at either D5 or D6 exhibits acceleration 
behaviours (Figure 3.4c). Morell, Tassi and Vionnet [135], also confirm the presence of a 
central core of convectively accelerated flow bounded by curved streamlines in the 
diffluence. Secondary flows, though with low intensity, are also observed along the right 
bank. This is mainly attributable to the influence of the sharp topographic forcing (large 
thalweg curvature). It is also affected by the curvature of bifurcation and flow division 
[136]. However, the former plays a dominant role. Parsons et al. [137] investigate flow 
patterns of an alluvial diffluence on the Paraná River, Argentina, in which no evidence of 
channel-scale secondary flow is detected. In a wide and shallow course, it is recognised 
that, besides the above factors, bedform roughness also influences the formation of 
secondary flows. 
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Figure 3.4 Diffluence flow structures at Q = 15 290 m3/s: (a) D1 & D2; (b) D3 & D4 and (c) D5 & 
D6. 

3.3 Construction of a training wall 

Long-term field records show that the flow discharge in the left branch demonstrates a 
declining trend. This becomes a concern at medium and low discharges; engineering 
measures are necessary to counter this. To increase its flow (Rf), the construction of a 
training wall in the diffluence is, as a concept, proposed. This is also a topic of discussions 
during the past years. The wall is erected with cylindrical piles, thus forming vertical sides 
and limiting the sideward intrusion in the flow. Principles for its layout are as follows. (1) 
It is oriented in such a way that its interference to the flow is minimised. (2) The resulting 
increment in local water level is acceptable. (3) The erosion risk at its upstream end is 
controlled. (4) The extent of resulting flow circulations is limited in the right channel. (5) 
Its length is practically feasible.  

Based on preliminary simulations, the wall length is set at 550 m, its crest elevation being 
the same as the water level. With reference to the planform of the existing flow patterns, 
two layouts are proposed to assess their effects. The wall follows the waterline of the 
right channel’s left bank. Let α denote the angle between the wall and the y-axis. Layouts 
A and B refer to α = 45° and 75°, respectively. In combination with tracer trajectories of 
the surface water motion, Figure 3.5a, b showcases the results of flow field at Q = 15 290 
m3/s. In relation to the existing situation, Figure 3.5c plots, at the low, medium and high 
flow conditions, the values of Rf of the two layouts. 

The results show that Rf ranges between 19.50% and 25.20% in layout A and between 
16.13% and 21.15% for layout B, with an increase from the exiting level 12.40%‒19.27%. 
The improvement is considerable at low and medium discharges. The training wall 
diverts part of the inflow to the left branch; layout A is more effective than layout B. 
However, the former intrudes more in the flow and generates a large zone of flow 
circulations. Layout B gains, by comparison, featuring preferable flow patterns with a 
smaller vortex zone. Previous studies show the left branch is sustainable as long as Rf is 
not below 20% [138]. It is a trade-off to achieve an acceptable flow pattern in the 
diffluence and to increase the left branch flow. The wall layout should be optimized at a 
prescribed flow rate or water stage. If needed, a curved wall is an option. 
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Figure 3.5 In the presence of a training wall: flow patterns at Q = 15 290 m3/s: (a) Layout A and 
(b) Layout B. Improvement in Rf: (c) Rf as a function of Q.  

3.4 Morphology characteristics 

A diffluence is usually characterised by distinct thalweg behaviours and reciprocal 
adjustment between the flow and bathymetry. Upstream of the diffluence (Figure 3.6a), 
the thalweg is close to the left side and a considerable thalweg curvature is evidenced. An 
increase in bed elevation is observed along the thalweg as it approaches the diffluence. 
Once the flow is divided, the channel depth increases downstream, especially in the main 
river course. Zolezzi, Bertoldi and Turbino [139] arrive at similar findings. Figure 3.6b 
presents, along two cross-sections of the diffluence, the cross-channel profiles of bed 
elevation. The diffluence is obviously characterised by a larger transverse bed slope than 
the longitudinal one. 

Downstream of the diffluence, the so-called “inlet step” is observed in each branch, 
referring to the significant difference in thalweg water depth in the flow direction. A 
similar situation is shown by Zolezzi, Bertoldi and Turbino [139]. A larger inlet step 
features the right branch. Field data indicate that the measured thalweg depths 
correspond to ∼10 and ∼25 m in the left and right branches, respectively. Besides other 
topographic forcing effects [133,140], this inlet step contributes to the flow partitioning. 
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Figure 3.6 (a) Diffluence bathymetry and (b) Cross-sectional bed elevation at the diffluence.
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Chapter 4 Flow, sediment and bed 
deformation of river confluence 

In this chapter, the flow, sediment, and morpho-dynamics of river confluence in non-tidal 
(part of Paper 1) and tidal (Paper 2) environments are introduced. Following the last 
chapter in Paper 1, at the confluence, field surveys are conducted of water flow, sediment 
and bathymetry, see section 2.1.3; 3D numerical simulations are performed to capture 
detailed flow structures and predict future bedform changes. In Paper 2, field 
measurements of tidal flow and sediment are made in the study area including the 
confluence, see section 2.1.1. A 2D morpho-dynamic model is set up, in which the cohesive 
suspended sediment transport is simulated. Using field measurements and simulations, 
the objective is to provide insight into the physical phenomenon that governs flow 
features of the confluence, to describe the sediment transport behaviours and to predict 
the scour hole evolution. This study also reveals the relationship between the velocity and 
suspended sediment movement influenced by both the run-off and the tides. A review of 
river confluence in tidal and non-tidal environments is found in Paper 15. 

4.1 2D flow features 

In the tidal confluence, when the maximum flood tide from the coastal area approaches it, 
the flow increases in magnitude. The flow field at the maximum flood tide is shown in 
Figure 4.1a, forming a flow bifurcation. The surface flow pattern is relatively smooth in 
the confluence without a recirculation. With the incoming maximum ebb tide from the 
two tributaries to the downstream, the flow velocity reaches its peak in the confluence 
and a large vortex is formed, see Figure 4.1b. The confluence flow at the maximum flood 
tide differs in both flow direction and magnitude from that at the maximum ebb tide, 
which depends on the tidal flow direction. And as mentioned at the ebb tide, there is a 
zone of flow separation close to the left river bank (Figure 4.1b). 

Figure 4.1 Tidal flow fields during the 2nd half of June 2015: (a) at the max. flood tide; (b) at the 
max. ebb tide. 
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4.2 3D flow features 

In the non-tidal confluence, to examine its 3D flow features, six cross-sections, C1‒C6, are 
chosen (Figure 3.1a). The velocity profiles are plotted in Figure 4.2, in which the 
horizontal distance is, at each cross-section, measured from the left river bank.  

 

Figure 4.2 Confluence flow features at Q = 15 290 m3/s: (a) C1 & C2; (b) C3 & C4 and (c) C5 & C6. 

The cross-sectional velocity shows a pattern of flow convergence within the confluence. 
The transverse flow runs towards the right bank at C1 and C2 (Figure 4.2a) and towards 
the left bank at C3 and C4 (Figure 4.2b). The merging of the two transverse flows opposite 
in direction is abrupt, giving rise to large velocity gradients and strong mixing with an 
obvious shear interface. The pattern implies that the two cells of transverse flow with 
opposite motions develop a confluence convergence. There is significant asymmetry in the 
flow field at the junction corner. The right main branch has a larger velocity core than that 
of the left one. The largest core with streamwise velocity > 1 m/s, though with an uneven 
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distribution in the vertical direction, occupies almost the right half of the main channel. As 
seen in Figure 4.2c, there exists, at C5, a classical two-cell flow structure. The cells are 
indicated by the high-velocity cores on both the right and left sides. The interface between 
two flows is close to the left, an indication of the flow dominance of the right branch. In 
the confluent area, secondary flow structures are also observed, with cells in a clockwise 
rotation. Downstream of the confluence, the flow convergence pattern diminishes as the 
transverse velocity on the left side decreases, indicating that the flow becomes aligned 
with each other. Further downstream, with the dynamical adjustment of the two flows, 
secondary flows disappear and a cross-sectional equilibrium is achieved. 

4.3 Bed shear stress 

In the tidal confluence, the bed shear stress (  ⃗⃗  ⃗) determination is complicated by such 
factors as confluence geometry, bed topography and sediment as well. Flow perturbations 
make it difficult to measure   ⃗⃗  ⃗ in the field. Therefore, numerical models are often used 
for obtaining   ⃗⃗  ⃗ in tidal environments. For a location in question,   ⃗⃗  ⃗ relates the flow 

regime to deposition and erosion patterns. It is a function of a quadratic of �⃗⃗�  and the 
2D-Chézy coefficient C2D (m0.5/s) or an equivalent roughness length [141]. For 2D 
depth-averaged flows,   ⃗⃗  ⃗ is given by 

  ⃗⃗  ⃗ =  
|�⃗⃗� |   �⃗⃗� 

   
  (4.1) 

where |�⃗⃗� | (m/s) is the magnitude of �⃗⃗� . C2D is expressed as  

   = 
√ 
 

 
 (4.2) 

  ⃗⃗  ⃗ is proportional to |�⃗⃗� |�⃗⃗�  and is also affected by H. In the confluence, the |�⃗⃗� | and H 

values between 0.4‒0.6 m/s and 6.0‒17.3 m (exclusive of the scour hole). At the 
maximum flood and ebb tides, Figure 4.3 shows the distribution of the peak   ⃗⃗  ⃗ values. 
Their distributions of   ⃗⃗  ⃗ are similar, with some local differences. For each tide, the 
spatial distribution and magnitude follow the pattern of the velocity gradient distribution 
in Figure 4.1. For a given river, a decay is exhibited from the mainstream to the bank. 

  ⃗⃗  ⃗ reflects the velocity gradient and is affected by both run-off and tides. The peak   ⃗⃗  ⃗ 
values occur away from the confluence in the Fenghua and Yong rivers, which is true for 
both the flood and ebb tides. The occurrence of these areas is similar to the situation with 
only the run-off in the rivers [42,46,142]. Low   ⃗⃗  ⃗ occur in such areas as along the Yao river 
and in the confluence. At the confluence, the Yong and Fenghua rivers run almost along a 
straight line, while the Yao river intersects them at nearly a right angle. As the tide comes 
from the Yong river, the tides are bathymetrically constrained and the bending accounts 
for the low   ⃗⃗  ⃗ values in the Yao river.   ⃗⃗  ⃗ links the flow conditions with sediment 
transport, providing indications of morphology change.  
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Figure 4.3 Distributions of   ⃗⃗  ⃗ during the 2nd half of June 2015: (a) at the max. flood tide; (b) at 
the max. ebb tide. 

4.4 Morphological changes 

In the non-tidal confluence, the classical bed discordance is observed. As shown in 
Figure 4.4, the cross-channel difference in river-bed elevation is pronounced. Immediately 
upstream of the confluent area, the lowest river-bed elevation is −5 and –15 m a.s.l. in the 
left and right branches. The confluence morphology is characterized by a prominent scour 
hole, a typical bathymetric feature found in high-angle asymmetrical confluences 
[43,137,143]. Towards the scour hole, the along-channel slopes of the two branches differ 
substantially, however, at a much larger gradient in the left branch. The hole formation is 
attributable to the dynamics of the submerged plane jets as described by Rajaratnam [144] 
and Best [45]. It has a slender, elongated shape from above; its major axis runs along the 
main river course. Due to the large river size and flow magnitude, the hole dimension is 
huge. Starting from the junction corner, the bed elevation drops sharply towards the scour 
hole, its lowest point at elevation −43 m a.s.l. This means that its max. depth is 28 m below 
the surrounding river bed level. At e.g. elevation −25 and −40 m a.s.l., the max. width is 
∼500 and ∼190 m; the max. length is ∼3990 and ∼1650 m, respectively.

Figure 4.4 Confluence bathymetry. 

In the tidal confluence, under the interplay of runoff and tides, the simulated results 
enable a scrutinization of the potential pattern of morphological changes. As time elapses, 
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that the three river reaches are subjected to continuous siltation (Figures 18−20, Paper 
2). The trend is not only in qualitative agreement with the study of the water system by 
Shen [145] and Chen et al. [14], but also it is in qualitative agreement with the measured 
topography (Figure 4.5). These results show that the rivers including the confluence, 
especially the scour hole, suffered from gradual siltation of the suspended load.  

Figure 4.5 Measured bathymetry: (a) 2010; (b) 2015. 
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Chapter 5 Morphodynamic changes of a tidal 
meandering reach  

The chapter consists of two parts: Paper 3 and 4. Paper 3 focuses on a meandering reach 
of an alluvial river subjected to strong tidal currents, as shown in Figure 5.1. Field 
measurements are performed to record the flow and sediment data as well as to map the 
river bathymetry at selected occasions. The field data help understand the sediment 
movement characteristics in both horizontal and vertical directions. A 3D suspended load 
transport model is incorporated into a hydrodynamic model and computes the flow 
patterns and morphological changes. By means of the two approaches, the objective is to 
provide insight into the interplay between fresh-water flows and tidal currents, to 
illustrate the circulatory patterns of suspended load transport during the tidal rising and 
falling, and to make predictions of the bed deformation associated with the meandering 
properties (curvature, cross-channel asymmetry, etc.).  

In paper 4, based on the perturbation theory, the study modifies a method to determine 
the sediment carrying capacity and apply it to the same tidal river. In terms of flow 
velocity, water depth, particle settling velocity, median grain size and tidal range, an 
approach is established using dimensional analysis and multivariate linear regression. 
Field data are collected to determine and validate the coefficients of the formula. 
Compared to previous studies with fewer parameters for the correlation analysis, the 
procedure is an improvement and can be used to estimate the carrying capacity in similar 
situations. 

 

Figure 5.1 Study area: (a) Location; (b) Examined meandering reach of the Yong River; (c) 
Measurement stations of water levels (WL) and flow & sediment (FS). 

5.1. Cross-sectional flow patterns 

In the meandering reach, the flow features vary a lot with the stratified currents, in which 
cross-sectional velocity distributions often deviate from the logarithmic profile being 
typical of straight reaches. Meanwhile, the bi-directional currents induced by flood and 
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ebb tides also make the flow patterns more complex. In addition to cross-sectional and 
streamwise changes of bed forms, the velocity distributions in the cross-sections are also 
influenced by the rise and fall of the tides, which is different from non-tidal situations 
with only run-off. To exemplify this, cross-section WL5, being located at the bend apex, is 
studied. Figure 5.2 shows, during spring tide, both the velocity magnitude and the 
direction of the falling period (b) and the rising period (e), respectively. Other velocity 
distributions are displayed in Paper 3 (Figure 11). 

   

Figure 5.2 Cross-sectional velocity distributions during the spring tide: (b) Falling period; (e) 
Rising period  

Dependent on the rise and fall of the tides, the cross-sectional flow patterns in a meander 
differ in both flow direction and magnitude. Relative to the main stream, the major 
feature is an outward movement of water with the falling tide and an inward movement 
with the rising tide. 

5.2. Bed shear stress distribution 

For the flood and ebb tides, the bed shear stress (  ⃗⃗  ⃗) is useful to judge flow regime and to 
interpret the resulting patterns of deposition and erosion. For 3D flows,   ⃗⃗  ⃗ is expressed 
in terms of a quadratic function of the   ⃗⃗⃗⃗  and a drag coefficient [141,146]. 

  ⃗⃗  ⃗ =  
     ⃗⃗⃗⃗ |  ⃗⃗⃗⃗ |

   
   (5.1) 

where   ⃗⃗⃗⃗  (m/s) = horizontal velocity in the first layer above the river bed and C3D = a 

3D-Chézy coefficient. For a relatively wide and shallow river,   D = √ 
 
  . 

Determination of   ⃗⃗  ⃗ is influenced by such factors as river curvature, cross-sectional 
asymmetry and sediment composition, etc. Due to flow perturbations, it is not 
straightforward to directly measure it in the field. Numerical modelling is employed for its 
analysis of the meandering stream. For the wet season (June 2015), Figure 5.3 displays   ⃗⃗  ⃗ 
distributions at four instants, i.e., (a) high water, (b) maximum ebb tide, (c) low water and 
(d) maximum flood tide.   ⃗⃗  ⃗  varies with discharge, bend curvature, cross-sectional 
asymmetry, etc., demonstrating the following features.  
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Figure 5.3 Distributions of   ⃗⃗  ⃗ during the wet season (June 2015): (a) High tide; (b) 
Maximum ebb tide; (c) Low tide; (d) Maximum flood tide. 

(1)   ⃗⃗  ⃗ is proportional to   ⃗⃗⃗⃗ |  ⃗⃗⃗⃗ | and is also a function of H. In the meander reach, the 
|  ⃗⃗⃗⃗ | and H values are between 0.2−0.6 m/s and 6.0−14.0 m (exclusive of the scour 
hole at WL5). At the low and the high water, a similar   ⃗⃗  ⃗ distribution is exhibited 
(Figure 5.3a,c), with minor local discrepancy.   ⃗⃗  ⃗  reflects the velocity gradient, 
governed by the run-off and tides. At the maximum ebb and flood tides, the peak   ⃗⃗  ⃗ 
values are shown in Figure 5.3b,d.  

(2) Due to erosion, a deep hole exists at bend apex WL5. Its   ⃗⃗  ⃗ distribution features low 
values. This is ascribed to the large water depth. Shoaling areas along the inner banks 
show always low   ⃗⃗  ⃗ values.  

(3) The spatial distribution is also affected by the curvature. A salient feature is, following 
the main stream, a band of high   ⃗⃗  ⃗ values. In the flow direction, it shifts from the 
outer bank in one bend to the outer bank in the subsequent bend. This is true for both 
flood and ebb tides. The occurrence of the band is similar to the situation with a 
non-tidal meander reach [3,147,148]. 

5.3. Erosion-deposition patterns 

Predictions are made to display potential sediment patterns in the meander (Figure 5.4). 
For a given cross-section, its inner bank is exposed to heavier deposition than the outer 
bank. The mainstream tends to switch more to the outer bank, aggravating the curvature 
of the bend. The flow regime and imbalance of sediment transport are the main drivers of 
the meander reach evolution. The simulations suggest that the bed-level changes are 
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closely related to the interactions between the run-off and tides. The latter plays a 
dominating role and governs the sedimentation.  

  

 

Figure 5.4 Morphological changes during the spring tide: (a) T = 0 (measured bed level); (b) T = 
15 days and (c) T = 30 days. 

5.4. Sediment carrying capacity 

The sediment carrying capacity (Sc, kg/m3) reflects, as an index, the amount of entrained 
sediment transported by the flow if erosion and deposition are in equilibrium. In a 
meander subjected to the interaction of run-off and tides, Sc depends on a few factors and 
shows its complexity in both time and space. In consideration of the nature of the issue, it 
is not straightforward to find a unified Sc formula with accuracy. Though there are other 
forms of expressions, the commonly accepted expression is based on Froude number F = 
V2/(gH), implying that Sc is mainly dependent on turbulence intensity. Sc is shown to have 
a linear relationship with F2 [14,149,150], with the following expression  

𝑆 = 𝑆 + ƒ  
  = 𝑆

 
+ 𝑘    (5.2) 

where k = coefficient and S0 = background sediment concentration, i.e., the amount of 
sediment left from the previous tide. The multivariate linear regression analysis and the 
least square method are used for their estimations. At each time interval, a cross-section 
has 3 × 6 = 18 measured values. For the 30-hour measurement period, 30 sets of the data 
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are analysed. For the flood and ebb tides of the wet season in June 2015, Figure 5.5 shows 
the obtained S‒F2 relationship.  

  

Figure 5.5 S‒F2 relationship for the wet season (June 2015): (a) Flood tides and (b) Ebb tides. 

The Sc expression for the meander reach is written as  

Flood tide, 𝑆  =   0     
  +    09 (5.3) 

Ebb tide, 𝑆  =        
  +  0 9  (5.4) 

The k value for the flood tides is almost twice as high as for the ebb tides. It is, therefore, 
reasonable to separately determine Sc—the former carries more sediment than the latter. 
Chen et al. [14,150] examined Sc during wet and dry seasons, which also show significantly 
different Sc values.  

Based on perturbation theory, the method in equation 5.2 is further modified, which not 
only considers the flow turbulence, but the sediment property and tidal effects are also 
taken into account. The procedures to derive the formula are detailed, shown in Paper 4. 
The derived formula is applied to the tidal channel including the meandering reach.  

   =  
2 (0.026

 50

 
   0.019

 

ω
   0.013

Δ 

 ̃
)    1.025 

 (5.5) 

where Δ  (m) = water-level difference between two adjacent instants (usually one-hour 
interval), and  ̃ (m) = tidal range, i.e. the difference between the high and low tides 
within a tidal period. In a tidal environment, the tides stir the sediment in the water and 
modify its peak duration and transport. Field measurements show that the flow velocity 
and sediment concentration within a tidal period is always out of phase with each other 
[151,152]. The peak-tide method [153] and the half-tide method [154] don’t include the lag 
effect between the sediment and flow. The proposed whole-tide method overcomes this 
and is therefore preferable.  

Figure 5.6 shows the comparison between the prediction and measurements. The 
horizontal and vertical axes refer to the measured (S) and predicted values (Sc), 
respectively. Suppose that the total number of data used for the spring tide (ST) or neap 
tide (NT) analysis is n. Within a deviation band ≤ ±e from the SSC formula, the total data 
number is denoted as ne. Let P (%) = ne/n, representing the percentage of data within the 
interval. At each station in the dry season, the accuracy of prediction is further illustrated 
in Table 5.1, with e = 5% and 10%. Even the overall error is given for each station. This 
indicates that the derived formula reasonably reproduces the data in the tidal river. 
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Figure 5.6 Comparison of Sc and S during ST and NT in the dry season (the 1st half of January 
2016) 

Table 5.1 Accuracy of prediction applied to the tides during the dry season. 

Period Station 
P (%) Overall 

error e = 5% e = 10% 

ST 

FS1 83 90 12.78 
FS2 85 88 11.25 
FS3 88 92 8.85 
FS4 89 91 8.56 

FS5(FS6) 85 91 10.32 
FS7 82 90 14.55 

NT 

FS1 82 89 15.78 
FS2 84 87 14.38 
FS3 87 90 9.56 
FS4 88 91 9.23 

FS5(FS6) 85 89 12.75 
FS7 83 87 16.82 
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Chapter 6 Sediment and bed changes along 
500 km Lower Yangtze River reach  

The Three Gorges represents one of the largest hydropower projects in the world. 
Exclusive of the preparations, the dam construction begins in 1995 and covers a period of 
16 years. It takes about seven years to attain full impoundment in October 2010. The 
reservoir operations modulate the sediment transport and have a bearing on the 
morphology downstream. The detailed background and introduction are presented in 
Paper 5. 

In the light of field investigations, numerical simulations and a blend of data sources from 
related publications, the study deals, before and after the commissioning, with the 
sedimentation changes along the 500 km of the Lower Yangtze River. Figure 6.1 shows the 
bathymetry of the examined reach. Based on the 26-year field data, the study assesses the 
temporal flow and sediment relationship during 1990–2015, and elucidates the changes, 
both cross-sectional and longitudinal, in morphology. By combining the historical field 
data and modeling results, the study aims to assess the erosion and deposition patterns 
along the reach, so that the morphological trend it brings about is well understood.  

 

Figure 6.1 Bathymetry of the examined reach between two hydrological stations (based on field 
data in 2010). 

6.1 Flow and sediment variations 

6.1.1 Relationship between runoff and sediment flux 

Based on the 1990–2015 data series at Datong station, the flow and sediment changes are 
analyzed. The Q, S and Qs data are monthly during 1990–2002 and daily during 2003–
2015. As significant amounts of bed load are trapped in the reservoir, relatively clear 
water is released to the downstream river. On an annual basis, Figure 6.2 compares the 
annual correlation between T (m3) and Ts (t) before and after the beginning of the 
reservoir impoundment in June 2003, in which T = annual runoff and Ts = annual 
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sediment flux ( ̅ and  �̅� refer to their multi-year averages). 

The results show that the changes in T are not significant except for the wet year 1998 
and the dry year 2011. However, a decline is seen after the June 2003 impoundment. For 
the period 1990–2003,  ̅  amounts to 9.50×1012 m3; for 2003–2015, it reduces to 
8.45×1012 m3, a drop by ∼11%.  �̅� corresponds to 3.30×108 and 1.36×108 t, respectively. 
Obviously, the latter is only ∼40% of the former. This implies that, following the 
successive impoundment, Ts exhibits a drastic declining trend. 

 

Figure 6.2 Correlation between annual runoff and annual sediment flux at Datong station during 
1990–2015.  

To further categorize the temporal variations, the 1990–2015 period is broken up into 
four phases:  
phase I: January 1990–December 1994, pre-construction period; phase II: January 1995–
May 2003, construction stage and before reservoir impoundment; phase III: June 2003–
September 2010, start of progressive impoundment and continued construction to August 
2009; phase IV: October 2010–December 2015, full pool operation.  

Table 6.1 summarizes the phase-averaged  ̅ , 𝑆̅ and  �̅�  values for the four phases. 
During the phases,  ̅ exhibits some fluctuations in magnitude. A study of the river flow 
discharge records ranging from 1950’s to 1990’s reveals that the differences among the 
years are natural variations. The reservoir impoundment plays certainly a significant role 
in flood regulations. Figure 6.3 shows that the decrease in 𝑆̅ is, on the whole, sustained 
over the years. As appears, both 𝑆̅ and  �̅� decline dramatically on a yearly or multi-year 
basis, especially in phases II and III, which is suggestive of the pronounced impacts of the 
dam on suspended load interception. The role of the flow discharge variations seems to be 
secondary.  

Table 6.1. Phase-averaged flow and sediment in each of the four phases (1990–2015) at Datong 
station. 

Phase  ̅ (m3/s) 𝑆̅ (kg/m3)  �̅�(108 t) 
I 28 657 0.302 2.729 
II 30 654 0.249 2.407 
III 26 115 0.144 1.186 
IV 26 928 0.119 1.011 
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Figure 6.3. Yearly variations in 𝑆̅ during the four phases (1990–2015) at Datong station. 

6.1.2 Sediment sorting 

The impoundment of the dam traps the coarse material from its upstream, and the 
fine-grained sediment is released from the reservoir to its downstream [66]. The latter is 
mainly in the form of suspended and wash loads, which do not easily deposit in the river 
course [155]. The suspended sediment sorting or grain-size distribution is also an 
indicator of changes before and after the commissioning. 

Figure 6.4 compares, at Datong station, the changes in particle diameter D (mm), 
expressed in terms of maximum size Dmax (mm), mean size  ̅ (mm) and medium size D50 
(mm). The diagram is based on the collected monthly data during the 2000‒2015 period, 
covering phases III and IV and even part of phase II. Before year 2000, the grain-size data 
is fragmental and therefore excluded.  

 

Figure 6.4 Variations in D before and after the start of the impoundment at Datong station (2000–
2015). 

The results show that the variations in neither D50 nor  ̅ are significant. However, both 
sizes exhibit a weakly increasing trend. It is noted that Dmax = ∼0.50 mm during 2000–
2003 in phase II (before the impoundment); Dmax = ∼0.60 mm in phase III; and Dmax = 
∼0.80 mm in phase IV. The changes, especially in Dmax, demonstrates, over the years, an 
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elevated level of particle sizes; the suspended load becomes obviously coarsened, albeit 
marginally. As aforementioned, after the commissioning, both S and Qs decline appreciably 
and become lower than the natural sediment carrying capacity of the flow. As a result, the 
flow and the riverbed of the sandy material are in competition. The bed scouring leads 
thus to progressive entrainment of particles into the flow and the sediment sorting 
changes. 

6.2 Morphological changes after commissioning 

Along with the impoundment, the variations in the flow and sediment also lead to 
morphological changes along the reach. With measured bathymetries in October 1998, 
October 2010 and September 2015 as a base, the morpho-dynamic responses are 
compared and the changes are revealed before and after the commissioning. The 1998 
bathymetry is five years before the impoundment, the 2010 one is at the end of the 
progressive impoundment, and the 2015 one is after five years of normal operation. 
Sedimentation patterns are now evaluated in terms of both cross-sectional and 
longitudinal profiles. 

6.2.1 Cross-channel changes 

The past decades see cross-channel changes as a result of engineering works (i.e., riparian 
protection, levees and various bank revetments). Previous studies show that the 
modifications also give rise to adjustments in the bed morphology [156,157]. Let B (m) 
denote, at a given location, the channel width measured at the mean sea level (0.0 m 
m.s.l.). The results are presented in Figure 6.5. 

 

Figure 6.5 Cross-channel changes along the reach based on the surveys in 1998, 2010 and 2015. 

The field data show that the 500 km river reach narrows, on average, by 0.375 km during 
the period. The shrinkage corresponds to 9.5% from 1998 to 2015, which is, in general, 
attributable to such factors as channel bar growth, reclamation of shoreline, and 
construction of dikes and revetments [158]. Except for in some sections, the adjustments in 
width are minor along the upper 420 km. The engineering measures limit the width 
development in many places. Local widening is mainly due to natural bank erosion 
processes. Studies made by Xia et al. [156] and Zhang et al. [159] demonstrate that the river 
course upstream of Datong also exhibits insignificant development in width. The major 
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change in B occurs in the final 80 km section close to the river mouth, along which the 
average width changes from 7.462 km in 1998, to 6.544 km in 2010 and 6.035 km in 2015. 
This means that the river width is reduced by 1.427 km from 1998 to 2015. Even along 
this section, the changes are not uniform; some locations are eroded more than others. As 
compared to the remaining 420 km, the more noticeable reduction is mainly due to 
enhanced down-cutting, which also augments the flow velocity and reduces flow passage 
area. That narrowed channels lead to erosional deepening is also observed in many 
alluvial rivers throughout the world [160,161]. 

6.2.2 Longitudinal bed changes  

Based on the measured bathymetries, the changes in river bed elevation along the reach 
are assessed. The channel or flow passage volume is a proxy for the changes. To illustrate 
this, the reach is divided into three segments, delimitated by CS1 and CS2 (Figure 6.1). 
The former is at Wuhu city, 120 km downstream of Datong; the latter is at Zhenjiang city, 
180 km upstream of Xuliujing. From 1998 to 2015, the channel volume of each segment is 
tabulated for comparison (Table 6.2), corresponding to the space below the mean sea 
level and above the river bed. With the elapse of time, a larger channel volume of the 
resulting bathymetry denotes erosional down-cutting, while a smaller one connotes 
sediment deposition. The volume changes also exhibit an erosion-deposition-erosion 
pattern. Notice that erosion also takes place upstream of Datong station [156,162]. 

Table 6.2. Channel volume changes during 1998–2015. 

To further quantify the bed changes, longitudinal profiles from the three bathymetries are 
plotted in Figure 6.6, in which Zb (m m.s.l.) denotes the averaged bed elevation, equal to 
the ratio of channel volume to B×L, and L (km) is the streamwise distance along the river 
centerline (L = 0 at Datong). Along the 500 km, the reach-averaged Zb value changes from 
−7.18 m in 1998, to −7.83 m in 2010 and −7.96 m in 2015. It shows that the river course 
undergoes, on the whole, a gradual decline in bed elevation with the elapse of time. 
However, governed by the river geometry inclusive of bed slope and other factors, 
deposition also occurs.  

For each segment, the Zb values are also included in Figure 6.6. Zb changes from −6.16, 
−7.20 to −7.59 m along the upper segment (Datong–CS1), from −7.57, −7.84 to −7.47 m 
along the middle one (CS1–CS2), and from −7.44, −8.28 to −8.85 m along the lower one 
(CS2–Xuliujing). Before year 2010, erosional down-cutting occurs obviously along all 
three segments, which is in agreement with the previous studies by Zheng et al. [158]. 
Along with the normal operation from 2010, the middle segment shifts, however, from 
downward scouring to deposition, albeit minor; the erosion continues in the upper and 
lower segments. The 1998‒2010 period covers phase III and part of phase II. For the 
middle segment, there are no in-between field data that support if the gradual 
impoundment slows the erosion and leads to deposition at an earlier time.  

Segment 
Channel volume (108 m3) Difference (c) – (a)  

(108 m3) (a) 1998 (b) 2010 (c) 2015 
Upper: Datong–CS1 (120 km) 15.00 16.80 17.31 2.31 

Middle: CS1–CS2 (200 km) 34.60 35.15 32.54 −2.06 
Lower: CS2–Xuliujing (180 km) 70.01 70.54 71.26 1.25 
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Figure 6.6 Longitudinal bedform changes of the reach based on the surveys in 1998, 2010 and 
2015. 

6.3 Prediction for near-future changes 

With the bathymetrical data from 2010 and 2015, the foregoing analysis reveals, for 
approximately five years’ normal operation (phase IV), the temporal flow and sediment 
relationship and morphological changes along the reach. However, one question, probably 
a consequential one in the context, remains unanswered. It is unclear whether or not the 
river-bed changes have reached a hydro-morphological equilibrium under the impacts of 
the TGD, i.e. whether the bed morphology will further evolve with time after 2015 and at 
what pace the change will occur. Therefore, 2D numerical simulations are performed to 
help shed light on the near future sediment and morphological changes in the large 
alluvial river. 

6.3.1 Model setup 

The Delft3D program package is a widely used software for solutions of river flow and 
sedimentation issues [87]. It is adopted here to predict near-future morphological changes. 
The description of mathematical formulations is presented in Paper 5. The computational 
domain runs from Datong to Xuliujing, the same as in the field studies (Figures 2.6 and 
6.1). Due to the appreciable changes in river cross-section including bends, diffluences 
and confluences a 2D model is set-up. Several meshes of varied cell sizes are evaluated so 
as to ensure grid-independent solutions, which are checked through steady-state flow 
calculations. The along- and cross-channel grid sizes are equal to 30–50 and 40–70 m, 
respectively. Small cells are assigned to locations with large flow gradients. The domain is 
covered by a total of 360 000 cells.  

The simulation period stretches over a 15-year period from October 2010 to September 
2025. The numerical modeling uses the river bathymetry data from 2010 as the initial 
conditions (Figure 6.1). The boundary conditions are defined in terms of both flow and 
sediment, which are based on the in-situ measurements. The upstream boundary at the
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Datong is specified with the daily-averaged flow discharge and suspended load 
concentration; the downstream one at Xuliujing is prescribed with the corresponding 
water-level changes with time. The model runs first to 2015 for model calibration and 
validation―the numerical results are compared with the recorded water levels at the two 
stations and the mapped bathymetry. Using the morphological accelerate technique in the 
software, the 2010–2015 changes are tripled and the simulation extends by 10 years to 
2025. 

6.3.2 Typical flow patterns 

A typical meandering and braided alluvial river course features the reach with an 
appreciable number of central bars and islands. Besides the geometry, both the river 
runoff and tides are at play and influence the flow behaviours, leading to the water-level 
fluctuations and periodical flow reversal.  

To illustrate the flow features, a representative meandering and braided section are 
chosen, respectively. Figure 6.7 a,b shows the depth-averaged velocity fields both in 
direction and magnitude. A major feature of the meander flow is a zone of high velocity 
that shifts from inside to outside of the channel with distance through the bend (Figure 
6.7 a). A similar pattern is also observed for the shifting location of maximum boundary 
shear stress [147]. In the bend, velocities are highest (1.60 m/s) at the outside edge which 
is attributable to the angular momentum and centrifugal force. The differences in 
meander flow velocity distribution are believed to generate erosion at the outside of 
bends and deposition at the inside.  

Figure 6.7 Flow patterns in (a) a meandering section; (b) a braided section; (c) a TCL section. 
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Braiding channels are commonly seen in the lower river reaches. In the last 500 km, there 
are 25 typical braided sections. The availability of a large amount of sediment supplied 
from upstream or locally is regarded as the necessary condition for braiding [8]. The 
stream is bifurcated into two channels by one bar and bifurcated again by the second and 
third bars, as shown in Figure 6.7 b. The flow velocity approaching the bars is relatively 
small (<0.40 m/s), which creates circumstances for silt and clay to deposit around the 
bars. Over time, vegetation develops on the bars, which become islands as if they are 
stabilized, e.g. Figure 6.7 c. The islands divert the flow against channel banks and thus 
contribute to the local bank erosion.  

Tides from the coast area intrude to the upstream of the river course, and the tidal wave 
could propagate to Datong [163]. In the lower section of the reach, the interplay of tide and 
runoff leads to a bi-directional flow; regarding the reversed flow, a limit exists for the 
movement, called the tidal current limit (TCL), where the momentum of flood tide and 
runoff is equal. Figure 6.7 c displays the flow patterns in a TCL section. The flood tide 
impounds the flowing freshwater and reverses the flow, forming a tidal current limit. 

6.3.3 Sedimentation trend 

In the light of the 2010 and 2015 bathymetries and the five-year daily flow and sediment 
data during October 2010–September 2015, predictions are made to look into the 
potential morphological changes in the near future. The riverbanks confined by levees and 
revetments are kept at the same width in the modelling; only downcutting is allowed. 
Figure 6.8 plots and compares the longitudinal bed profiles on three occasions in 2015, 
2020 and 2025, the latter two of which are the predicted profiles. Along the 500-km reach, 
the reach-averaged changes are from −7.96 m in 2015, to −8.21 m in 2020 and −8.40 m in 
2025. This means that the river course is expected to deepen further, by 0.44 m during the 
10-year period.  

The segment-averaged Zb values are also indicated in Figure 6.8. It changes 
correspondingly from −7.59, −7.96 to −8.09 m in the upper segment, from −7.47, −7.35 to 
−7.31 m in the middle one, and from −8.55, −9.36 to −9.78 m in the lower one. This 
implies that, along with the normal reservoir operation, erosion continues in the upper 
and lower segments; the middle segment incurs gradual deposition. This is suggestive of 
the fact that the trend that that the reach exhibits during 2010–2015 will remain for at 
least another ten years. Figure 6.9 summarizes the Zb values of each segment as a function 
of time. The erosion in the upper segment and the deposition in the middle one do not 
show any sign of escalation, but slow down instead. The erosion in the lower segment 
bears however some analogy to the previous years, with an almost linear downward 
trend.  
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Figure 6.8 Longitudinal bedform changes of the reach in 2015, 2020 and 2025. 

 

Figure 6.9 Segment-averaged longitudinal bedform changes during 2010–2025. 
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Chapter 7 Hybrid modeling for solutions of 
sedimentation in a low-land reservoir  

This chapter deals with an existing sluice structure located downstream of a river bend, 
with six bulk-head gates and an abutment on each side (Paper 6). The structure suffers 
from unbalanced sedimentation in the reservoir (Figure 7.1). Guide vanes are 
recommended to address the issue. To evaluate their performance, a physical fixed-bed 
model is first built in the laboratory, which is then complemented by numerical modeling 
of movable bed. The combination of the two approaches enables an identification of the 
flow and sediment transport pattern in the reservoir. The main purposes of the study are 
(1) to understand flow patterns and sediment movement under typical sluice operation 
conditions and (2) to evaluate the vanes as a potential countermeasure for sediment 
deposition mitigation. The goal is to recommend a reliable solution essential for 
maintaining its normal operations and extending its life span. 

Figure 7.1. Sluice structure centrally placed in the river course, with six bulk-head gates and 
connecting abutment on each side (seen from upstream). 

7.1 Hybrid modelling 

In coping with the sedimentation issue, the study incorporates a hybrid approach of 
physical model tests and numerical modelling. In an early stage, a physical model of fixed 
bed is built to examine the reservoir flow patterns, in which the guide-vane layout is 
finalized. The physical model is shown in Figure 2.9. The detailed physical model tests are 
described in Section 2.3. After the model is demolished, a 2D numerical model is, with the 
same hydraulic conditions, set up to map the sediment motions. Their combination 
identifies the flow and sedimentation patterns and evaluates the use of guide vanes as a 
means for alleviating the sediment deposition. 

The Delft3D program package is a widely used software in solutions of river flow and 
sedimentation issues [87]. It is adopted here to simulate both the flow and morphological 
changes. The description of mathematical formulations is presented in Paper 6. The 
computations are performed in prototype size, with the same river length (1200 m) as in 
the physical model studies. Starting with a coarse mesh, global and local refinements are 
made to achieve a fine mesh. Several meshes of varied cell sizes are evaluated to ensure 
grid independence, which is checked through steady-state calculations. Figure 7.2 shows 
the river bathymetry and the adopted 2D mesh, with an enlarged view at the multi-gate 
sluice. The bathymetry data are based on the field survey in 2015. Irrespective of local 
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water depth, the sluice piers are treated as dry cells. The vanes are represented by an 
array of infinitely thin objects that prohibit flow exchange between the two adjacent cells. 
The vane crest can be below or above the water surface. In plan, the domain is covered by 
15 350 cells, comprising 307 streamwise and 50 transverse. Smaller cells, with a 1.5 m 
size, are used in the sluice to account for large velocity gradients. 

Figure 7.2 Computational domain with grids and bathymetry. The domain is covered by 15 350 
cells, comprising 307 streamwise and 50 transverse. The bathymetry is based on the field data in 

2015. 

7.2 Reservoir flow circulations 

The reservoir sedimentation is intrinsically dependent upon the flow patterns. One of the 
major tasks in the experiments is to delineate them at varying flow rates, a prerequisite 
for laying out the guide vanes. The chosen flow cases are described in Paper 6. Figure 7.3 
shows the surface water trajectories for the cases. 

In Case 1, the relatively uniform flow gradually converges downstream of the bend, 
forming a narrow, jet-like main stream that runs along the right bank. Driven by this main 
current, a large zone of counter-clockwise circulations is generated to its left, occupying 
the overwhelming part of the reservoir in cross-section. The zone measures, at maximum, 
~90 m in width and ~335 m in length. Close to the sluice along the right bank, there are 
also secondary thin zones of clockwise flow circulations. The flow pattern corresponds to 
openings 2, 3 and 4 in operation. Different gate combinations lead to slightly different 
flow patterns immediately upstream of the gates. However, the overall patterns remain.
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(a) (b) 

(c)  

Figure 7.3. Flow patterns upstream of the sluice structure: (a) Case 1; (b) Case 2; and (c) Case 3. 
The flow is from the right to the left. 

With an increase in discharge (Case 2), the main flow after the bend takes up the major 
part of the reservoir width and runs nearly centrally in cross-section. As a result, the large 
circulation zone that appears in Case 1 becomes suppressed. Two zones of comparable 
sizes are instead formed close to the sluice. The left counter-clockwise zone is somewhat 
larger than the right clockwise one, their length is 170 and 140 m, respectively. In Case 3, 
the flow occupies virtually the whole reservoir width; two zones of flow circulations 
remain in the corners, however much smaller in size.  

Obviously, appreciable differences exist among the flow cases, exhibiting the influences 
from the river bend, reservoir bathymetry and flow magnitude. At large flows (e.g. Case 3), 
all the gates operate at large or full openings and the incoming suspended load is readily 
released through the sluice, with insignificant deposition.  

In a circulation zone, the tangential velocity decreases towards its center and the velocity 
is generally low, which creates conditions for sediment deposition. Accordingly, 
prescribed by the frequent occurrences of low and medium inflows (e.g. Cases 1 and 2), 
sediment becomes deposited on the left side of the reservoir. The echo-sounded 
bathymetry in 2015 (Figure 7.2) demonstrates a deeper streamwise channel, alluding to 
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deposition to its right. The experimental findings corroborate, in a qualitative manner, the 
field result. 

7.3 Modified flow patterns with guide vanes 

The second aspect in the model tests is to outline and dimension the guide vanes. Because 
the sediment is efficiently flushed at high flows, the design is based on the low and 
medium flows (Cases 1 and 2). With several test combinations and comparisons, it is 
decided that the cross-channel axis of the vane array is placed at X = 220 m, i.e. along the 
CS3 section, and the vane number is set to be seven with distance between two 
neighbouring vanes c = 10.0 m. Figure 7.4 shows the sketch of the layout. The spacing 
between two adjacent vanes is so determined that their flow fields should not interfere 
much with each other. By trial and error, it is chosen that length a = 10.0 m, thickness b = 
0.5 m and the vane crest is put 2.0 m below the design retention water stage. The vane 
orientation (α) is a primary parameter that needs to be evaluated. More details of the 
guide vane configuration and layout are described in Paper 6.  

Figure 7.4 Schematic layout of guide vanes, placed in an array downstream of the bend. 

The first step is to find the acceptable α range (α ≥ 0). All the vanes are given the same 
angle. In the model, the vanes are installed in such a way that they can be easily adjusted 
to another angle. Figure 7.5 showcases the flow patterns in the presence of the vanes at α 
= 0° and 30° (Case 2). At α = 0°, the vanes follow virtually the flow direction and their 
effect is limited. With an increase in α, they bend the flow in a more efficient way and the 
flow is more directed away from the right bank and towards the middle of the sluice. The 
two zones of flow circulations also become suppressed in size. The layout at α = 30° is, for 
example, more effective than the one at α = 20°. However, the α = 30° vanes generate local 
flow separations and significant vortex wakes in the middle portion of the river, which 
alludes to the fact that this angle is seemingly the upper limit of the arrangement. 
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(a) (b) 

Figure 7.5 Modified flow patterns with the guide vanes (Case 2). (a) α = 0°; (b) α = 30°. 

In the second step, repeated tests show that α should preferably be in the range between 
10°–20°. For both cases, Figure 7.6 presents the modified flow patterns α = 15°. It shows 
that the flow patterns are, in a noticeable manner, improved, with the flow directed 
towards the gates and the zones of circulations suppressed to much smaller sizes. In 
similar river studies, Odgaard [164] also states that the typical α range is between 10°–20°; 
the use of larger angles should be handled with caution. The guide vanes layout should be 
optimized at a prescribed flow rate or water stage. If needed, a curved vane is an option. 

(a) (b) 

Figure 7.6 Modified flow patterns with the presence of guide vanes at α = 15°. (a) Case 1; (b) Case 
2.  

7.4 Vane induced bed changes 

To be further convincing in the choice of vane layout, the vane induced bed changes 
should be taken into consideration, which is the task of numerical modeling. Predictions 
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are made to look at the potential pattern of morphological changes at low and medium 
flow scenarios. To evaluate the effectiveness of the guide vanes, the three layouts with α = 
0º, 15º and 30º are first examined in Case 1, respectively. Figure 7.7 compares, in form of 
isolines, the differentiated elevations between the initial and resulting bathymetries, 
calculated by subtracting the latter from the former. A positive number thus denotes 
erosion and a negative one deposition.  

Figure 7.7 Bed changes with guide vanes (a) Case 1, α = 0°; (b) Case 1, α = 15°; (c) Case 1, α = 30° 
(d) Case 2, α = 15°. A positive number denotes erosion and a negative one deposition. 

At α = 0º, it shows in Figure 7.7a that the installation of guide vanes generates some river 
bed re-adjustments but the effectiveness is not sufficient. In comparison to the initial 
bathymetry, the modified one is, on the whole, still subjected to severe siltation. In 
particular, the deposition problem on the left side approaching the gates is not solved. 
Local deposition, though not significant, occurs at the trailing edge of the vane. It is due to 
the rear stagnation point on the low-pressure side shifting to the vane’s trailing edge 
when the vanes deflect the flow. A similar pattern is also observed by Odgaard [164] 
through laboratory tests. 

At α = 15º (Figure 7.7b), the results show that improvement induced by vanes is 
considerable, in which the siltation issue upstream of the sluice is mitigated. The 
maximum vane-induced erosion is ~1.00 m; the two large flow vortex zones shift from 
deposition to erosion and the eroded depth is on average of ~0.35 m. The vane-induced 
local deposition in its vicinity is also observed and it is somewhat enhanced with the 
increase of angles.  

At α = 30º (Figure 7.7c), it generates similar erosion and deposition pattern as the one 
with α = 15º. However, the flow seems to be over-deflected and severe deposition, with 
the max. thickness of ~1.20 m, occurs behind the first vane on the right, implying the 
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existence of significant flow separation. In addition, upstream of the vanes including the 
bend, it is on the whole subjected to undesirable siltation. The flow runs against the vanes 
with a large angle augments the water stage and consequently, sediment settles down. 
Figure 7.7d presents the potential bed changes at Case 2 with α = 15º, it shows similar 
patterns as the one at Case 1.  

To summarise, considering the flow patterns and the effectiveness of sediment mitigation, 
the layout of α = 15º is recommended, suitable at both medium and low discharges. In 
view of the varied flow and sediment conditions, the α value might be amplified to, e.g., α 
= 20º, which should not be too large, so that it causes undesirable phenomena in the 
reservoir, such as excessive vorticity and local deposition or erosion. 
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Chapter 8 Suspended sediment forecast with 
machine learning method  

In this chapter (Paper 7), a data pre-processing technique is utilized for feature 
extraction and noise reduction and coupled with a neural network, thus developing an 
integrated dynamic neural network (INARX). Aiming to establish an accurate model for 
the SSC forecast, the approach takes the advantage of the discrete wavelet transformation 
for time and frequency analysis and the multigene genetic programming (MGGP) for 
feature selection. A time series of daily hydrological data of discharge, water level and SSC 
during 2004−2012 are collected at the Cuntan station on the upper reaches of the Yangtze 
River (Figure 8.1). The performance of the INARX is assessed and compared with that of 
both the MLPNN and MGGP. The objective is to put forward an improved neural network 
for real-time and multistep forecast of the river suspended sediment. A robust prediction 
framework has profound engineering implications. 

 
Figure 8.1 The Yangtze River basin and location of the Cuntan hydrological station in Chongqing 

city (The digital elevation data is download from www.usgs.gov). 

The introduction of the study site and data source is described in Paper 7. With the time 
series of the hydrological data, the MLPNN, MGGP and INARX models are assessed and 
compared. In the former two methods, a short-term memory structure is used to improve 
their learning performance. With signal decomposition by wavelet functions and details 
scaling with the help of the MGGP, the proposed INARX model that combines a 
feedforward neural network with a non-linear auto-regressive model provides improved 
river sediment forecasts. 

8.1 The MLPNN and MGGP models 

Figure 8.2 compares, in form of daily time series of the SSC, the best predicted results 
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with the measured ones. Both models are capable of capturing its seasonal variations, 
particularly at low values. However, at high SSC values, neither model produces acceptable 
outcomes. It is also noted that both models somewhat underestimate the SSC. The overall 
model performance, especially for predictions of SSC peaks, needs to be improved. 

Figure 8.2 Comparison of the best predicted results with the measurements. 

8.2 The INARX model 

The established INARX model starts from the decomposition of the raw time series and 
details scaling. They are summarized in Paper 7. After the decomposition and scaling, the 
approximation and scaled details are transferred to the network for the prediction of SSC. 

8.2.1 SSC forecast 

The SSC predictions are evaluated by the machine learning models and the empirical 
approach. The former refers to the best performed MLPNN and MGGP, DNN (INARX 
without WT and MGGP module) and the proposed INARX with the selected wavelets. The 
latter refers to the sediment rating curve (SRC). The SRC is a simple and 
easy-to-implement approach for SSC estimations, expressed in the form of S = αQβ (α and 
β are coefficients) [165]. The training data in the machine learning modelling are employed 
to derive the SRC, resulting in α = 1×10−8 and β = 1.82. 

To evaluate their performance, the best-behaved model in each category is assessed with 
all field data. Figure 8.3 compares the observed against the predicted results in the form 
of scatter plot and boxplot. The former presents the difference between the two and the 
latter their statistics. For the SRC, although the data points scatter almost evenly around 
the perfect line (green), the dispersion is significant with large deviations. The MLPNN 
and MGGP exhibit comparative prediction capability. In comparison with the observed 
data, the prediction has a smaller range and mean, indicative of underestimation. The 
INARX generates the most accurate forecast, with the data statistics (mean, median, range 
and interquartile) close to the observed. Meanwhile, all datasets follow closely the perfect 
line. In time series modelling, error correlation is a proxy for model robustness appraisal, 
describing how the forecast errors are related in time. For perfect fitting, there should be 
only one non-zero value (equals to the MSE), occurring at zero lag. Figure 8.4 shows error 
correlations of the best INARX model. Except for the one at zero lag, they fall within the 95% 
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confidence bounds around zero. This indicates that the estimation errors are completely 
uncorrelated with each other (white noise) and the model is adequately accurate. 

 
Figure 8.3 Comparisons of the observed against the predicted SSC data by (a) SRC, (b) 
MLPNN, (c) MGGP and (d) INARX. In the boxplot, circle = mean, lower diamond = 1% data, 
upper diamond = 99% data, dashed line = median, lower box bound = 25th percentile and 
upper box bound = 75th percentile. The evaluated models refer to the best one in each 
category. 

 

Figure 8.4 Error correlation of the best INARX model. 

8.2.2 Extreme flood event forecast 

A robust model is expected to make accurate SSC forecasts in various circumstances, even 
under extreme flow conditions. During flood seasons, the rapid flow changes in both time 
and magnitude render the SSC prediction a challenging task. To evaluate the model 
capability, three years with extreme floods, 2004, 2010, and 2012, are selected. Their peak 
flows are 53700, 62400 and 63200 m3/s, respectively, often with short durations. In 2004 
for instance, one flood event is formed within only three days, with a peak discharge 
almost 30 times that of the pre-flood days. Demonstrating better performance than others, 
the INARX is chosen here for further evaluation. The three years are treated as separate 
scenarios, with the model re-calibrated using the observed daily data.  

Figure 8.5 compares the measured and simulated SSC time series. During the wet seasons 
(June to September), both the flow and sediment exhibit drastic daily variations. As seen 
in the enlarged views (Figure 8.5b, d and f), the INARX provides reasonable SSC forecasts, 
even with pronounced variations in magnitude and a short data length (one year). At both 



76 
 

high and low SSC, the predicted results are in good agreement with the observed ones. For 
the three years, CC is equal to 0.93, 0.91, and 0.92, respectively. Compared with the 
nine-year SSC simulation (2004‒2012), the model with one-year input shows negligible 
deterioration in accuracy. This is presumably attributed to the dynamic process of feeding 
back the network with past features, thus allowing the network to uncover the 
connections between the historical and current system states. Therefore, even under 
extreme conditions and with a limited length of data series, the model is still adequate to 
capture the system behaviors based on the historical characteristic data.  

 
Figure 8.5 Flood event predictions in 2004, 2010, and 2012. Comparisons between the 
observed and predicted SSC. The left diagrams (a, c, and e) are complete time series and the 
right ones (b, d, and f) are the enlarged views of the shaded data (flood seasons). 

As illustrated in the histograms in Figure 8.6, most predictions fall within the ±0.075 
kg/m3 error range. For the three years, the portion of data within the ±0.1 kg/m3 error is 
85.2%, 84.9% and 84.7%, respectively. In all scenarios, the ±0.2 kg/m3 error range 
contains 95% of the data. The errors follow a normal distribution, except for some 
overestimation in 2004, where the data falling within 0‒0.15 kg/m3 are 7.9% more than 
within −0.15‒0 kg/m3. With its high adaptability, the INARX is a powerful tool in 
applications with significant temporal changes.  

 

Figure 8.6 Histograms of forecast errors for the three years. (a) 2004, (b) 2010 and (c) 2012. 
Each curve corresponds to a normal distribution. 
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8.2.3 Multistep prediction 

For decision making, it is desirable to obtain predictions multiple steps ahead. To evaluate 
the model ability of multistep forecasts, a lead time (LT) from one week up to one month 
is set. SSC fluctuations are dissimilar under different conditions, and it is relatively easy to 
produce accurate results during the SSC-stable seasons. Again, the 2004, 2010 and 2012 
flood seasons are selected as the scenarios. These settings aim to assess the network’s 
capability for SSC forecast from a short to a long LT in different seasons. 

For multistep predictions, Figure 8.7 presents the statistical indicators from June to 
September in the three years. In almost all months, the CC declines as the LT becomes 
longer, which is associated with the network’s closed-loop structure. If the input layer is 
fed with the predicted results instead of the field data, the prediction errors would 
accumulate. With an increasing LT, the errors become significant. To achieve a better 
forecast, it is advisable to update the procedure with observed data as long as they are 
available. For a higher standard, this study adopts CC > 0.8 as a strong correlation, 
although it is usually CC > 0.7 [166]. In all months, the CC with LT = 1 week is > 0.8, with an 
average of 0.88. At LT = 2 weeks, the predictions are acceptable only in a limited number 
of months, with the CC only slightly above the threshold (like in June and September 
2012). At LT > 2 weeks, the network fails to generate accurate results, with CC < 0.8 in all 
months. Therefore, the model is capable of producing reliable SSC forecasts with LT = 1 
week; a longer LT would give rise to lower model performance.  

Due to the accumulated errors, the RMSE grows with an increase in LT. At the beginning of 
the flood season (June), the SSC is relatively stable, for which the prediction error is low. If 
the SSC fluctuations are significant (as in July and August), it becomes demanding to 
capture the variations. In September 2012, the low RMSE values are possibly related to 
the single SSC peak during this period, making it easier to map even its high values. 
Consequently, it is concluded that the established INARX method is appropriate for the 
multistep predictions with one-week lead time.  
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Figure 8.7 Statistical indices of multistep predictions during the flood seasons: (a) CC and (b) 
RMSE. The LT unit is week. 

8.3 Discussions and reflections 

In a fluvial system, SSC forecast is essential to understand its flow and sediment dynamics. 
The conventional SRC method depends merely on the correlation between the discharge 
and the concentration, which is inadequate for flows with high non-linearity and 
non-stationarity [167]. As demonstrated in previous studies, the advances in machine 
learning provide an effective approach for the SSC forecast [103,167,168]. One of its 
advantages and also challenges is the capability to capture the characteristics in both time 
and frequency domains.  

To this end, this study suggests a hybrid neural network that couples the WT with the 
MGGP. As compared to the SRC approach, the model offers a significant improvement in 
the SSC predictions. In the testing phase, the CC improves by 15% and the RMSE reduces 
by 60%, which demonstrates the superiority of soft computing methods [167,169]. The 
hybrid model also outperforms the stand-alone MLPNN and MGGP. A combination of 
individual models is often beneficial to overcome their weaknesses, thus generating better 
results [111,120,123]. Consistent with Jamei, et al. [117] and Liu, et al. [167], the study 
manifests the effectiveness of wavelet decomposition in time series simulations. In 
summary, the proposed INARX is a reliable framework for real-time and multistep 
forecasts, even under flood conditions. 

In a natural river, multiple factors affect the sediment dynamics, inclusive of vegetation, 
grain size, soil conservation measures, geographical properties, etc. [170,171]. In the study, 
only the flow discharge and water level are considered. If possible, one should take into 
account other governing factors to improve the model performance. Without any 
guidelines to follow, the determination of the optimal number of hidden neurons remains 
a challenging task and also a trade-off for a neural network. A large number of hidden 
neurons would exaggerate the overfitting risk, while a small number would circumscribe 
the model capability. Moreover, the relationship between the hidden-layer size and model 
performance is ambiguous, which makes the search for its optimal value by trial and error 
a time consuming process. Therefore, principles for this task should be developed in 
future studies. 
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Chapter 9 Conclusions and future work   

9.1 Conclusions 

This thesis deals, by means of field measurements, numerical simulations, physical model 
tests and machine learning, with the interaction of flow-sediment-morphology in alluvial 
streams and reservoir. Diffluence, confluence and meandering, as common river 

planimetric features, are examined. Based on extensive recorded hydrologic data and 
surveyed bathymetries, the sedimentation of 500-km Lower Yangtze River reach, before 
and after the commissioning of the Three Gorges dam, is elucidated. Some river training 
measures, e.g., training wall and guide vanes, are employed to modify flow patterns and 
sediment transport. Apart from field records, an artificial neural network, as an 
alternative, is used for the prediction of suspended load concentration. The main 
conclusions involve the following parts: 

In chapter 3 (Paper 1), the flow patterns and sediment transport of a river diffluence are 
discussed. In the diffluence, the flow partition is affected by variations in the incoming 
flows. At medium and low flow rates, the flow in the left branch accounts for 
approximately 12% of the total discharge and exhibits a decline in magnitude with the 
elapse of time. The decrease in discharge leads to unfavourable flow conditions and 
reduction in sediment transport capacity. To counterbalance this, a training wall is 
devised, as a concept, to modify the flow intake to the left branch. The sediment transport 
is influenced by the diffluence geometry and channel curvature. Despite the large 
difference in flow rate, the two branches exhibit comparable suspended load 
concentrations. Secondary flow structures are found to be more influenced by the thalweg 
curvature than the flow division. The “inlet step” or differential topography contributes to 
the unequal flow division. 

In chapter 4 (Paper 1 & 2), river confluence in tidal and non-tidal environments is 
surveyed and simulated. In the non-tidal confluence, a two-cell flow structure coexists, 
which may diminish along with the dynamical adjustment of the two waters. Changes in 
the riverbank geometry give rise to the vortex zones in the confluence. A shear layer is 
also observed, generated by velocity gradients of the two waters. The classical bed 
discordance features the confluence, with significant flow asymmetry at the junction 
corner. A scour hole exists in the confluent area, with a max. depth of 28 m below the 
main river bed level. In the tidal confluence, field measurements show that the changes of 
flow velocity and sediment concentration are not always in phase with each other; tidal 
currents are essential for stirring sediment, modifying its concentration and transport. A 
small zone of flow circulations exists, during the ebb tides, close to the left bank of the 
confluence. The bed shear stress is proportional to the water depth and flow velocity and 
is affected by the river bed topography. The shifting tidal directions result in the 
migration of erosion and deposition in both directions, which does not exist in 
unidirectional run-off flows. The flood tides govern the sediment transport and 
deposition, while the ebb tides with run-offs lead to erosion.  

In chapter 5 (Paper 3 & 4), field and numerical studies are made to examine the alluvial 
behaviours of a meander reach subjected to both runoff and strong tides (Paper 3). Due 
to the tidal currents, the flow velocity and sediment concentration are always out of phase 
with each other. The cross-sectional asymmetry and bi-directional flow result in higher 
sediment concentration along inner banks than along outer banks. For a given location, 



80 
 

the near-bed concentration is 2−5 times the surface value. The flow in cross-section 
exhibits significant stratification and even an opposite flow direction during the tidal rise 
and fall; the vertical velocity profile deviates from the logarithmic distribution. During the 
flow reversal, sediment deposits, which is affected by slack-water durations. The flood 
tide is attributable to the bed deposition, while the ebb tide, together with run-off, leads 
to slight erosion. Based on the Froude number, a sediment carrying capacity formula is 
also derived for the flood and ebb tides. In Paper 4, combined with dimensional analysis, 
multivariate linear analysis and least squares method, an approach to estimate the 
sediment carrying capacity is presented for a tidal river and a capacity formula is 
established. It is an improvement compared with previous studies considering fewer 
parameters. The derived formula has relatively good prediction accuracy.  

In chapter 6 (Paper 5), the study demonstrates that the TGD impoundment modulates 
the seasonal flow discharges and traps an appreciable amount of sediment, resulting in 
enhanced erosion potential and coarsening of sediment. On a multi-year basis, the 
maximum discharge varies by a factor of 1.3 and the corresponding suspended load 
concentration and transport rate differ by a factor of 3.0 and 3.8, respectively. 
Combinations of surveyed and simulated bathymetries reveal its morphological 
responses to the changes. A general pattern of erosion is observed along the reach. In its 
upper 120 km, the process slows down towards 2025. In the middle 200 km, the erosion 
shifts, following the gradual impounding, to slight deposition, which then shifts back to 
erosion around September 2018. In the final 180 km, erosion continues without any sign 
of de-escalation, which is presumedly ascribed to tidal actions. The reach has not yet 
achieved a hydro-morphological equilibrium; the riverbed down-cutting is supposed to 
continue for a while. 

In chapter 7 (Paper 6), both the field and laboratory investigations show that the 
significant deposition in the reservoir is attributed to the formation of large flow 
recirculation zones. As a potential countermeasure, guide vanes are recommended to 
cope with the issue. For a given vane configuration, the vane angle of attack has a bearing 
on its efficiency to 30º. With other parameters e.g. length, thickness, height, distance 
between two neighbouring vanes and different angles of attack, are evaluated to obtain 
favorable flow patterns. The layout of 15º‒20º is preferable under these typical operating 
conditions. They modify the flow patterns effectively and suppress the flow circulations, 
leading to mitigation of the sedimentation. The hybrid model study contributes to the 
understanding of guide vanes on modification of flow patterns and sediment transport 
upstream of a sluice structure, and provides a reference for its practical design with a 
similar geometrical layout. 

In chapter 8 (Paper 7), an integrated dynamic neural network (INARX) is established for 
an improved forecast of suspended sediment concentration (SSC). A nine-year period of 
daily water stage, flow discharge and suspended sediment is used to evaluate the models. 
Compared to the sediment rating curve (SRC), the conventional models of MGGP, 
multilayer perceptron neural network (MLPNN) and dynamic neural network (DNN), the 
INARX improves the forecast performance. Its correlation coefficient (CC) increases by 
5.1%‒19.1% and the root mean squared error (RMSE) reduces by 19.0%‒56.7%. The 
INARX with the Coif4 wavelet is even evaluated for extreme flood events and multistep 
forecasts. The model generates satisfactory results, with CC > 0.91 and 84.7% of the 
simulated data falling within the ±0.1 kg/m3 error. At one-week lead time, the network 
also yields predictions with acceptable accuracy (CC = 0.88). The established framework 
is robust and reliable for real-time and multistep SSC forecasts. 
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These findings contribute to the understanding of the alluvial behaviours of such river 
reaches, and provide a reference for studies in similar situations and river management. 

9.2 Future work 

The presented study of measurements and predictions of river flow, sediment and 
morphology gives rise to some interesting discussions and outlooks. Some aspects in 
association with river dynamics need to be explored further in the future.  

 A reasonable prediction of the turbulence is an essential prerequisite to simulate the 

river flow features and sediment movement. More efforts for investigating the 

relationships among turbulence, sediment settling and inception are expected 

through further modelling. 

 Vegetation in rivers plays an important role in the sediment dynamics. Vegetation 

traps and fixes sediment, working as a protection layer for sediment on the bed, 

banks and shore area. Implementation of a vegetation module with feedback to the 

hydro-morphodynamic model would enhance the long-term predictions. Sediment 

transport in vegetated flow can be regarded as particle movement in porous flow.  

 Prediction of hydrological parameters, e.g., flow discharge, water level, sediment 

concentration, etc. is of importance in river and dam engineering. In addition to the 

conventional field measurements, machine learning modelling as an alternative,   

can be potentially devoted to the forecast of these parameters.  

 In connection to the mountain river features (e.g. Sweden and Norway), the 

morphological changes of dunes, sand bars and small islands downstream of 

hydropower plants are of great interest to be explored. As habitats of some birds, 

their evolutions have an effect on the local ecology.    
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Abstract

A diffluence-confluence unit is an elementary component within a river system and

presents a complex yet linked pattern of both flow and sediment transport in

between. This study deals, by means of field investigations and numerical modelling,

with morpho-dynamics of such a unit on the lower Yangtze River reaches. The unit

comprises, looking downstream, a secondary (left) course and a main (right) course.

Field surveys are performed for measurements of flow discharge, sediment loads at

selected locations and river bathymetry at certain intervals. The field data show that

the reach is mainly composed of suspended load, whose amount exhibits a declining

trend with the elapse of time. Simulations in 3D are made to complement the field

data and clarify the basic features of the unit, especially the partitioning of flow and

suspended sediment in the diffluence and their subsequent reciprocal adjustment in

the confluence. The results indicate that approach flow variations have a bearing on

the diffluence flow partition. To augment flow discharge in the left branch, a training

wall is devised in the diffluence to modify the intake flow. Secondary flow structures

are found to be more influenced by the thalweg curvature than the flow division. The

“inlet step” or differential topography contributes to the unequal flow division. In

the confluence, a two-cell flow structure coexists, which may diminish along with

the dynamical adjustment of the two waters. The classical bed discordance is also

observed. With the typical flow and sediment features, the main course is prone to

slight erosion, while the secondary branch faces up with gradual siltation. These find-

ings contribute to the understanding of the alluvial behaviours of such units, and pro-

vide reference for studies in similar situations and river management.

K E YWORD S

3D modelling, diffluence-confluence unit, field measurements, flow pattern, fluvial processes

1 | INTRODUCTION

In a natural alluvial stream, a combination of diffluence and conflu-

ence, though not frequently encountered as meandering loops, is a

basic planimetric feature. A river course bifurcates into two branches

that unite farther downstream, forming thus a diffluence-confluence

unit. It is common that the distance in between is a few km. Usually,

the branches are relatively stable in bedform. The differences in

geometry within the unit generate complex flow patterns at each end

(Le et al., 2018). With economic development, the river morphological
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changes and riverine human activities affect each other; their relation-

ship is reciprocal.

A diffluence is a node in braided channels, controlling the

routing of flow and sediment and platform stability of the diffluence-

confluence unit (Hackney et al., 2018). As the flow bifurcates into two

branches, the upstream river curvature (Kleinhans, Ferguson, Lane, &

Hardy, 2013) and each branch's local along-channel slope (Hardy,

Lane, & Yu, 2011) create helical flows in each branch. The splitting

angle (Hardy et al., 2011) affects the formation of separation zones

near the apex of the junction. This causes sediment deposition and in

turn accelerates the flow divergence (Bristow & Best, 1993). In addi-

tion to the diffluence asymmetry, the unequal partitioning of sediment

carried by the flow is also of concern, which plays a role in the bed-

form evolution within the unit.

As for confluence, Mosley (1976) and Best (1986) develop the

theory of six distinct confluent flow zones. As elaborated by time-

averaged velocity data (Rhoads & Kenworthy, 1998), the classical

viewpoint is the coexistence of two secondary flow cells, rotating

counter-clockwise, at the cross-section downstream of the confluence

(Riley, Rhoads, Parsons, & Johnson, 2014). Further studies by Lane,

Bradbrook, Richards, Biron, and Roy (2000) and Constantinescu,

Miyawaki, Rhoads, Sukhodolov, and Kirkil (2011) show that, by ana-

lysing instantaneous flow data, a 3D streamwise coherent structure

exists in the confluence. Its existence enhances the mixing in the

interface between the two tributaries (Bouchez et al., 2010; Lane

et al., 2008). The confluence mixing results in highly active sediment

transport (Mosley, 1976). The presence of a scour-hole features typi-

cally the morphology pattern (Ashmore & Parker, 1983; Mosley,

1976). The tributary flow conditions, inclusive of incoming angle,

discharge ratio and bed discordance, play an essential role in the

max. Scour depth (Best & Roy, 1991; Biron, Roy, & Best, 1996;

Mosley, 1976).

The diffluence-confluence unit is a key geo-morphological ele-

ment and exhibits a coupled behaviour of flow and sediment in

between. Many studies focus mostly on separate examinations of

diffluence or confluence; more attention should be paid to their inter-

play (Hackney et al., 2018; Le et al., 2018). Within the unit, the adjust-

ment of flow, sediment and morphology goes reciprocal with changes

in flow discharge. Thus it follows that, to understand the morpho-

dynamics of a diffluence-confluence unit, the knowledge of flow dis-

charge range and corresponding sediment rate is necessary (Hackney

et al., 2018). Hence, a renowned diffluence–confluence unit on the

Yangtze River is chosen in the study. The focus is laid on examinations

of its flow and sediment variations and the impacts thereof on the

morpho-dynamics.

The study area is a part of the lower Yangtze River, China.

It is situated �350 km up estuary from the river mouth in Shanghai

(Figure 1a). An island, called Baguazhou, splits the river into two

F IGURE 1 Study site: (a) Location of study area; (b) layout of measurement stations and (c) flow and sediment variations at Datong
station, 2011 [Color figure can be viewed at wileyonlinelibrary.com]
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branches; the right one is the main course (Figure 1b). The left

and right branches are 21.6 and 10.5 km long, respectively. Measured

at the normal water level, the average river width is �800 and

�1,200 m; the average depth is 11.0 and 23.0 m (Yu et al., 2014). At

the diffluence, the splitting angle is �55�; at the confluence, the merg-

ing angle is �90�.

The flow and sediment into the area are significantly influenced

by the Three Gorges Project (TGP) beginning its impoundment in

2003. The Datong station, located �1,250 km downstream of the

TGP and �250 km upstream of the study site, is the most seaward

hydrological station of the river. In terms of flow and sediment data,

the gauging station is representative of its downstream reaches, upon

which the majority of the studies dealing with the lower Yangtze River

are based.

The average annual runoff of the reach is �28,000 m3/s, with an

uneven monthly distribution. To exemplify, the May–October flow

volume accounts for �70% of the annual runoff, which is influenced

by the East Asian monsoon. The reach is characterized by suspended

load, with a 0.332 kg/m3 sediment concentration and a 11.68 t/s

annually averaged rate. The river-bed material is dominated by fine-

grained sand and clay.

Depending on flood magnitude, the left branch passes between

12 and 18% of the total flow rate in the river. Perennially over the

years, constructions of wading structures along the reach have chan-

ged in an unfavourable manner the flow conditions and increased the

hydraulic resistance, also leading to local sediment depositions. As a

result, the flow rate of the left branch undergoes a decline, which has

become an issue of concern. The riverain area is densely populated

and plays an essential role in the regional economic development.

Along the branch, the industrial output accounts for �40% of the

city's production capacity (Yu et al., 2014). Stable flow partition

offers a sustainable environment for shipping and water intake for

industry. To counteract the declining trend and even reduce sediment

accumulation in the left branch, engineering measures should be

undertaken.

The research aims to look into the flow and sediment characteris-

tics and the morpho-dynamic responses of the unit, especially during

medium and low flows. Both field measurements and numerical simu-

lations are performed, which complement each other to help under-

stand the alluvial behaviours. As a concept, an application of a training

wall in the diffluence area is examined, which is motivated by the

need to improve the flow diversion ratio. The combination of the

field and numerical results reveals features with respect to both flow

and sediment within the large diffluence–confluence unit, providing

thereby reference to similar river situations.

2 | METHODS

Field surveys are conducted of water flow, sediment and bathymetry;

three-dimensional numerical simulations are performed to capture

detailed flow structures and predict future bedform changes.

2.1 | Field measurements

To record the hydrological data and map the river topography, field

surveys were undertaken at three flow discharges during the May–

September 2011 period. The measured parameters included water

level Z (m), flow velocity V (m/s), flow discharge Q (m3/s), sediment

concentration S (kg/m3) and grain-size distribution.

Also marked in Figure 1b is the layout of the measurement sta-

tions for water levels at seven locations (denoted as WL1–7) and

flow velocities at seven locations (denoted as FV1–7, three along

the left branch). At FV1–3, sediment concentrations were also moni-

tored (denoted as SC1–3). At each FV, five and six plumb lines were

arranged in the left and right branches. Along each line, sampling

was made at five depths, that is, the distance from the water surface

hi = 0, 20, 60, 80, and 100% of water depth H0 (i = 1–5). All data

were recorded at one-hour intervals. At one cross-section (BM1)

at the diffluence, bed materials were sampled at three cross-channel

positions.

The river bathymetry used for the study was achieved with a

HY1600 bathymetric profiler. RDI Workhorse Acoustic Doppler Cur-

rent Profilers (ADCPs) of 4-beam 600/1200-kHz measured flow

depth and velocity, using the bottom tracking mode at each cross-

section. The ADCP was attached to a customized motorboat, with

GPS positioning. The four beams were at 20� from each other. YJD-1

type pressure sensors measured water-levels, with ±1 cm accuracy.

The relative error of the flow discharges was estimated at below

±5%. Suspended load was sampled with point-integrative water

samplers.

Figure 1c shows the field data of flow and sediment variations

acquired at Datong station during 2011. To examine the variations in

flow and sediment and their impacts on the morpho-dynamics, three

dates, May 13, June 22 and Sept. 27, were chosen, indicated by red

dots. June 22 corresponded to the peak flood of the year. Challenges

did exist during the measurements, which was mainly due to difficul-

ties in navigating the boat to follow the predetermined transects and

maintaining constant boat speed (preferably 1 m/s). The large flow

velocity, local eddies and strong turbulence were the contributing fac-

tors. That was the reason why only flow velocity and water level were

recorded at selected stations. Despite this, measurements were

repeated several times to guarantee accuracy.

Between the two branches, the partitioning varies as a function

of flow discharge. For a given discharge, let Rf and Rs denote the flow

and sediment split ratio

Rf =
Ql

Ql +Qr
ð1Þ

Rs =
ql

ql + qr
, ð2Þ

where Q (m3/s) = flow discharge and q (kg/s) = sediment transport

rate. Subscripts l and r denote the left and right branch.
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2.2 | Numerical simulations

The Delft3D program package, version 4.04, (Deltares, 2014) is used

to explore the flow behaviours and morphology changes. In consider-

ation of the unit's complex geometry, three-dimensional modelling is a

realistic approach, which enables the modeller to capture the main

cross-sectional features.

2.2.1 | Mathematical formulation

The model is based on the finite-difference method to solve the

Navier–Stokes equations. Bed-form changes are simulated with specifi-

cation of the bed stability coefficient and bed resistance. The governing

equations include flow continuity, flow momentum, sediment transport

and bed deformation. Only the latter two equations are given here

to save space. For a more detailed description of all the equations, one

refers to the Delft3D website (https://oss.deltares.nl/web/delft3d) and

recently published results such as Xie, Yang, Lundström, and Dai (2018)

and Xie, Yang, and Lundström (2019).

On account of the sediment trapping at the TGP, the bed-load

amount is negligibly small; the suspended load dominates in the trans-

port. For mass balance and advection–diffusion, the suspended load

equation in 3D reads as

∂S
∂t

+
∂

∂x
usð Þ+ ∂

∂y
vsð Þ+ ∂

∂σ
ω−ωsð Þs½ �

−
∂

∂x
εs,x

∂S
∂x

� �
−

∂

∂y
εs,y

∂S
∂y

� �
−

∂

∂σ
εs,σ

∂S
∂σ

� �
= −Fs, ð3Þ

where x, y and σ = coordinates, u, v, ω (m/s) = longitudinal, transversal

and vertical velocity components, t (s) = time, ωs (m/s) = sediment

settling velocity, εs,x, εs,y and εs,σ (m
2/s) = eddy diffusivity of sediment

fraction and Fs = function of river-bed deformation. Fs is dependent

on sediment erosion and deposition, given by

γ0
∂Zb

∂t
= Fs ð4Þ

Fs =Db−Eb ð5Þ

Db =
ωsSb 1−

τ

τd

� �
τ ≤ τd

0 τd < τ

8><
>: ð6Þ

Eb =
M

τ

τe
−1

� �
τ ≥ τe

0 τ < τe

8><
>: , ð7Þ

where Zb (m) = change in bed elevation, γ0 (N/m) = dry weight

of bed material, Db (kg/(m2s)) = sediment flux of deposition from

suspended load, Eb (kg/(m2s)) = sediment flux of erosion resulting in

suspended load, Sb (kg/m3) = sediment concentration near bottom,

τ (N/m2) = bed shear stress, τd and τe (N/m2) = critical stresses of

deposition and erosion andM (kg/m2s) = bed scouring rate.

2.2.2 | Grid and bathymetry

The river bathymetry is based on the field data in June 2011

(Figure 2a). The computational domain is 25.00 km long (measured

along the main river). To reduce boundary effects, 1,000 m upstream

of WL1 and 1,200 m downstream of WL5 are included. Based on a

coarse mesh, global and local refinements are made to achieve a fine

F IGURE 2 Model set up: (a) Bathymetry measured in June 2011 and (b) numerical grid with local enlargements at the diffluence and
confluence [Color figure can be viewed at wileyonlinelibrary.com]

4 XIE ET AL.

https://oss.deltares.nl/web/delft3d
http://wileyonlinelibrary.com


mesh. Several meshes of varied cell sizes are evaluated to ensure grid

independence, which is checked through steady-state calculations.

Figure 2b shows the adopted refined mesh, with enlarged views of

the diffluence and confluence.

In plan, the domain is covered by 105 00 cells, comprising

350 streamwise and 30 transverse. The grid size varies between 10 and

20 m, typical for most simulations. Smaller cells, with a min. Size of 5 m,

are used in the diffluence and confluence to account for large velocity

gradients. In the vertical direction, as recommended by Deltares (2014),

10 layers are specified. From riverbed to water surface, the thickness of

each layer is 2, 3, 4, 6, 8, 10, 12, 15, 20, and 20% of H0. The total thick-

ness is equal to H0. The difference between two neighbouring layers

should not exceed the thickness of its lower layer. The whole domain is

thus divided into 105,000 hexahedral elements.

2.2.3 | Boundary conditions

Boundary conditions are defined in terms of both flow and sediment,

which are based on the in-situ measurements. At the upstream bound-

ary, Q and S are given; at the downstream, Z is specified. For the river

bed and banks, a non-entry condition specifies a zero normal gradient of

sediment content. The wetting and drying function of cells is activated

to account for water-level fluctuations. For three flow cases, Table 1

summarizes the boundary conditions. Cases 1 and 3 correspond to the

low and medium flow discharges, while Case 2 to the peak discharge.

The river-bed resistance (n), represented by Manning's roughness,

is a parameter dependent on factors such as bed form, flow patterns

including water depth, etc. Based on the field investigations, the n range

corresponds to 0.025–0.030 for the left branch and 0.020–0.025 for

the right one. For a given position, linear interpolation is made in light of

water depth. Table 2 summarizes, in the model setup, other parameters,

that is, ωs, τd, τe,M and γ0.

To achieve numerical stability, the time step chosen is Δt = 0.1 s.

In a coupled process, the flow, sediment and morphology are updated

from one time step to another. The simulation terminates when the

solution becomes independent of iterations. For each steady-state

case, the wall-clock time is �12 hrs.

2.2.4 | Comparisons with measurements

To assess the model accuracy, Table 3 compares the calculated values

of Rf with the field data. The analysis shows, for the three cases, that

the relative differences are all below ±1%. In addition, V at FV2, FV3,

FV5 and FV7 at Q = 15,290 m3/s and S at SC2 and SC3 at Q = 27,310

m3/s, are also checked. Figure 3 shows the comparisons of their

cross-channel V and S profiles. The results indicate good model per-

formance for both flow and sediment calculations.

3 | RESULTS AND DISCUSSIONS

3.1 | Flow and sediment features

The TGP impoundment starting from year 2003 modifies the dis-

charge pattern and sediment delivery to the downstream inclusive of

the study area. To analyze the variations, annual historical data

between 1998–2015 at the Datong station are used. Figure 4a exem-

plifies the flow-sediment relationship before and after the impound-

ment, where Qa (m3/s) and W (t) denote annual flow discharge and

sediment flux. The dam effectively smoothes out the flood discharge

peaks and modifies the inflow downstream. The changes in Qa are

not significant, but the decrease in W is drastical. This indicates that

sediment bypassing the dam exhibits a declining trend, leading to

release of relatively clear water and augment in erosion potential

downstream.

Based on the 2011 field measurements, Table 4 summarizes

cross-sectionally averaged flow and sediment parameters at FV1, FV2

and FV5. The following features are observed:

TABLE 1 Boundary conditions with measured Q, Z and S values
in 2011

Case Q (m3/s) S (kg/m3) Z (m) Date

1 15,290 0.053 1.616 May 13th

2 46,100 0.254 5.973 June 22th

3 27,310 0.189 3.581 Sept. 27th

TABLE 2 Parameter values adopted in the model

Parameter Data range Source

ωs (m/s) 0.0004 Field measurements

τd (N/m2) 0.06–0.10 Equation (6) (Partheniades, 1965)

τe (N/m2) 0.10–0.20 Equation (7) (Emmanuel, 1986)

M (kg/m2s) 0.0002–0.02 Equation (7) (Emmanuel, 1986)

γ0 (kg/m
3) 1,600 Field measurements

TABLE 3 Rf comparison between measurements and calculations, 2011

Date Q (m3/s)

Rf (%) 1 − Rf (%)

Measured Calculated Difference Measured Calculated Difference

May 13th 15,290 12.36 12.52 −0.16 87.64 87.48 0.16

June 22th 46,100 18.54 18.24 0.30 81.46 81.16 −0.30

Sept. 27th 27,310 13.58 13.47 0.11 86.42 86.53 −0.11
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1. With the right branch as the main watercourse, the left branch

passes between 12.36 and 13.58% of the total flow rate and

14.96% of the sediment flux. It implies that diffluence almost

always attain a highly asymmetrical partition of flow and sediment,

and their partitionings are the similar. The finding is consistent

with that of Kleinhans, Jagers, Mosselman, and Sloff (2008).

F IGURE 3 V comparison with measurements at 15,290 m3/s: (a) FV2; (b) FV3; (c) FV5; (d) FV7. S comparison with measurements at 27,310
m3/s: (e) SC2; (f) SC3 [Color figure can be viewed at wileyonlinelibrary.com]

F IGURE 4 Historical data (a) Qa−M relationship before and after the TGP impoundment in 2003 and (b) historical Rfl changes with water
levels [Color figure can be viewed at wileyonlinelibrary.com]
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2. At Q = 15,290 m3/s, corresponding to the dry season of the year,

Rf = 12.36%, which is critical for both navigation and water

intake in the left branch. The low partitioned portion is an issue of

concern.

3. For both dates of measurement, Z at FV2 is lower than that at

FV5, which is related to the local flow velocity and acceleration.

The flow accelerates into the right branch and decelerates into the

left one.

4. For a given discharge, V at FV2 is almost twice as high as that

at FV5.

Previous studies show that the split of flow and sediment

between the two branches is mainly controlled by the cross-stream

water-surface slope (Szupiany et al., 2012), bed slope (Hardy et al.,

2011) and geometrical aspects (Marra, Parsons, Kleinhans, Keevil, &

Thomas, 2014). To further illustrate the sensitivity of flow partitioning

to discharge, Figure 4b shows the 60-year historical data of Rf,

grouped in the light of Z ≥ 4.00 m and Z < 4.00 m. The Rf values for

Z < 4.00 m are smaller than those for Z ≥ 4.00 m. It indicates an obvi-

ous declining trend. The descending in water level (flow discharge)

leads to unfavourable hydraulic conditions for the left branch and

potential sediment deposition. In recent years, it passes only 12–15%

of the total flow rate, significantly less than 18–26% in the 1950's.

The riverine economic development requires that the discharge

should be maintained or increased. In case of low flow discharge, it is

essential that the flow impacts be well understood and proper coun-

termeasures be taken.

Based on the field measurements, the reach comprises mainly

suspended load; the bed material consists predominantly of fine to

medium sand, a common feature of many fluvial rivers. Figure 5a,b

shows their particle size distributions and median grain size (D50) at

SC1 and BM1. The results indicate that the suspended load falls in the

range 0.001–0.10 mm in diameter, with D50 = 0.007 mm. For the bed

material, its range is 0.10–1.00 mm, with D50 = 0.20 mm. These data

form the basis for the numerical modelling.

Let Si (kg/m
3) denote point sediment concentration at hi. To dis-

play its feature along the vertical lines of measurement, Figure 5c,d

presents, at SC2 and SC3, the Si distributions as function of hi/H0. The

lines are numbered from the left to right bank. The results show that,

from water surface to bed, Si exhibits an increasing trend. For a given

line, the Si value at hi = 0.6H0 is near to the line-averaged value. At

each cross-section, the Si values along lines 2 and 3 are larger,

TABLE 4 Measured flow and
sediment parameters, 2011

Date Location Z (m) V (m/s) Q (m3/s) Rf (%) S (kg/m3) q (kg/s) Rs (%)

May 13 FV1 1.78 0.58 15,290 — — — —

FV2 1.72 0.60 13,400 87.64 — — —

FV5 1.76 0.30 1890 12.36 — — —

Sept. 27 FV1(SC1) 3.81 0.91 27,310 — 0.189 5,173 —

FV2(SC2) 3.71 0.93 23,600 86.42 0.186 4,399 85.04

FV5(SC3) 3.78 0.47 3,710 13.58 0.209 774 14.96

F IGURE 5 Sediment features: (a) Suspended load size distributions at SC1; (b) bed material size distributions at BM1; Suspended load
distributions along each line at (c) SC2 and (d) SC3 [Color figure can be viewed at wileyonlinelibrary.com]
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implying that the cross-channel distribution is not uniform, and the

main stream carries more sediment. Despite the significant difference

in Q between the two branches, Si exhibits a comparable magnitude.

3.2 | Planform of flow patterns

Shown in Figure 6a,b, the depth-averaged velocity field is used

to illustrate the planform of flow patterns, corresponding to Cases 2 and

3. The velocity field is visualized by contours of velocity magnitude. The

flow features are similar although the magnitudes differ significantly.

Upstream of the diffluence, V amounts to 0.70–1.00 m/s in

Case 2 and 0.60–0.90 m/s in Case 3. Higher velocity occurs at its

upper part where the water passage area is smaller. In the left branch,

V amounts to 0.30–0.50 m/s in Case 2 and 0.25–0.40 m/s in Case 3.

For the right branch, the corresponding values are 0.75–1.00 m/s and

0.50–0.85 m/s. Obviously, the left branch exhibits much lower flow

velocity, approximately 50% of the right one. From the diffluence, the

flow decelerates into the left branch and accelerates into the right. At

the confluence, the left branch flow is not sufficiently strong to press

the right one. As a result, the main stream is close to the left bank

downstream of the merging location. These results are consistent with

the measured ones.

To further examine the flow patterns in the unit, Figure 6c,d

showcases the enlarged flow fields for Case 1. It is noticed that the

other cases have similar qualitative features. There is a large zone of

flow circulations, in counter-clockwise direction, in the beginning of

the left branch, which is mainly due to the bank curvature changes on

its left side (Figure 6c). A smaller vortex also exists in the right branch.

In the confluence, there exists a vortex zone around its upstream cor-

ner (Figure 6d). The difference in cross-sectional area between the

branches is large. Another factor is that the merging angle of the flows

is �80�. As a result, the left branch flow is not strong enough to sup-

press the right one and the main stream is close to the left bank.

Downstream of the wake of the island, a shear layer appears between

the two flows, caused by their velocity gradients. To conserve the

flowrate, the fast stream decelerates and expands laterally, thus

suppressing the slow one that gradually accelerates. Thus, the demar-

cation line migrates in cross-section towards the left bank. The

streamwise development ceases until both the currents reach equal

speed. Measured from the wake of the island, the shear layer extends

�2,100 m downstream.

F IGURE 6 2D planform of flow structures: (a) 46,100 m3/s; (b) 27,310 m3/s; local enlargements of (c) diffluence and (d) confluence at
15,290 m3/s [Color figure can be viewed at wileyonlinelibrary.com]
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3.3 | 3D diffluence flow structures

To elaborate diffluence flow features in 3D, six cross-sections, D1–

D6, are defined (Figure 2a). D1 and D2 reside upstream of the

diffluence, D3 and D4 along the left branch and D5 and D6 along

the right one. Their velocity profiles are plotted in Figure 7. The hori-

zontal distance is counted from the left river bank. Upstream of the

diffluence, a distinctive feature is the non-uniform distribution of the

cross-sectional velocities (Figure 7a). At D1, the core of high velocities

is to the left of the channel centreline. Downstream of D2, it shifts to

the right and follows the thalweg line. Typical of rivers with a large

ratio of width to depth, this behaviour has an impact on the flow split

(Federici & Paola, 2003; Pittaluga, Repetto, & Tubino, 2003). There is

also a transverse gradient in the area and Rf is somewhat affected.

At D3 and D4, an obvious flow deceleration is noticed

(Figure 7b). The high velocity core follows the deep part of the chan-

nel, suggesting the centrifugal effects on the flow. This phenomenon

is accentuated at high-flow stages (Szupiany et al., 2012), leading to

appreciable morphological modifications. Secondary flows are also

evidenced, circulating clockwise, which is mainly due to the thalweg

curvature.

On the contrary to the left branch, the flow at either D5

or D6 exhibits acceleration behaviours (Figure 7c). Morell, Tassi,

and Vionnet (2014) also confirm the presence of a central core of

convectively accelerated flow bounded by curved streamlines in the

diffluence. Secondary flows, though with low intensity, are also

observed along the right bank. This is mainly attributable to the influ-

ence from the sharp topographic forcing (large thalweg curvature). It is

also affected by the curvature of bifurcation and flow division (Miori,

Hardy, & Lane, 2012). However, the former plays a dominant role.

Parsons et al. (2007) investigates a diffluence in Paraná River, Argentina,

and no evidence of channel-scale secondary flow is detected. In a wide

and shallow river, it is regarded that other than the above factors, the

secondary flow is also influenced by bedform roughness.

F IGURE 7 Diffluence flow
structures at 15290 m3/s:
(a) D1 & D2; (b) D3 & D4 and
(c) D5 & D6 [Color figure can be
viewed at wileyonlinelibrary.com]
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3.4 | Construction of a training wall

Long-term field records show that the flow discharge in the left

branch demonstrates a declining trend. This becomes a concern at

medium and low discharges; engineering measures are necessary to

counter this. To increase its flow (Rf), construction of a training wall in

the diffluence is, as a concept, proposed. This is also a topic of discus-

sions during the past years. The wall is erected with cylindrical piles,

thus forming vertical sides and limiting the sideward intrusion in the

flow. Principles for its layout are as follows. (a) It is oriented in such a

way that its interference to the flow is minimized. (b) The resulting

increment in local water level is acceptable. (c) The erosion risk at its

upstream end is controlled. (d) The extent of resulting flow circula-

tions is limited in the right channel. (5) Its length is practically feasible.

Based on preliminary simulations, the wall length is set at 550 m,

its crest elevation being the same as the water level. With reference

to the planform of the existing flow patterns, two layouts are pro-

posed to assess their effects. The wall follows the waterline of the

right channel's left bank. Let α denote the angle between the wall and

the Y-axis. Layouts A and B refer to α = 45� and 75�, respectively. In

combination with tracer trajectories of the surface water motion,

Figure 8a,b showcases the results of flow field for Case 1. In relation

to the existing situation, Figure 8c plots, for the three cases, the

values of Rf of the two layouts.

The results show that Rf ranges between 19.50 and 25.20% in

layout A and between 16.13 and 21.15% for layout B, with an

increase from the exiting level 12.40–19.27%. The improvement is

considerable at low and medium discharges. The training wall diverts

part of the inflow to the left branch; layout A is more effective than

layout B. However, the former intrudes more in the flow and gener-

ates a large zone of flow circulations. Layout B gains by comparison,

featuring preferable flow patterns with a smaller vortex zone. Previ-

ous studies show the left branch is sustainable as long as Rf is not

below 20% (Yan, Xu, & Hou, 2010). It is a trade-off to achieve an

acceptable flow pattern in the diffluence and to increase the left

branch flow. The wall layout should be optimized at a prescribed flow

rate or water stage. If needed, a curved wall is an option.

3.5 | Confluence flow features

To examine 3D confluence flow features, six cross-sections, C1–C6, are

chosen (Figure 2a), with C1 and C2 residing on the left branch, C3 and

C4 on the right branch and C5 and C6 downstream of the confluence.

The velocity profiles are plotted in Figure 9, in which the horizontal dis-

tance is, at each cross-section, measured from the left river bank.

The cross-sectional velocity shows a pattern of flow convergence

within the confluence. The transverse flow runs towards the right bank

F IGURE 8 Flow patterns of construction a training wall at 15,290 m3/s. (a) Layout A; (b) Layout B; and (c) Rf improvements at three flow
cases [Color figure can be viewed at wileyonlinelibrary.com]
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at C1 and C2 (Figure 9a) and towards the left bank at C3 and C4

(Figure 9b). The merging of the two transverse flows opposite in direc-

tion is abrupt, giving rise to large velocity gradients and strong mixing

with an obvious shear interface. The pattern implies that the two cells

of transverse flow with opposite motions develop a confluence conver-

gence. There is significant asymmetry in the flow field at the junction

corner. The right main branch has a larger velocity core than that of the

left one. The largest core with streamwise velocity >1 m/s, though with

an uneven distribution in the vertical direction, occupies almost the right

half of the main channel. As seen in Figure 9c, there exists, at C5, a clas-

sical two-cell flow structure. The cells are indicated by the high-velocity

cores in both the right and left sides. The interface between two flows

is close to the left, an indication of the flow dominance of the right

branch. In the confluent area, secondary flow structures are also

observed, with cells in clockwise rotation. Downstream of the conflu-

ence, the flow convergence pattern diminishes as the transverse veloc-

ity on the left side decreases, indicating that the flow becomes aligned

with each other. Further downstream, with the dynamical adjustment of

the two flows, secondary flows disappear and a cross-sectional equilib-

rium is achieved.

3.6 | Morphology characteristics

A diffluence-confluence unit is usually characterized by distinct

thalweg behaviours and reciprocal adjustment between the flow and

F IGURE 9 Confluence flow
features at 15,290 m3/s: (a) C1 &
C2; (b) C3 & C4 and (c) C5 & C6
[Color figure can be viewed at
wileyonlinelibrary.com]
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bathymetry. Upstream of the diffluence (Figure 10a), the thalweg is

close to the left side and a considerable thalweg curvature is evidenced.

An increase in bed elevation is observed along the thalweg as it

approaches the diffluence. Once the flow is divided, the channel depth

increases downstream, especially in the main river course. Zolezzi,

Bertoldi, and Turbino (2006) arrived at similar findings. Figure 10b pre-

sents, along two cross-sections of the diffluence, the cross-channel pro-

files of bed elevation. The diffluence is obviously characterized by a

larger transverse bed slope than the longitudinal one.

Downstream of the diffluence, the so-called “inlet step” is

observed in each branch, referring to the significant difference in

thalweg water depth in the flow direction. A similar situation is shown

by Zolezzi et al. (2006). A larger inlet step features the right branch.

Field data indicate that the measured thalweg depths correspond to

�10 and �25 m in the left and right branches, respectively. Besides

other topographic forcing effects (Pittaluga et al., 2003; Thomas

et al., 2011), this inlet step contributes to the flow partitioning.

In the confluence, the classical bed discordance is observed. As

shown in Figure 10c, the cross-channel difference in river-bed eleva-

tion is pronounced. Immediately upstream of the confluent area, the

lowest river-bed elevation is −5 and −15 m a.s.l. in the left and right

branches. The confluence morphology is characterized by a prominent

scour hole, a typical bathymetric feature found in high-angle asym-

metrical confluences (Best, 1988; Ginsberg, Aliotta, & Lizasoain, 2009;

Parsons et al., 2007). Towards the scour hole, the along-channel

slopes of the two branches differ substantially, however at a much

larger gradient in the left branch. The hole formation is attributable to

the dynamics of the submerged plane jets as described by Rajaratnam

and Berry (1977) and Best (1986). It has a slender, elongated shape

from above; its major axis runs along the main river course. Due to

the large river size and flow magnitude, the hole dimension is huge.

Starting from the junction corner, the bed elevation drops sharply

towards the scour hole, its lowest point at elevation −43 m a.s.l. This

means that its max. Depth is 28 m below the surrounding river-bed

level. At for example, elevation −25 and −40 m a.s.l., the max. Width

is �500 and �190 m; the max. Length is �3,990 and �1,650 m,

respectively.

With given flow and sediment features, predictions are made to

look into the potential of morphological changes of the diffluence-

confluence unit. Considering the fact that the average annual runoff is

28,000 m3/s in the reach, a medium flow discharge, Q = 27,310 m3/s,

at which field sediment data are available, are chosen to simulate ero-

sion and deposition patterns. The results, corresponding to the equi-

librium state, are shown in Figure 10d, in which positive and negative

values refer to erosion and deposition, respectively. The results show

that the unit, apart from the left branch, is subjected to slight erosion,

with a max. Eroded thickness of �1.0 m. The erosion is mainly attrib-

utable to the decline in sediment discharge into the unit. The TGP

impoundment retains a major proportion of the sediment and leads to

release of relatively clear water downstream. Besides, local erosions

exist in some areas of the unit, where the geometrical irregularities of

the diffluence or confluence generate flow accelerations. However,

the left branch, especially in its shore areas, is prone to slight siltation.

At high and low flow discharges, the corresponding results are shown

F IGURE 10 (a) Bathymetry of diffluence; (b) cross-sectional bed elevation at the diffluence; (c) bathymetry of confluence; the erosion and
deposition patterns at (d) 27,310 m3/s; (e) 46,100 m3/s; (f) 15,290 m3/s [Color figure can be viewed at wileyonlinelibrary.com]
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in Figure 10e,f. Similar patterns of erosion and deposition are found;

the ranges of bed-level changes differ however in magnitude.

4 | CONCLUSIONS

A diffluence followed by a confluence forms a basic unit in many flu-

vial rivers, imposing an impact on the routing of both flow and sedi-

ment and eventually on the river bedform changes. Through field

surveys and numerical modelling, the study addresses the flow, sedi-

ment and morphological features of such a unit on the Lower Yangtze

River. There is obviously reciprocity between the unit and the increas-

ing riverain activities. A matter of especial importance is the des-

cending trend of flow discharge in the left branch, which has practical

implications for economic development. The main conclusions are

summarized as follows.

In the diffluence, the flow partition is affected by variations in the

incoming flows. At medium and low flowrates, the flow in the left

branch accounts for approximately 12% of the total discharge and

exhibits a decline in magnitude. The decrease in discharge leads to

unfavourable flow conditions and reduction in sediment transport

capacity. To counterbalance this, a training wall is devised, as a con-

cept, to modify the flow intake to the left branch.

In connection with the Three Gorge Dam impoundment, the sedi-

ment amount in the reach exhibits an obvious declination. Field sur-

veys show that the overwhelming part is suspended load; the bedload

is limited in amount and consists mainly of fine to medium sand. The

sediment transport is influenced by the diffluence geometry and chan-

nel curvature. Despite the large difference in flow rate, the two bra-

nches exhibit comparable suspended load concentrations.

The flow patterns are similar at three examined flowrates.

Changes in the riverbank geometry give rise to the vortex zones in

both the diffluence and confluence. For the latter, a shear layer is also

observed, generated by velocity gradients of the two waters. Second-

ary flow structures are also evident, with major influence from the

channel thalweg curvature. With dynamical adjustments of the two

flows, the classical two-cell flow structure coexists in the confluence

and disappears further downstream.

In the diffluence, there is a reciprocal adjustment between the

flow and bathymetry. The difference in the two inlet steps contributes

to the unequal flow division. The classical bed discordance features

the confluence, with significant flow asymmetry at the junction cor-

ner. A scour hole exists in the confluent area, with a max. Depth of

28 m below the main river bed level. With the typical flow and sedi-

ment features, the right branch is subjected to slight erosion, while

the left branch is encountered with gradual siltation.
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Abstract: A confluence is a natural component in river and channel networks. This study deals,
through field and numerical studies, with alluvial behaviors of a confluence affected by both
river run-off and strong tides. Field measurements were conducted along the rivers including
the confluence. Field data show that the changes in flow velocity and sediment concentration are not
always in phase with each other. The concentration shows a general trend of decrease from the river
mouth to the confluence. For a given location, the tides affect both the sediment concentration and
transport. A two-dimensional hydrodynamic model of suspended load was set up to illustrate the
combined effects of run-off and tidal flows. Modeled cases included the flood and ebb tides in a wet
season. Typical features examined included tidal flow fields, bed shear stress, and scour evolution in
the confluence. The confluence migration pattern of scour is dependent on the interaction between
the river currents and tidal flows. The flood tides are attributable to the suspended load deposition in
the confluence, while the ebb tides in combination with run-offs lead to erosion. The flood tides play
a dominant role in the morphodynamic changes of the confluence.

Keywords: tidal river confluence; flow features; morphological changes; field measurements;
numerical simulations

1. Background

A river confluence is a key feature of a drainage basin in terms of hydrology and geomorphology,
for geological records, as well as from a habitat point of view [1]. In the confluence, two merging
run-off streams often result in enhanced turbulent mixing. This has a bearing on transported sediment
and its amount delivered downstream. In a long-term perspective, the flow patterns govern the
morphology changes of the confluence, e.g., the scouring and sediment deposition [2].

Many studies focused on hydrodynamic patterns and morphology changes in run-off confluences.
Mosley [3] was a pioneer in the research, which was further developed by Best who defined six distinct
hydraulic regions in a confluence [2,4]. Those included areas of flow stagnation, flow deflection,
flow separation, maximum velocity, gradual flow recovery, and shear layers. With advanced
instrumentation and novel experimental design, research of river confluences evolved and focused
on the separation zone and the shear layer [5–8]. Yuan et al. [9] made a review of the state of the
art in hydraulic research of run-off confluences. Best [2] examined principal morphological features
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such as deep scour holes, bank-attached lateral bars, tributary-mouth bars, and a region of sediment
accumulation in a river confluence. Other similar studies looked at the sediment and morphological
aspects at non-tidal alluvial confluences [10–12]. They contributed to the understanding of the
confluence scouring. A literature review shows that limited attention is drawn to tidal confluences
with bi-directional flows [4].

In tidal environments, the confluence is also affected by tidal currents. As a result, the alluvial
process in terms of erosion and deposition is different, which is an issue of concern for many practical
applications, especially if the confluence is in an urban development area. Pittaluga et al. [13]
investigated the morphodynamic equilibrium of alluvial estuaries, where river flows and tides meet.
The complexity in a tidal confluence does not draw much attention [4,14,15]. In bi-directional flows,
the shift of the dominant processes between river run-off and tides, featuring periodical changes
in both magnitude and direction, induces more degrees of complexity in terms of flow patterns,
sediment transport, and bed morphology change in the confluence. Ferrarin et al. [16] identified
29 scour holes at tidal channel confluences by examining their geomorphological characteristics and
comparing them with scours in rivers. As a consequence of changes in the flow regime, their findings
revealed, on a century scale, the morphological dynamics of scouring.

Field studies [10–12] and laboratory experiments [17–20] are major tools for studying sediment
transport and the hydromorphic process in a confluence. In some studies, field measurements were
made with tides; their purpose was to examine transport of the bed load [21–23]. The study of
suspended load in tidal confluences is limited. One reason is attributable to the fact that it is not
easy to, in a controlled manner in the laboratory, produce flow conditions of suspended load in
combination with tides. Due to the complexity of the process, erosion and deposition are still not
well understood [18]. Hypotheses are usually made that the origin of mid-stream scour is related
to high flow velocity, strong turbulence, and the effect of shear layer or curvature-induced helical
circulation [2,18–20].

Numerical modeling allows duplications of complex boundary conditions and prediction of
different scenarios in a short time [24–29], which is also true for the study of tidal river confluences.
Previous attempts were made with three-dimensional (3D) models for simulations of secondary
circulations and flow variations in the vertical direction [30,31]. For a shallow confluence with a large
width-to-depth ratio, a depth-averaged model is an acceptable compromise if necessary corrections of
cross-circulatory motion are made [32–35].

In this research, field measurements of flow and sediment were made in the study area including
the confluence. A two-dimensional (2D) morpho-dynamic model was set up, in which the cohesive
suspended sediment transport was simulated. The objective was, by means of field measurements and
simulations, to provide insight into the physical phenomenon that governs flow features of the tidal
confluence, to describe circulatory patterns of suspended load transport, and to predict the scour-hole
evolution. This study reveals the relationship between the velocity and suspended sediment movement
influenced by both the run-off and the tides. The results provide reference to behaviors of tidal currents,
sediment transport patterns, and fluvial process in similar situations.

The paper includes a description of the study area, field measurements of flow and sediment
and data analyses, numerical formulation, model set-up with calibration and validation, major flow
features, and morphological changes of the confluence.

2. Study Area

The confluence in question is called Sanjiangkou, formed by the Fenghua and the Yao River in
southeast China. The stream after the confluence is called the Yong River. It is approximately 26 km
upstream from the mouth into the Pacific Ocean (Figure 1). The Yao River runs into the junction
roughly at a 90◦ angle with the other two rivers. The confluence is significantly affected by combined
actions of river run-off and tidal currents. The bed load is negligibly small; the sediment transport in
the rivers is mainly in form of suspended load, a common feature of many fluvial rivers [36].
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Measured at the normal water surface, the width of the Fenghua River ranges from 90 to 180 m, and its
average bed slope is 0.81%. The reach near the confluence is almost straight; its cross-section is nearly
U-shaped. The yearly averaged run-off is 53.6 m3/s; the annual sediment discharge is 4.35 × 104 tons [36].

The normal width of the Yao River ranges from 180 to 230 m. About 500 m before the confluence,
a local constriction exists, with its water-surface width expanding from 140 to 180 m at the confluence.
The daily run-off, as well as sediment transport, is controlled by the sluice gates located 3.3 km
upstream of the confluence; the annual sediment discharge is comparatively small.
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(WL) and of flow and sediment (FS).

The Yong River runs roughly in the west–east direction, with its normal width ranging from 150
to 250 m. The average river-bed slope is 0.117%. Its annual mean run-off is approximately 92 m3/s
(annual average run-off 2.912 × 109 m3). The peak discharge of run-off and tides occurs normally
during the second half of June, amounting to about 1800 m3/s. The field recording stations for river
water levels (WL) and of flow and sediment (FS) are also marked in Figure 1. At the river mouth,
e.g., at station WL6, the annual mean tidal range is 1.91 m; the flood and ebb durations are almost the
same, approximately 6 h. The tidal asymmetry aggregates from the river mouth to the upstream. In the
confluence, the ebb duration is 40 min longer than the flood duration. At station WL7, the duration
difference becomes 60 min [36]. On the Yao River, the sluice gates stop the tidal propagation further
upstream. As for the location of the upstream limit of current reversals along the Fenghua River,
the tides affect approximately 15 km upstream of WL7/FS7; no records are available to show the
run-off influence. The sediment in the river is mainly from the coastal area and is carried by the tides.

Local scouring is a typical morphological feature of the river confluence. Our concern of the
bed morphology is its scour-hole evolution (Figure 1). Previous field measurements show that a
scour hole, like a narrow and deep crater along the Fenghua–Yong River, exists in the confluence
and its deepest point is more than 10 m below the confluence bed elevation. During the earlier years,
scouring dominated the river sedimentation process. Since the 1980s, the study area was affected by
a number of factors, such as the construction of the sluice gates on the Yao River and other human
activities. These changes modified the hydraulic conditions and affected the erosion potential in the
water system, including the confluence. Bathymetric surveys, although irregular and fragmental,
show that the morphology tends to shift from erosion to deposition.
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3. Field Measurements

3.1. Data Collection

To map the river and confluence topography and to record the tidal hydrological data, field
surveys were carried out during two major periods, i.e., June 2015 and January 2016. The former was
used for this study. The river bathymetry used in the simulations was mapped from June 2015–January
2016, which was achieved using an HY1600 bathymetric profiler (SunNav Technology Co., Ltd.,
Tianjin, China). The hydrological data included water level, flow velocity, flow discharge, sediment
concentration, grain-size distribution, water quality, and salinity.

The water levels were monitored at seven cross-sections (WL1–WL7), five of which were along
the Yong River. To measure flow velocity and suspended sediment, seven corresponding cross-sections
(FS1–FS7) were arranged, each with three plumb lines (Figure 2). Their distances to the confluence
(measured along the river centerline) are given in Table 1. FS5 and FS6 are a few meters apart from
each other and are treated as the same section. Along each line, the sampling was made at six depths
from the water surface, i.e., h = 0, 0.2H0, 0.4H0, 0.6H0, 0.8H0, and 1.0H0, where H0 (m) is the water
depth at each line. All the data were recorded in one-hour intervals.

Table 1. Distance of field measurement stations to the confluence.

Water Level Station WL1 WL2 WL3 WL4 WL5 WL6 WL7

Distance to confluence (km) 2.20 0.25 6.00 14.80 20.30 25.20 2.80

Flow and Sediment Station FS1 FS2 FS3 FS4 FS5 (FS6) FS7

Distance to confluence (km) 2.20 0.25 9.70 18.10 24.70 3.20

With a four-beam 600/1200-kHz RDI Workhorse acoustic Doppler current profilers (ADCPs)
(Nortek group, Rud, Norway), water-flow velocities and discharges were measured. They were
attached to the measurement vessels that were anchored on land. The uncertainty of the flow
measurements was below ±5%. The YJD-1-type pressure sensors (Tekscan, Inc., South Boston, MA,
USA) were used for the water-level measurements and their accuracy is ±1 cm. Major efforts were
made to sample the suspended sediment, using point-integrative water samplers (Hoskin Scientific,
Ltd., Saint-Laurent, QC, Canada). Samples of the bed load, although limited in amount, were also
taken with Shipek grab samplers (Envco, Auckland, New Zealand) and their amount was calculated.
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The grain-size distribution of the suspended load was analyzed using an automatic sieving
device (SFY-D) (Zhonghu Scientific Ltd., Nanjing, China) and an automated laser particle-size analyzer
(Mastersizer2000) (Malvern Panalytical Ltd., Worcestershire, UK). Particle sizes falling in the range
between 0.0002 and 2 mm were identified. The obtained data are well suited for calibration and
validation of numerical models. The field data acquired during the wet season, i.e., the second half of
June 2015, were analyzed to determine the sediment features in the study area including the confluence.
They are also used for calibration and validation.
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3.2. Features of Suspended Sediment

For each WL and FS station, the time series of the raw measurement data were analyzed. For each
time period, the average value was first obtained for each plumb line with the six points. Based on
the results of the three lines, the cross-sectionally averaged value was achieved using the weighted
average method.

According to the grain-size distribution, the sediment is classified as sand (0.05–2 mm),
silt (0.005–0.05 mm), and clay (<0.005 mm) [37]. The field measurements show that approximately 95%
of the river sediment is suspended load of cohesive silt and clay, most of which is carried into the river
by the tides from the coastal area, as shown later. Table 2 shows their median grain sizes (D50) from
the field data. In the spring tide, the D50 values vary from 0.005–0.009 mm for the suspended load,
and from 0.008–0.017 mm for the bed load. In the neap tide, the corresponding ranges are 0.006–0.009
mm and 0.009–0.020 mm, implying that the D50 values are slightly larger.

Table 2. Median grain sizes (D50) of suspended and bed load during the wet season (second half of
June 2015).

Station
Spring Tide, D50 (mm) Neap Tide, D50 (mm)

Suspended Load Bed Load Suspended Load Bed Load

FS1 0.005 0.008 0.008 0.009
FS2 0.007 0.013 0.007 0.016
FS3 0.007 0.011 0.008 0.012
FS4 0.008 0.019 0.006 0.020

FS5 (FS6) 0.008 0.011 0.007 0.011
FS7 0.009 0.017 0.009 0.013

The study area experiences a semi-diurnal tide—two nearly equal high and low tides each
day, belonging to the category of incomplete standing waves. The second half of June 2015
includes 30 semi-diurnal tides, with 30 flood and ebb tides. S (kg/m3) denotes the mean sediment
concentration at a cross-section. To look at its spatial changes during the period, Table 3 summarizes
the time-averaged S values at FS1–FS7. The following features were observed:

(1) Going upstream from FS4, including the confluence, the suspended sediment experiences a trend
of decrease in concentration during the semi-diurnal tides. The maximum value of S along the
Yong River always occurs at FS4, with a peak value of 2.341 kg/m3 during the spring tides.

(2) At the same location during the semi-diurnal tides, the sediment concentration during the spring
tide is 3–8 times higher than that during the neap tide.

(3) For either the spring or neap tide at the same location, the sediment concentration of the flood
tides differs from that of the ebb tides; the spring tides feature higher values than the neap tides.
This implies that the spring tides govern the transport of the suspended sediment from the
coastal area.

(4) At FS2, the flood tides carry more sediment than the neap tides, which means that the former
dominates the sediment to the confluence.

Table 3. Time-averaged mean sediment concentration (S) values during the wet season (second half of
June 2015).

Station
Spring Tide (kg/m3) Neap Tide (kg/m3)

Flood Tide Ebb Tide Semi-Diurnal Tide Flood Tide Ebb Tide Semi-Diurnal Tide

FS1 - - 0.229 - - 0.069
FS2 0.780 0.541 0.677 0.121 0.089 0.106
FS3 1.247 1.615 1.441 0.200 0.215 0.208
FS4 2.341 2.117 2.207 0.232 0.318 0.282

FS5 (FS6) 1.673 1.476 1.578 0.314 0.214 0.265
FS7 0.895 0.920 0.909 0.142 0.141 0.141
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To further unveil the streamwise influence of the tides on the sediment, cross-sections FS5 (FS6)
and FS2 were selected on the Yong River. The former is close to the river mouth and the latter to the
confluence. Figures 3 and 4 compare, for the spring and neap tides, their relationship between S and V,
where V (m/s) refers to the mean flow velocity at a river cross-section, positive toward the sea [38].
A negative V value implies tidal reversal of the current.

Water 2018, 10, x FOR PEER REVIEW  6 of 20 

 

FS7 0.895 0.920 0.909 0.142 0.141 0.141 

To further unveil the streamwise influence of the tides on the sediment, cross-sections FS5 (FS6) 
and FS2 were selected on the Yong River. The former is close to the river mouth and the latter to the 
confluence. Figures 3 and 4 compare, for the spring and neap tides, their relationship between S and 
V, where V (m/s) refers to the mean flow velocity at a river cross-section, positive toward the sea [38]. 
A negative V value implies tidal reversal of the current. 

Figure 3. Station FS5 (FS6), mean flow velocity vs. mean sediment concentration (V–S) relationship 
for spring and neap tides: (a) Spring tide; (b) Neap tide. 

 

Figure 4. Station FS2, V–S relationship for spring and neap tides: (a) Spring tide; (b) Neap tide. 

The V and S values in the spring tides are larger than in the neap tides. S varies significantly 
during a tidal period, with two peaks, implying that the sediment concentration is dominated by the 
tides along the river. The flood tidal V and S are always out of phase with one another; the peak S 
appears during the flood tides. Along the river, the peak of S almost synchronizes with that of V 
except for during the neap tide at the river mouth. This implies that the sediment concentration is 
subjected to modifications by the tides at the river mouth and other oceanic processes like coastal up- 
and downwelling, storm surges, etc. 

During the spring tide, it is the strong tidal currents that dominate the river flow and that 
transport the sediment toward the confluence. During the neap tide, the tide is comparatively weak; 
its S values are much lower (Figures 3b and 4b). Judging from this, one can say that the run-off plays 
a major role. This leads to the non-similarity of S and V between the spring and neap tides. The tidal 
currents are essential for stirring sediment, modifying its peak duration, as well as its transport. If 
there was no tide, S would be directly proportional to the river discharge and sediment would only 
be diverted downstream [39]. 

4. Numerical Modeling 

Based on the Delft3D package [40], a 2D depth-averaged model was used to help understand 
the complex flow features and morphology changes of the confluence. Delft3D-Flow is a separate 
module in the package, in which sediment motion and morphology change are coupled with the flow 
to simulate flow patterns and morphological changes. 

Figure 3. Station FS5 (FS6), mean flow velocity vs. mean sediment concentration (V–S) relationship for
spring and neap tides: (a) Spring tide; (b) Neap tide.

Water 2018, 10, x FOR PEER REVIEW  6 of 20 

 

FS7 0.895 0.920 0.909 0.142 0.141 0.141 

To further unveil the streamwise influence of the tides on the sediment, cross-sections FS5 (FS6) 
and FS2 were selected on the Yong River. The former is close to the river mouth and the latter to the 
confluence. Figures 3 and 4 compare, for the spring and neap tides, their relationship between S and 
V, where V (m/s) refers to the mean flow velocity at a river cross-section, positive toward the sea [38]. 
A negative V value implies tidal reversal of the current. 

Figure 3. Station FS5 (FS6), mean flow velocity vs. mean sediment concentration (V–S) relationship 
for spring and neap tides: (a) Spring tide; (b) Neap tide. 

 

Figure 4. Station FS2, V–S relationship for spring and neap tides: (a) Spring tide; (b) Neap tide. 

The V and S values in the spring tides are larger than in the neap tides. S varies significantly 
during a tidal period, with two peaks, implying that the sediment concentration is dominated by the 
tides along the river. The flood tidal V and S are always out of phase with one another; the peak S 
appears during the flood tides. Along the river, the peak of S almost synchronizes with that of V 
except for during the neap tide at the river mouth. This implies that the sediment concentration is 
subjected to modifications by the tides at the river mouth and other oceanic processes like coastal up- 
and downwelling, storm surges, etc. 

During the spring tide, it is the strong tidal currents that dominate the river flow and that 
transport the sediment toward the confluence. During the neap tide, the tide is comparatively weak; 
its S values are much lower (Figures 3b and 4b). Judging from this, one can say that the run-off plays 
a major role. This leads to the non-similarity of S and V between the spring and neap tides. The tidal 
currents are essential for stirring sediment, modifying its peak duration, as well as its transport. If 
there was no tide, S would be directly proportional to the river discharge and sediment would only 
be diverted downstream [39]. 

4. Numerical Modeling 

Based on the Delft3D package [40], a 2D depth-averaged model was used to help understand 
the complex flow features and morphology changes of the confluence. Delft3D-Flow is a separate 
module in the package, in which sediment motion and morphology change are coupled with the flow 
to simulate flow patterns and morphological changes. 
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The V and S values in the spring tides are larger than in the neap tides. S varies significantly
during a tidal period, with two peaks, implying that the sediment concentration is dominated by the
tides along the river. The flood tidal V and S are always out of phase with one another; the peak S
appears during the flood tides. Along the river, the peak of S almost synchronizes with that of V
except for during the neap tide at the river mouth. This implies that the sediment concentration is
subjected to modifications by the tides at the river mouth and other oceanic processes like coastal up-
and downwelling, storm surges, etc.

During the spring tide, it is the strong tidal currents that dominate the river flow and that transport
the sediment toward the confluence. During the neap tide, the tide is comparatively weak; its S values
are much lower (Figures 3b and 4b). Judging from this, one can say that the run-off plays a major role.
This leads to the non-similarity of S and V between the spring and neap tides. The tidal currents are
essential for stirring sediment, modifying its peak duration, as well as its transport. If there was no
tide, S would be directly proportional to the river discharge and sediment would only be diverted
downstream [39].

4. Numerical Modeling

Based on the Delft3D package [40], a 2D depth-averaged model was used to help understand
the complex flow features and morphology changes of the confluence. Delft3D-Flow is a separate
module in the package, in which sediment motion and morphology change are coupled with the flow
to simulate flow patterns and morphological changes.

4.1. Mathematical Formulation

The governing equations are based on the Navier–Stokes equations, with Leibniz integration
in the vertical direction, to obtain depth-averaged flow parameters. The vertical flow acceleration
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is neglected, leading to the hydrostatic pressure. The turbulence shear stress is solved by the k-ε
turbulence model. The river-bed stability coefficient and resistance are parameters that govern the
sediment scouring and deposition. The governing equations include, therefore, mass continuity,
flow motion, sediment transport, and bed deformation.

The depth-averaged continuity equation is

∂ξ

∂t
+

1
Gξξ Gηη

∂
(

HUξ Gηη

)
∂ξ

+
1

Gξξ Gηη

∂
(

HUηGξξ

)
∂η

= q, (1)

where H is water depth, Uξ(ξ, η) and Uη(ξ, η) (m/s) are the depth-averaged velocities in the ξ and η

coordinate system, Gξξ and Gηη (m) are coefficients for transformation of the curvilinear to orthogonal
coordinates, q (m/s) is the global source or sink term per unit area, and t (s) is time.

The momentum equations in the ξ and η directions are
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ρ0Gηη
Pη + Fη + Mη , (3)

where ρ0 (kg/m3) is water density (except in the baroclinic pressure terms, variations in ρ0 are
neglected), Pξ and Pη (kg/(m2s2)) are pressure gradients, f (1/s) is the Coriolis parameter (i.e., inertial
frequency), Mξ and Mη (m/s2) refer to contributions from external sources or sinks of momentum
(within the computational domain Mξ = Mη = 0), Fξ and Fη (m/s2) are horizontal Reynolds stresses

based on the eddy viscosity concept and change in both space and time, and Fξ = 1
Gξξ

∂τξξ

∂ξ + 1
Gηη

∂τξη

∂η ,

Fη = 1
Gξξ

∂τηξ

∂ξ + 1
Gηη

∂τηη

∂η , and τξξ ,τηη , τξη , and τηξ (N/m2) are turbulence shear stresses.
As noted from the in situ data, the bed load amount is small (below 5%). For the sake of

simplification, only the cohesive suspended sediment is considered in the sediment model. The 2D
transport equations for suspended load are given by

∂(HS)
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1

Gξξ

∂
(

HUξ S
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Gηη
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(
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H
Gξξ

∂S
∂ξ

)
+

1
Gηη

∂

∂η

(
vs

H
Gηη

∂S
∂η

)
− FS, (4)

where Fs is the function of the river-bed deformation and υs (m2/s) is the sediment diffusion coefficient.
For large-scale river simulations, the recommended υs value is 10 m2/s and it was used in the simulations.

The river-bed deformation is dependent upon sediment erosion and deposition and it is
expressed as

γ0
∂Zb
∂t

= Fs, (5)

Fs = Db − Eb, (6)

Db =

ωsSb

(
1− τb

τd

)
τb ≤ τd

0 τd < τb

, (7)

Eb =

M
(

τb
τe
− 1
)

τb ≥ τe

0 τb < τe
, (8)

where Zb (m) is the bed elevation, γ0 (N/m) is the dry weight of suspended load, Db (kg/(m2s)) is
the sediment flux of deposition from suspended load, Eb (kg/(m2s)) is the sediment flux of erosion
resulting in suspended load, ωs (m/s) is the particle settling speed, Sb (kg/m3) is the sediment
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concentration at h = H, τb (N/m2) is the bed shear stress, τd and τe (N/m2) are the critical stresses of
deposition and erosion, and M (kg/m2s) is the bed scouring rate.

4.2. Grid and Bathymetry

In an orthogonal curvilinear grid, the finite-difference method solves the partial differential
equations in Delft3D-Flow. The variables of water stage, bed level, and flow velocity were arranged
in a staggered grid. Delft3D-Rgfgrid, a module of the package, generated the computational grid.
A quality grid is the prerequisite for reliable simulations. It should be smooth enough to minimize
discretization errors; the cells should be as orthogonal as possible, with a non-orthogonal factor less
than 0.02 [40]. Figure 5 shows the grid generated for the modeled area with the confluence. The total
river length of the study area was about 32.5 km; the area was covered by a grid of 102,600 cells,
with 760 streamwise cells and 135 transverse cells. Several grids of varying cell sizes were tested
to ensure grid independent solutions. Grid independence was checked through steady-state flow
calculations. From a relatively coarse grid, the mesh refinement was made both globally and locally.
A larger cell density was given to the confluence area, with a minimum cell size of 5 m.
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The module Delft3D-Quickin generated the river bathymetrical data. The bathymetry of the study
area with the confluence is shown in Figure 6.
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4.3. Boundary and Initial Conditions

There were three open boundaries in the model: two upstream inflows and one outflow. For the
former (FS1 and FS7), the time series of the tributary flow discharges were specified; for the latter
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(WL6), the time series of the water level was given. The change in sediment concentration as a function
of time was also specified at all the boundaries. Figure 7 displays the measured Q, Z, and S profiles
at the three boundaries, where Q (m3/s) and Z (m) denote flow discharge and the water stage at a
cross-section, respectively. The wetting and drying functions of cells in the domain were activated to
reflect the rise and fall of the tides.
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Initial conditions referred to specifications of water flow and sediment in the domain. The water
level was first patched and the corresponding flow velocity was estimated by the program.
Approximately one hour was taken to reach a steady-state flow. Then, the sediment concentration was
patched. After another hour, the sediment conditions became steady, based on which the dynamic
changes of flow and bathymetry governed by the boundary conditions were then updated. This is
shown in Figure 8.
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Table 4 summarizes the additional parameters, ωs, τd, τe, M, and γ0, in the set-up.

Table 4. Parameter setting in the model.

Parameter Data Range Source

ωs (m/s) 0.0005 Measurements
τd (N/m2) 0.06–0.10 Equation (7) [39]
τe (N/m2) 0.10–0.20 Equation (8) [41]

M (kg/m2 s) 0.0002–0.02 Equation (8) [41]
γ0 (kg/m3) 1600 Measurements
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4.4. Time Step

The choice of the time step (∆t) was based on the Courant number (C), the value of which should
be less than 10 [42]. It is defined as

C = 2∆t

√
gh(

1
∆ξ2 +

1
∆η2 ), (9)

where g (m/s2) is the acceleration due to gravity; ∆t = 0.3 s was selected.

5. Model Calibration and Validation

5.1. Model Calibration

Model calibrations were based on the hourly observed data for the spring tide in 2015, occurring
between 10:00 a.m. on 17 June and 4:00 p.m. on 18 June, representing 30 h in total. The model
was tested with several options for boundary conditions—bed roughness, grid size, and time
step. The purpose was to find a reasonable match between the observed and calculated values
of flow discharge, water level, and sediment concentration. The commonly used criteria including
Nash–Sutcliffe efficiency, the R-squared method, and the percent bias were also used here for the
model calibration [43,44]. Table 5 shows the definitions of the error parameters and their ranges,
where Oi = measured value, Pi = predicted value by the model, O = average of measured values,
P = average of predicted values, and n = the total number of values.

Table 5. Definition of error parameters and their accepted ranges for calibration. NSE—Nash–Sutcliffe
efficiency; PBIAS—percent bias.

Parameter Optimal Value Satisfactory Equation

NSE 1 >0.5 E = 1− ∑n
i=1(Oi−Pi)

2

∑n
i=1(Oi−O)

2

R2 1 >0.5
R2 =(

∑n
i=1(Oi−O)(Pi−P)√

∑n
i=1(Oi−O)

2
√

∑n
i=1(Pi−P)

2

)2

PBIAS 0
±25% for flow rate PBIAS = ∑n

i=1(Oi−Pi)×100
∑n

i=1 Oi±55% for sediment

The river-bed roughness (n) is a key parameter of concern that is governed by factors, such as the
river-bed morphology, flow patterns, etc. Based on trial and error, its range was finally set between
0.015 and 0.030, with 0.015–0.018 for the main channel and 0.018–0.030 for the shore beach. Figures 9–11
show the final calibration results of V and S at FS2, FS3, and FS4.
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Figure 11. Model calibration, numerical vs. field results at FS4 (spring tide, June 2015): (a) |V|; (b) S.

For V, the computed results were in good agreement with the measured ones; the differences were
negligibly small for all the stations. For S, despite certain discrepancies between them, the matches
were generally satisfactory. The four S peaks within the tidal period were reasonably reproduced,
in terms of both magnitude and phase. For FS2, FS3, and FS4, Table 6 shows the calibration results of
the error parameters. All the values fell within the ranges required by the criteria.

Table 6. Error estimations of model calibration (spring tide, June 2015).

Parameter
FS2 FS3 FS4

V (m/s) S (kg/m3) V (m/s) S (kg/m3) V (m/s) S (kg/m3)

NSE (>0.50) 0.96 0.82 0.95 0.77 0.93 0.76
R2 (0–1) 0.97 0.80 0.95 0.79 0.94 0.78
PBIAS

(±25%) 1.23 −12.57 2.05 −2.86 3.56 8.80

5.2. Model Validation

The model was validated against a neap tide that occurred during a 31-h period between 3:00 p.m.
on 24 June and 10:00 p.m. on 25 June of the same year. In the validation, the procedure for result
evaluations was the same as for in the calibration.

The validation results are shown in Figures 12–14. The calculated V and S profiles matched well
with the measured data series. Table 7 shows the validation results of the error parameters for the three
stations. All the values met the requirements of the criteria. The model generated acceptable results
and is suitable for prediction of flow and morphology changes of the area including the confluence.
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Table 7. Error estimations of model validation (neap tide, June 2015).

Parameter
FS2 FS3 FS4

V (m/s) S (kg/m3) V (m/s) S (kg/m3) V (m/s) S (kg/m3)

NSE (>0.50) 0.96 0.83 0.94 0.81 0.97 0.78
R2 (0–1) 0.95 0.84 0.93 0.79 0.96 0.75
PBIAS
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6. Typical Flow Features

According to the statistics of the whole-year water-level data at WL6 during 2015, the tidal
frequency in the wet season (the 2nd half of June) was 10%, 40%, and 25% for the spring, mid, and neap
tides, respectively [45]. Under the combined action of the run-off and tides, the maximum flood and
ebb tides of the spring tides dominate the sediment transport; they also characterize the flow features
and they were selected to show the results.

6.1. Tidal Current Fields

When the maximum flood tide from the Yong River approached the confluence, the confluence
flow saw an increase in magnitude. The flow field at the maximum flood tide is shown in Figure 15a.
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Current reversals occurred because the tides were stronger than the river run-off. It was a flow
bifurcation. The surface flow pattern was relatively smooth in the confluence. In the Yong River,
the depth-averaged flow velocities were largest (0.6–0.8 m/s). In the Fenghua and Yao rivers, the tidal
currents were weak; the corresponding velocities amounted to 0.4–0.6 and 0.2–0.3 m/s, respectively.
Furthermore, the tidal current flowing into the Yao River was influenced by the bend. Due to the
centrifugal force [46], its mainstream was close to the concave river bank.
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With the incoming maximum ebb tide from the two tributaries to the Yong River, the flow
velocity reached its peak in the confluence. The tidal flow field at the maximum ebb tide is illustrated
in Figure 15b. In the Yao and Yong rivers, the depth-averaged velocities were 0.7–0.9 m/s and
0.4–0.6 m/s, respectively. In the Fenghua River, the tidal current was comparatively weak with
its velocity amounting to 0.3–0.5 m/s. The simulations showed that there was a small zone of
flow circulation close to the left bank of the confluence. The occurrence was ascribed mainly to
the confluence geometry and also to the difference in momentum between the two tributaries [47].
The relative strength of the two meeting streams plays a role in the location and size of the vortex
zone. The separation zone occupies part of the channel cross-section, thus leading to a reduction in the
capacity of river conveyance. It causes also sediment deposition in the zone.

The flow velocity in the confluence was smaller than the nearby velocities in the river streams.
The discrepancy was attributed to the effect of the momentum offsetting. If two flows merge with each
other, there is momentum exchange, which enhances the turbulent mixing, leading to energy dissipation.
Moreover, the water depths in the confluence were larger, also explaining the smaller velocities.

In the confluence, comparison of the velocities at the maximum flood and ebb tides show that the
latter was approximately 0.2 m/s larger than the former, which was due to the addition of the ebb tide
to the run-off. The volume of the ebb tide was also larger than that of the flood tide, while, for the flood
tide, the run-off and the tide were in opposite directions, thus offsetting each other. The prevalence
held that the velocity of the ebb tide was higher than that of the flood tide.

In summary, parting from the water levels, the confluence flow at the maximum flood tide differed
in both flow direction and magnitude from that at the maximum ebb tide, which depended on the
tidal flow direction. At the ebb tide, a zone of flow separation also existed close to left river bank.
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6.2. Bed Shear Stress

For a location in question,
→
τb relates the flow regime to deposition and erosion patterns. It is a

function of a quadratic of
→
U and the 2D Chézy coefficient C2D (m0.5/s) or an equivalent roughness

length [48]. For 2D depth-averaged flows,
→
τb is given by

→
τb =

|
→
U|ρ0g

→
U

C2D2 , (10)

where |
→
U| (m/s) is the magnitude of

→
U =

→
Uξ +

→
Uη . C2D is expressed as

C2D =
6
√

H
n

. (11)

Collins et al. [48] pointed out the variability of these parameters. In a tidal confluence, the
→
τb

determination is complicated by factors such as confluence geometry, bed topography, and sediment.
Flow perturbations make it difficult to measure

→
τb in the field. Therefore, numerical models are often

used for obtaining
→
τb in tidal environments.

→
τb is proportional to |

→
U|
→
U and is also affected by H. In the confluence, the |

→
U| and H values were

between 0.4–0.6 m/s and 6.0–17.3 m (exclusive of the scour hole). At the maximum flood and ebb
tides, Figure 16 shows the distribution of the peak

→
τb values. Their distributions of

→
τb were similar,

with some local differences. For each tide, the spatial distribution and magnitude followed the pattern
of the velocity gradient distribution. For a given river, a decay was exhibited from the mainstream to
the bank.

→
τb reflects the velocity gradient and is affected by both run-off and tides. The peak

→
τb values

occurred away from the confluence in the Fenghua and Yong rivers, which was true for both the flood
and ebb tides. The occurrence of these areas was similar to the situation with only the run-off in the
rivers [1,4,9].

Low
→
τb values occurred in such areas as along the Yao River and in the confluence. At the

confluence, the Yong and Fenghua rivers run almost along a straight line, while the Yao River intersects
them at almost a right angle. As the tide comes from the Yong River, the tides are bathymetrically
constrained and the bending accounts for the low

→
τb values in the Yao River.

→
τb links the flow conditions

with sediment transport, providing indications of morphology change.
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7. Morphological Changes

With the typical confluence flow features, predictions were made to look at the potential pattern
of morphological changes. The construction of the sluice gates on the Yao River interrupted the natural
run-off downstream. Another factor is that many wading structures were built on both rivers upstream
of the confluence, which also affected the run-off in the water system. This means that the tides interact
with the run-off in a different way than before; the intrusion of the tidal waves is further upstream,
which probably results in more sediment deposition. Simulations were carried out to estimate the
possible scenarios.

As shown earlier, the tidal currents, especially for the spring tides in wet seasons, dominate the
sediment transport in the area. During the second half of June 2015, the 30-h spring tide was selected
for the purpose. Along the rivers including the confluence, the start condition of the river bed
corresponded to the bathymetry obtained at 10:00 a.m. on 17 June 2015. As shown in Figure 17, a long,
oval-shaped scour hole exists in the confluence and extends into the Yong River. Its depth is 10.8 m
at the maximum (the river bed is 6.5 m below the mean sea level, with a bed elevation of −6.5 m).
In the simulation, a morphological scaling factor was used to accelerate the bed erosion and deposition,
a method of common practice [39,49–51]. The scaling factor was set to 100, implying that the prediction
period covered 125 days.
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Figure 18 illustrates, in the confluence and its close vicinity, the bed evolution from T = 0, 30, 60,
90, 120, and 125 days. The results show, as time elapses, that the three river reaches were subjected
to continuous siltation. The trend is in qualitative agreement with the study of the water system by
Chen et al. [36], in which the cumulative influence of the wading structures, including the Yao sluice
gates, bridges, and wharfs, was analyzed. Their results showed that the rivers including the confluence
also suffered from gradual siltation of suspended load. Figure 19 illustrates the change in scour-hole
depth and the averaged elevation of the river bed around the hole. Figure 20 shows, as a function of
time, the simulated longitudinal profiles of the bed-level changes along each river at the confluence.
Both the river bed and the scour hole show a tendency of gradual deposition. The hole depth was
initially 10.8 m and became 9.25 m at T = 125 days.
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Both the flood and ebb tides contributed to shaping the confluence scour hole. The former gave
rise to deposition, while the latter led to erosion. However, the flood tide played a dominant part
in the process. As a result, the scour hole shrank both upstream and downstream as time elapsed.
Two factors accounted for the morphological feature. On one hand, the change was associated with the
sediment availability in each river. The field measurements indicated that the flood tides carry a large
amount of suspended load upstream. When flow velocity fell below 0.8 m/s, deposition occurred
in the confluence area. Using morpho-sedimentological and seismo-stratigraphic data, Silva et al.
explained a similar phenomenon of confluence deposition [15]. They found that the river sediment
was deflected back into the river by the flood tides, thus producing the sediment deposition on the
scour hole’s gentle side (downstream slope). On the other hand, the cumulative effect of river run-off
and ebb tides was also attributable to the scour changes. During the ebb tides, the deposited sediment
in the confluence became re-suspended and resulted in slight bed erosion. The dominance of the flood
tide eventually led to the sediment deposition along the rivers inclusive of the confluence.
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The Yao River also features gradual siltation, which changes its river-bed slope and lowers the
sediment carrying capacity. This was also observed in the field [38]. Two plausible reasons account for
it. One is ascribed to the construction of the sluice gates and the wading structures upstream. As a
result, it not only intercepts the river run-off, but also deforms the tidal waves in the river. According
to measurements [38], the mean high tidal level increased by 0.17 m; the mean low tidal level decreased
by 0.11 m. The flood tide duration became 9 min shorter and the ebb tide duration became 9 min
longer. The other reason is due to the bending toward the confluence. The flow, either during the flood
or ebb tides, fails to transport the sediment downstream, thus leading to deposition along the river.

The periodic changes in the tidal flow direction induce a complex morphological regime that
does not occur in unidirectional run-off flows. Concerning the sedimentation pattern, the morphologic
features migrate streamwise with run-off flows [3,49]. With tidal waves, the pattern migrates both
ways, which agrees with previous findings of the tides that both deposition and re-suspension take
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place in the confluence [52]. The analysis showcases that the flow regime is the main driver of the
confluence scour evolution. The morphological changes in the confluence subjected to strong tides are
closely related to the interactions between the run-off and tidal currents. However, the latter plays a
dominant role and governs the sedimentation pattern.

8. Conclusions

In a river confluence subjected also to strong tidal currents, its flow and morphological changes
are dependent on a number of factors, showing a complex pattern in both time and space. This study
dealt with the typical features of such a confluence by means of field studies and numerical modeling.

From the sea into the Yong River, the sediment is transported by the tidal currents,
especially during the spring tides. During the selected period of two years, field measurements
were made to examine the sediment behaviors. The data show that approximately 95% of the sediment
in the study area is suspended load. From the river mouth to its upstream including the confluence,
the flow and sediment changes are not always in phase with one another; the sediment movement
is significantly modified by the tides. The peak values of sediment concentration occur during both
the flood and ebb tides in the rivers. Tidal currents are essential for stirring sediment, modifying
its concentration and transport. If there was no tide, the sediment concentration would be directly
proportional to the river flow, with the sediment diverted only downstream.

With the field measurements in the background, numerical modeling helps understand the
alluvial features of the confluence. Two-dimensional simulations of suspended sediment transport
were performed to simulate the sediment patterns. At the confluence, the flow at the maximum flood
tides differs, in both flow direction and magnitude, from that at the maximum ebb tides. During the
ebb tides, a small zone of flow circulations exists close to the left bank of the confluence. The bed
shear stress is proportional to the water depth and flow velocity, and it is affected by the river-bed
topography. Its distribution reflects the sediment erosion potential in the confluence.

By means of a morphological scale factor, the scour formation in the confluence was predicted.
The initial hole in the confluence, extending along the Fenghua and Yong rivers, becomes gradually
deposited as time elapses. The shifting tidal directions induce a complex morphological pattern that
does not exist in unidirectional run-off flows. The erosion and deposition migrate in both directions.
The flood tides govern the sediment transport and deposition, while the ebb tides with run-offs lead to
erosion. For the scour-hole development, the flood tides play a dominant role.
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Abstract: Meandering is a common feature in natural alluvial streams. This study deals with alluvial
behaviors of a meander reach subjected to both fresh-water flow and strong tides from the coast.
Field measurements are carried out to obtain flow and sediment data. Approximately 95% of
the sediment in the river is suspended load of silt and clay. The results indicate that, due to the
tidal currents, the flow velocity and sediment concentration are always out of phase with each
other. The cross-sectional asymmetry and bi-directional flow result in higher sediment concentration
along inner banks than along outer banks of the main stream. For a given location, the near-bed
concentration is 2−5 times the surface value. Based on Froude number, a sediment carrying capacity
formula is derived for the flood and ebb tides. The tidal flow stirs the sediment and modifies its
concentration and transport. A 3D hydrodynamic model of flow and suspended sediment transport
is established to compute the flow patterns and morphology changes. Cross-sectional currents,
bed shear stress and erosion-deposition patterns are discussed. The flow in cross-section exhibits
significant stratification and even an opposite flow direction during the tidal rise and fall; the vertical
velocity profile deviates from the logarithmic distribution. During the flow reversal between flood
and ebb tides, sediment deposits, which is affected by slack-water durations. The bed deformation is
dependent on the meander asymmetry and the interaction between the fresh water flow and tides.
The flood tides are attributable to the deposition, while the ebb tides, together with run-offs, lead to
slight erosion. The flood tides play a key role in the morphodynamic changes of the meander reach.

Keywords: tidal meandering river; field measurements; 3D numerical model; flow features; sediment
transport; erosion-deposition patterns

1. Introduction

Meandering is one of the most common shapes formed by river streams, which is especially true
for streams in the lowland alluvial plains [1]. Due to meandering, the characteristics of water flow,
sediment transport and the resulting bed deformation are more complex than in relatively straight
river reaches. For a coastal river, the tidal currents interact with the fresh-water run-off and they form
a bidirectional flow, which also plays an essential role in the fluvial process. This is especially true
if the tides are much stronger than the fresh-water discharges. With a landward decline in strength,
the tidal influence descends.

At the meander bend apex, its cross-sectional shape is usually asymmetrical, with a deep portion
of channel along the outer bank and a broad, shallow section extending towards the inner bank.
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The plane curvature and cross-sectional asymmetry topography are shown to produce significant
secondary currents and transverse water-surface slopes [2,3]. The secondary currents derive from the
centrifugal acceleration acting on the stratification between the upper and lower flow layers.

It has also been proved that strong stratified currents have significant impacts on the distribution of
bed shear stresses along the wetted perimeter of river, and thereby play an essential role in the sediment
transport as well as morphology changes [3–6]. The bed changes induced by erosion and deposition
affect the flow, which in turn influences the shear-stress distribution, sediment component and bed
topography [7]. Therefore, the coupling of the stratified currents, sediment movement and bed-form
changes makes up an interactive response that characterizes the meandering morphodynamics.

Given its scientific and practical significance, the dynamic process in a meandering river,
among several other issues, has to date been the object of numerous theoretical and experimental
studies [8–11]. These contribute to the understanding of the meandering phenomena. Recently, the use
of an acoustic doppler current profiler (ADCP) has permitted direct estimations of Reynolds stress
in tidal environment rivers [12]. Further research, especially of field measurements, that focuses on
river curvature and cross-sectional asymmetry and deals with the interaction between river run-off
and tidal currents [3], is necessary.

In recent years, many numerical simulations have been performed of tidal flow and sediment
transport in meandering rivers. Instead of simplifications and assumptions in physical model tests,
complex river geometries and boundaries are directly modelled. In a meander, its flow is three
dimensional [13]. As compared with 2D depth-averaged models, an application of a 3D model
generates, in terms of sediment transport, more reliable results [14].

For meandering rivers, most 3D models applied to simulations are based on the
Reynolds-Averaged Navier-Stokes (RANS) equations assuming time-independent flow and isotropic
turbulence [4,6]. A recent development is the application of large and detached eddy simulation
(LES, DES) models to meandering flows [15,16]. LES aims to capture the time-dependent flow and
resolves the large-scale anisotropy of turbulence. Limited by central processing unit (CPU) time
and convergence, it is often used for issues with low Reynolds numbers and of limited domain
dimensions [6]. In contrast, Delft3D (Version 4.04, Delft, The Netherlands) has the advantage of
time-effective computations when applied to large-scale river and ocean simulations.

Meandering with large curvatures is a characteristic of many streams in low-land coastal regions.
Changes in both river curvature and bed topography are interrelated, and their geometric shapes need
to be considered when assessing the effects of channel configuration on flow and sediment transport.
In a tidal environment, the river reach is affected by both run-off and tides, in which shifts between
flood and ebb tides induce, with regard to flow patterns and sediment transport, more complexity.
As a result, in terms of erosion and deposition, the alluvial process is different, an issue of concern for
practical applications, especially if the river is in an urban development area.

The study focuses on a meandering reach of an alluvial river subjected to strong tidal currents
(compared to much lower fresh-water discharges). Suspended load accounts for approximately 95%
of the sediment in the river. Field measurements are performed to record the flow and sediment
data and to map the river bathymetry at selected occasions. The field data help understand the
sediment movement characteristics in both horizontal and vertical directions. A 3D suspended-load
transport model is incorporated into a hydrodynamic model and computes the flow patterns and
morphological changes. By means of the two approaches, the objective of the study is to provide
insight into the interplay between fresh-water flows and tidal currents, to illustrate the circulatory
patterns of suspended load transport during the tidal rising and falling, and to make predictions of
the bed deformation associated with the meandering properties (curvature, cross-channel asymmetry,
etc.). The results provide a reference for studies of tidal fluvial processes in similar situations.

The paper includes a study area description, field measurements of flow and sediment, field data
analyses, mathematical formulation, model setup with calibration and validation, major flow features
and morphological changes.
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2. Study Area

The study aims to examine an approximately sinusoidal meandering reach, with two successive,
nearly S-shaped meander loops (Figure 1). The river runs into the sea and is subjected to strong tides.
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The study area is part of the Yong River, located in Southeast China. The total area of the catchment
is 42.94 km2 (the area above the FS3 gauge is approximately 29 km). The river runs roughly in the
SW–NE direction. The river length and width are about 26.5 km and 150–250 m measured on the
normal water surface. The average river-bed slope is 1.17
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Abstract: Zircon xenocrysts from alkali basalts in Ratanakiri Province, Cambodia represent a 
unique low-Hf zircon within a 12,000 km long Indo-Pacific megacryst zone. Colorless, yellow, 
brown, and red crystals ({100}, {101}, subordinate {211}, {1103}), with hopper growth and corrosion 
features range up to 20 cm in size. Zircon chemistry indicates juvenile, Zr-saturated, mantle-
derived alkaline melt (Hf 0.6–0.7 wt %, Y <0.2 wt %, U + Th + REE (Rare-Earth Elements) < 600 ppm, 
Zr/Hf 66–92, Eu/Eu*N ~1, positive Ce/Ce*N, HREE (Heavy REE) enrichment). Incompatible element 
depletion with increasing Yb/SmN from core to rim at ~ constant Hf suggests single stage growth. 
Ti-in-zircon temperatures (~570–740 C) are lower than predicted by crystal morphology (800–900 C) 
and decrease from core to rim (T = 10–50 C). The 18O values (4.88 to 5.01‰ VSMOW (Vienna 
Standard Mean Ocean Water)) are relatively low for xenocrysts from the zircon Indo-Pacific zone 
(ZIP). The 176Hf/177Hf values (+ εHf 4.5–10.2) give TDepleted Mantle model source ages of 260–462 Ma 
and TCrustal ages of 391–754 Ma. The source magmas reflect variably depleted lithospheric mantle 
with little supracrustal input. Zircon U-Pb (0.88–1.56 Ma) and (U-Th)/He (0.86–1.02 Ma) ages are 
older than host basalt ages (~0.7 Ma), which suggests limited residence before transport. Zircon 
genesis suggests Zr-saturated, Al-undersaturated, carbonatitic-influenced, low-degree partial 
melting (<1%) of peridotitic mantle at ~60 km beneath the Indochina terrane. 

Keywords: zircon; xenocryst; alkali basalt; Ratanakiri Volcanic Province; trace elements; O-isotopes 
and Hf-isotopes; U-Pb; (U-Th)/He 

1. Introduction 

. The annual average rainfall is 1505 mm;
the annual flow volume is 2.91 × 109 m3; its annual average fresh-water discharge is 92 m3/s [17].
In a pronounced way, the flow and sediment transport in the river are affected by the tides from the
coastal area. The annually averaged tidal flux is 946 m3/s, approximately 11 times the fresh-water
flow discharge. The tides are the dominating factor for the sediment movement. Due to deposition,
the river-bed rises, and the width narrows in many sections. This water system has been well managed
since 1959, with regular dredging for navigation [18]. A single water course features the river mouth,
without multiple branches, either at present or in the past.

The tide in the river is a semi-diurnal tide, i.e., two nearly equal high and low tides each
day, belonging to the category of incomplete standing waves. According to the yearly statistics
of hydrological stations, the average range of tidal levels is 0.29–0.44 m within one circle. The mean
river depth is about 8 m, with tidal peak velocities close to 1 m/s; the tidal range increases landwards
with the narrowing river width, with an average range falling between 1.62–1.84 m. During flood tides,
sediment follows the currents and is transported from the outer sea area to the inland. This flow and
sediment transport process reverse during ebb tides.

The meandering reach of interest has three consecutive parts of significant curvature (Figure 2).
From up- to downstream, the radius of curvature is R ≈ 700, 500 and 300 m; their angles are θ ≈ 80◦,
100◦ and 120◦, respectively. The typical river width and water depth are about 200 m and 10 m.
In addition, the meandering reach features large areas of shoals associated with high tidal levels,
especially close to the apex positions. With these geometrical features, it is a typical site to understand
the cross-sectional currents and asymmetric bed forms and their effects on sediment movement along
the reach.
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Further upstream of the study area, a confluence exists, where the Yao and Fenghua Rivers merge
into the Yong River (Figure 1). Its sedimentation pattern, associated with different flow regimes, is also
an issue of concern [19].
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Figure 2. Geometrical description of the meander, with flow and sediment stations FS3, FS4 and FS5.
Each bend is described with a center position O, a radius R and an angle θ. The red line denotes the
central line throughout the reach.

3. Field Measurements

3.1. Data Collection

To record the hydrological data and map the river bathymetry, extensive field surveys were
carried out for the study area during the period June 2015–January 2016. The hydrological data used
were acquired for a typical wet season in June 2015. The collected parameters included water levels,
water-flow velocity, flow discharge, sediment concentration and grain-size distributions. The river
bathymetry used for the study was achieved using an HY1600 bathymetric profiler.

Also marked in Figure 1 are the recording stations for water levels (WL), at three locations
(denoted as WL4, WL5 and WL6), and for flow & sediment (FS), also at three locations (denoted as FS3,
FS4 and FS5). At each FS, three typical plumb lines (A, B and C, from left to right, looking downstream)
were arranged (Figure 3). Along each line, sampling was made at six points, i.e., hi = 0, 20%, 40%, 60%,
80% and 100% of the water depth H0 (i = 1, 2, . . . , 6). All the data were recorded in a one-hour interval.
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Figure 3. Schematic diagram of cross-sectional measurement points (looking downstream).

Fourbeam 600/1200-kHz RDI Workhorse Acoustic Doppler Current Profilers (ADCPs) (Nortek
group, Rud, Norway), measured flow velocities. Each ADCP was attached to its measurement vessel.
The inaccuracy of the resulting flow discharges was below ±5%. The YJD-1 type pressure sensors
(Tekscan, Inc., South Boston, MA, USA) were used for water-level measurements, with an inaccuracy of
±1 cm. Efforts were made on sampling of the suspended load, using point-integrative water samplers
(Hoskin Scientific, Ltd., Saint-Laurent, QC, Canada). Samples of bed load, though small in amount,
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were also taken with Shipek grab samplers (Envco, Auckland, New Zealand) and their percentages
were calculated.

The grain-size distribution of the suspended load was analyzed using an automatic sieving device
(SFY-D) (Zhonghu Scientific Ltd., Nanjing, China) and an automated Laser particle-size analyzer
(Mastersizer2000) (Malvern Panalytical Ltd., Malvern, UK). Particle sizes falling between the range
0.0002 and 2 mm were identified. The obtained data are well suited for calibration and validation of
numerical models. The field data acquired for the wet season, including one spring and one neap tide,
in June 2015 were used in the study.

For each WL and FS station, the time-series of the raw hydrological data were analyzed. For each
time period, the average value of the FS sampling was first obtained for each line with the six points.
Based on the three lines, cross-sectionally averaged sediment concentration, S (kg/m3), and flow
velocity, V (m/s), were then achieved by the weighted average method given below:

S =
∑i SiVihi

∑i Vihi
(1)

V =
∑i Vihi

∑i hi
(2)

where Si and Vi = sediment concentration and velocity of each measured points, respectively.

3.2. Suspended versus Bed Load

Based on grain-size distribution, river sediment is classified as sand (0.05–2 mm), silt (0.005–0.05 mm)
and clay (<0.005 mm) [20]. The field measurements show that suspended load consists of cohesive silt and
clay and accounts for approximately 95% of the sediment. Table 1 shows their median grain sizes (D50),
which differ during spring and neap tides. For the former, the D50 values vary between 0.007–0.008 mm
for the suspended load and between 0.011–0.019 mm for the bed load. For the latter, the corresponding
ranges are 0.006–0.008 mm and 0.011–0.020 mm.

Table 1. D50 of suspended and bedload during the wet season (2nd half of June 2015).

Station
Spring Tide, D50 (mm) Neap Tide, D50 (mm)

Suspended Load Bed Load Suspended Load Bed Load

FS3 0.007 0.011 0.008 0.012
FS4 0.008 0.019 0.006 0.020
FS5 0.008 0.011 0.007 0.011

3.3. Cross-Sectional Difference in Sediment Concentration

The second half of June 2015 includes 30 semi-diurnal tides, with 30 flood and ebb tides,
respectively. To reveal the spatial changes of S at FS3, FS4 and FS5, Table 2 summarizes their
time-averaged S values, with the following observations.

Table 2. Time-averaged S values during the wet season (2nd half of June 2015).

Station
Spring Tide (kg/m3) Neap Tide (kg/m3)

Flood Tide Ebb Tide Average Flood Tide Ebb Tide Average

FS3 1.247 1.615 1.441 0.200 0.215 0.208
FS4 2.341 2.117 2.207 0.232 0.318 0.282
FS5 1.673 1.476 1.578 0.314 0.214 0.265

(1) Going upstream from the river mouth, the S value is largest at FS4, with S = 2.341 kg/m3 during
the spring tide.
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(2) At the same location for either the spring or neap tide, S during the flood tides differs from that
during the ebb ones. The spring tides feature much higher values than the neap ones. This implies
that the spring tides govern the sediment transport from the coastal area.

(3) At the same location, S during the spring tide is 6−8 times as high as during the neap tide.

In a meander bend, the cross-sectional asymmetry affects the re-distribution of S, which in turn
aggravates its asymmetry. For lines A, B and C at FS3, FS4 and FS5, Figure 4 displays, during the
spring and neap tides, its distribution.
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The following features are evident.

(1) For each line, the spring-tide S value is significantly larger than the neap-tide one. This further
indicates the former dominates the sediment transport from the coastal area.

(2) At FS4, line A is nearest to the outer bank. In the spring tide, FS4-B exhibits the largest S value,
followed by FS4-C and FS4-A. This shows that, around this bend apex, the water along the inner
bank carries more sediment than along the outer bank. This is mainly ascribable to the asymmetry
in cross-channel shape.

(3) During the neap tide, the S values are much lower and are close at the same cross-section.

3.4. Vertical Difference in Sediment Concentration

To look at the sediment distribution in the vertical direction, the measured results are analyzed
along lines A, B, C at each FS location. Table 3 shows, for each line, the time-averaged sediment
concentration (denoted as Si) at h = 0, 0.2H0, 0.4H0, 0.6H0, 0.8H0 and H0. As a showcase, Figure 5
illustrates, at FS4, its distribution along the lines.

Table 3. Time-averaged sediment concentration (Si) along lines A, B and C during the wet season (2nd
half of June 2015).

Vertical Line
Spring Tide (kg/m3) Neap Tide (kg/m3)

0 0.2H0 0.4H0 0.6H0 0.8H0 H0 0 0.2H0 0.4H0 0.6H0 0.8H0 1.0H0

FS3-A 0.872 - - 1.412 - 1.798 0.139 0.148 0.160 0.170 0.181 0.241
FS3-B 0.643 0.871 1.062 1.233 1.581 1.996 0.157 0.177 0.191 0.202 0.214 0.279
FS3-C 0.633 0.786 0.941 1.151 1.320 1.761 0.189 0.206 0.216 0.226 0.239 0.273
FS4-A 0.809 1.201 1.509 1.773 2.187 2.925 0.156 0.192 0.215 0.249 0.310 0.390
FS4-B 0.783 1.193 1.775 2.249 3.018 4.292 0.158 0.188 0.241 0.296 0.426 0.611
FS4-C 1.097 1.246 2.050 1.902 2.903 2.962 0.172 0.201 0.252 0.241 0.375 0.423
FS5-A 0.876 1.135 1.443 1.739 1.989 2.349 0.133 0.174 0.278 0.343 0.493 0.600
FS5-B 0.906 1.200 1.490 1.717 1.982 2.409 0.119 0.146 0.246 0.348 0.483 0.747
FS5-C 0.564 - - 1.547 - 2.048 0.061 - - 0.202 - 0.385
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Figure 5. Distributions of Si along lines A, B and C at FS4 during the wet season: (a) Spring tide;
(b) Neap tide.

The following patterns are observed:

(1) The Si distribution from the water surface to the river bed exhibits an increasing tendency.
Close to the bed, the Si value reaches a maximum. The value close to the bed is 2−5 times that
close to the surface.

(2) For a given line, the Si values at h = 0.6H0 are approximately equal to the line-averaged value.
(3) At the same cross-section, the averaged Si values along the B line are the largest. This implies

that the main-channel flow carries most sediment.
(4) For the same point, the Si value during the spring tide is 3−7 times during the neap tide.

This means that much more sediment is transported by the spring tide, which is a potential source
of sedimentation in the area. The observations are consistent with the findings by Chen et al. [17]
and Shen [18].

3.5. Tidal Effects

To further unveil the time dependence of sediment transport, Figure 6 illustrates, for the spring
and neap tides, the relationship between S and V at cross-section FS5 (close to the river mouth).
A positive V value indicates flow towards the sea and a negative V implies a reversal of the current.
The FS3 and FS4 results are shown later in the numerical part.
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At the river mouth, the V and S values in the spring tide are larger than in the neap tide.
S varies greatly during a tidal period, with two peaks, implying that the tides govern the sediment
concentration. The flood tidal V and S are always out of phase with each other; the S peak appears
during the flood tides. The S is modified by the tides and other oceanic processes.

The spring tide dominates the river flow and transports the sediment in the river. The neap tide
being relatively weak, the run-off plays a dominant role. As a result, S and V exhibit non-similarity
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between the spring and neap tides. The tides stir sediment, affects its peak duration and transport.
Without the tides, sediment would be diverted directly downstream [21].

4. Numerical Modeling

3D numerical modeling of flow and sediment is performed for the tidal reach and it considers
the following typical aspects: (1) bidirectional flow environment under the interaction between river
run-off and tides; (2) spatial variations of roughness and bed asymmetry topography; (3) submergence
and exposure of shoals due to tidal rising and falling; (4) stratified currents in meanders; and (5)
graded suspended load.

4.1. Mathematical Formulation

The Delft3D 4.04 package [22] is used to examine the complex flow features and morphology
changes. It is based on the finite-difference method and solves the Navier-Stokes equations. To simulate
river-bed changes, it is necessary to supplement such control conditions as bed stability coefficient
and riverbed resistance. Therefore, the governing equations include equations for flow continuity,
flow momentum, sediment transport and the bed deformation.

The flow continuity equation is

∂ζ

∂t
+

∂(HUx)

∂x
+

∂
(

HUy
)

∂y
= q (3)

where Ux (m/s) and Uy (m/s) = depth-averaged velocities in the x and y coordinate system, ζ (m) is
the tidal level, d (m) is the still water depth, H (m) is the total water depth (H = ζ + d), q (m/s) is the
global source or sink term per unit area and t (s) is time. The momentum equations in the x and y
directions are

∂u
∂t

+ u
∂u
∂x

+ v
∂u
∂y

+
ω

H
∂u
∂σ
− f v = − 1

ρ0
Pu + Fu +

1
H2

∂

∂σ

(
vv

∂u
∂σ

)
(4)

∂v
∂t

+ u
∂v
∂x

+ v
∂v
∂y

+
ω

H
∂v
∂σ

+ f u = − 1
ρ0

Pv + Fv +
1

H2
∂

∂σ

(
vv

∂v
∂σ

)
(5)

where ρ0 (kg/m3) = water density, vv (m2/s) = vertical eddy viscosity, Pu and Pv (kg/(m2s2)) = pressure
gradients, Fu and Fv (m/s2) = horizontal Reynolds stresses, f (1/s) = Coriolis parameter (inertial
frequency) and u and v (m/s) = longitudinal and transversal velocity components. The vertical velocity
ω (m/s) component is computed from the mass balance:

∂ω

∂σ
= −∂ζ

∂t
− ∂(Hu)

∂x
− ∂(Hv)

∂y
+ H(qin − qout + P− E) (6)

where qin and qout (m/s) = local source and sink per unit volume, P (m/s) = precipitation and E (m/s)
= evaporation.

As seen from the field data, the bed-load amount is comparatively small (below 5%). To simplify,
only the cohesive suspended sediment is considered in the sediment transport model. For mass balance
and advection-diffusion, the equation in 3D reads as

∂S
∂t

+
∂

∂x
(us) +

∂

∂y
(vs) +

∂

∂σ
[(ω−ωs)s]−

∂

∂x

(
εs,x

∂S
∂x

)
− ∂

∂y

(
εs,y

∂S
∂y

)
− ∂

∂σ

(
εs,z

∂S
∂σ

)
= − Fs (7)

where ωs (m/s) = sediment settling velocity, εs,x, εs,y and εs,z (m2/s) = eddy diffusivity of sediment
fraction in three directions and Fs = function of the river-bed deformation, which is dependent on
sediment erosion and deposition and is proposed as follows by Partheniades-Krone [23].
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γ0
∂Zb
∂t

= Fs (8)

Fs = Db − Eb (9)

Db =

ωsSb

(
1− τ

τd

)
τ ≤ τd

0 τd < τ
(10)

Eb =

M
(

τ
τe
− 1
)

τ ≥ τe

0 τ < τe
(11)

where Zb (m) = change in bed elevation, γ0 (N/m) = dry weight of bed load, Db (kg/(m2s)) = sediment
flux of deposition from suspended load, Eb (kg/(m2s)) = sediment flux of erosion resulting in
suspended load, Sb (kg/m3) = bottom sediment concentration, τ (N/m2) = bed shear stress, τd and τe

(N/m2) = critical stresses of deposition and erosion and M (kg/m2s) = bed scouring rate.

4.2. Grid and Bathymetry

The river reach of interest is composed of three consecutive bends. The bathymetry is based on
the measured topography data in June 2015 (Figure 1c). The computational domain is 13.2 km long
and includes 1000 m upstream and 1200 m downstream to reduce boundary effects. Several grids of
varied cell sizes are evaluated to ensure grid independence. Grid independence is checked through
steady-state calculations. Based on a coarse mesh (Figure 7a), both global and local refinements are
made to achieve a finer mesh. Figure 7b,c show the local refinements of two sections.

After refinement, the domain is covered by 10 500 cells, comprising 350 streamwise cells
and 30 transverse cells. Grid size varies between 10 and 20 m, a typical range for most river
simulations [7,13,22]. Denser cells, with a minimum cell size of 5 m, are given to the outer bank
to account for large flow velocity gradients. As recommended by the Deltares systems [22], 10 layers
are specified in the vertical direction, with a thickness of 2%, 3%, 4%, 6%, 8%, 10%, 12%, 15%, 20% and
20% of H. The difference between two neighboring layers should not exceed the lower layer’s thickness.
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4.3. Boundary Conditions

For flow computations, time-series of boundary conditions are specified with discharge, Q (m3/s),
at the upstream end (FS3) and with water level, Z (m), at the downstream end (WL6) (Figure 8a).
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The time series of sediment concentration needs also be specified at both ends (Figure 8b). For the
closed sediment boundary (river bed and banks), a non-entry condition specifies a zero normal gradient
of sediment content. The wetting and drying function of cells is activated to account for the tidal rise
and fall.
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River-bed roughness, represented by Manning’s roughness equation, is an essential parameter
dependent on such factors as river-bed morphology, flow patterns including water depth, etc.
The range of Manning’s roughness falls within n = 0.015 to 0.030 m−1/3 s, with 0.015–0.018 m−1/3 s for
the main channel and 0.018–0.030 m−1/3 s for the shore beach, which is based on field investigations.
For a given position, interpolation is made in light of water depth. Table 4 summarizes the additional
parameters, ωs, τd, τe, M and γ0, in the model setup.

Table 4. Parameter values adopted in the model.

Parameter Data Range Source

ωs (m/s) 0.0005 Field measurements
τd (N/m2) 0.06–0.10 Equation (10) [23]
τe (N/m2) 0.10–0.20 Equation (11) [24]

M (kg/m2s) 0.0002–0.02 Equation (11) [24]
γ0 (kg/m3) 1600 Field measurements

To achieve numerical stability, the chosen time step is 0.3 s. For each time step, the flow is first
calculated and the sediment transport and the resulting bed-level change are updated accordingly.

5. Model Calibration and Validation

Calibration, as well as validation, is a prerequisite for modelling accuracy. By adjusting specific
parameters, a reasonable match is achieved between observed and simulated results. In the study,
varying roughness coefficient in space, time step and open boundary conditions and refining the
mesh are the tuning aspects. As in many other studies, the results turn out to be most sensitive to
the roughness. Time steps (dependent on the grid density) and boundary conditions also have an
influence on the model convergence; the grid density has a bearing on the accuracy of the results.

As shown in Table 5, three model criteria, i.e., Nash-Sutcliffe efficiency (NSE), R-Squared (R2)
and Percent bias (PBIAS) are often used for model evaluation, where Oi = observed (in situ) value,
O = average of Oi, Pi = predicted value, P = average of Pi and n = total number of observed or
predicted values.

The model calibration is based upon the hourly data observed for the spring tide occurring
between the period from 10:00 2015-06-17 to 16:00 2015-06-18; totally 30 h. Comparisons of water levels
at WL4 and WL5 and of V and S at FS4 are shown in Figure 9.
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Table 5. Error parameters and accepted ranges for model evaluation [25–27].

Parameter Range Optimal value Satisfactory if Expression

NSE −∞–1 1 > 0.5 E = 1− ∑n
i=1(Oi−Pi)

2

∑n
i=1(Oi−O)

2

R2 0–1 1 > 0.5
R2 =(

∑n
i=1(Oi−O)(Pi−P)√

∑n
i=1(Oi−O)

2
√

∑n
i=1(Pi−P)

2

)2

PBIAS −∞–+∞ 0 ±25% for streamflow
±55% for sediment PBIAS = ∑n

i=1(Oi−Pi)×100
∑n

i=1 Oi
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(a) Z at WL4; (b) Z at WL5; (c) V at FS4; (d) S at FS4.

The calibration results show that the calculated Z and V are in good agreement with the measured
ones. All their error parameters meet the criteria. For S, the calculated and simulated results do not
exhibit the exactly same pattern. However, the sediment peaks are, in terms of phase and magnitude,
reasonably reproduced.

The model validation is performed with a neap tide that occurred during the period between
15:00 2015-06-24 and 22:00 2015-06-25, lasting a total of 31 h. It follows the same principle as model
calibration. The validation results are shown in Figure 10.

The calculated Z, V and S profiles match relatively well with the measured data series. All the
error parameter values also meet the requirements. As in other numerical simulations, the match
between the measured and simulated parameters is better for Z and V than for S. The interplay between
fresh-water flows and tides accounts for the difference in peak sediment concentration. The model
generates acceptable results and it is suitable for prediction of flow and morphology changes of the
meandering river reach.
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6. Typical Flow Features

In the meandering reach, the flow features are of significant variations with stratified currents,
in which cross-sectional velocity distributions often deviate from the logarithmic profile typical of
straight reaches. Meanwhile, the bi-directional currents induced by flood and ebb tides also make
the flow patterns more complex. A 2D depth-averaged model, with the assumption of a logarithmic
velocity structure, would lead to inaccurate prediction in terms of, e.g., bed shear stress [22]. A 3D
model is, therefore, necessary for prediction of such a tidal meander reach.

6.1. Cross-Sectional Flow Patterns

In addition to cross-sectional and streamwise changes of bed forms, the flow patterns in
cross-section are also influenced by the rise and fall of the tides, which is different from non-tidal
situations with only run-off. Cross-section WL5 is at the bend apex and is chosen to illustrate the issue.
Figure 11 shows, during the spring tide, its patterns of the falling period (a,b), low water slack (c),
rising period (d,e) and high water slack (f), respectively. Major flow patterns are summarized below:

(1) During the tidal fall and rise, the cross-sectional flows behave differently in direction and
magnitude. For the former, the flow moves from the main stream of higher velocity toward the
banks. For the latter, the cross-sectional currents are driven in the opposite direction; the water
flowing from the banks are likely to offset each other. The alternating flow causes deposition or
erosion at a bend.

(2) At the low and high water slacks, as shown in Figure 11c,f, the flow strength decreases to its
minimum. The reason is that the motion reverses in the subsequent changes, so that the residual
motion from the previous tide counteracts the motion in the next period.

(3) At the bend apex, secondary circulations in cross-section do not occur as commonly observed in
non-tidal meandering rivers [4,6]. The difference is mainly ascribed to the tidal level changes,
resulting in cross-sectional currents moving away from or toward the streamwise mainstream.
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(4) At the maximum ebb and flood tides, the flow velocity of the mainstream reaches its peak,
amounting to 0.8−1.0 m/s and 0.5−0.8 m/s (Figure 11b,e). The former is some 0.2 m/s larger
than the latter, which is due to the addition of the ebb tide to the run-off. For the flood tide,
the run-off and the tide run in the opposite direction, thus offsetting each other. It holds true that
the velocity of the ebb tide is higher than that of the flood tide.

(5) The flow along the outer bank, during the falling period, is much stronger than that along the
inner bank. With the rising tide, the flow pattern shifts and the flow along the inner bank becomes
stronger instead. Along the banks in a bend, the opposing and offsetting flows are also visualised
by Fenies and Faugeres [28].
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In summary, dependent on the rise and fall of the tides, the cross-sectional flow patterns in a
meander differ in both flow direction and magnitude. Relative to the main stream, the major feature is
an outward movement of water with the falling tide and an inward movement with the rising tide.

6.2. Bed Shear Stress Distribution

For the flood and ebb tides, the bed shear stress (
→
τb) is useful to judge flow regime and to interpret

the resulting patterns of deposition and erosion. For 3D flows,
→
τb is expressed in terms of a quadratic

function of the
→
ub and a drag coefficient [22,29].

→
τb =

ρ0g
→
ub

∣∣∣→ub

∣∣∣
C3D2 (12)

where
→
ub (m/s) = horizontal velocity in the first layer above the river bed and C3D = a 3D-Chézy

coefficient. For a relatively wide and shallow river, C3D = 6
√

H/n.
Determination of

→
τb is influenced by such factors as river curvature, cross-sectional asymmetry

and sediment composition, etc. Due to flow perturbations, it is not straightforward to directly measure
it in the field. Numerical modeling is employed for its analysis of the meandering stream. For the wet
season (June 2015), Figure 12 displays

→
τb distributions at four instants, i.e., (a) high water, (b) maximum

ebb tide, (c) low water and (d) maximum flood tide.
→
τb varies with discharge, bend curvature,

cross-sectional asymmetry, etc., demonstrating the following features.
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(1)
→
τb is proportional to

→
ub

∣∣∣→ub

∣∣∣ and is also a function of H. In the meander reach, the
∣∣∣→ub

∣∣∣ and H values
are between 0.2–0.6 m/s and 6.0–14.0 m (exclusive of the scour hole at WL5). At the low and
the high water, a similar

→
τb distribution is exhibited (Figure 12a,c), with minor local discrepancy.

→
τb reflects the velocity gradient, governed by the run-off and tides. At the maximum ebb and
flood tides, the peak

→
τb values are shown in Figure 12b,d.

(2) Due to erosion, a deep hole exists at bend apex WL5. Its
→
τb distribution features low values.

This is ascribed to the large water depth. Shoaling areas along the inner banks show always low
→
τb values.

(3) The spatial distribution is also affected by the curvature. A salient feature is, following the main

stream, a band of high
→
τb values. In the flow direction, it shifts from the outer bank in one bend to

the outer bank in the subsequent bend. This is true for both flood and ebb tides. The occurrence
of the band is similar to the situation with a non-tidal meander reach [30,31].

6.3. Sediment Carrying Capacity

The sediment carrying capacity (Sc, kg/m3) reflects, as an index, the amount of entrained sediment
transported by the flow if erosion and deposition are in equilibrium. In comparison with the actual
S in the water, predictions are made of morphological changes. If S > Sc, the flow is over-saturated
with sediment and deposition occurs. If S < Sc, it is under-saturated, and erosion takes place. Sc

is shown to have a linear relationship with F2 (Froude number F = V2/(gH)) [17,32,33], with the
following expression

Sc = S0 + f
(

F2
)
= S0 + kF2 (13)

where k = coefficient and S0 = background sediment concentration, i.e., the amount of sediment left
from the previous tide. The multivariate linear regression analysis and the least square method are
used for their estimations. At each time interval, a cross-section has 3 × 6 = 18 measured values.
For the 30-h measurement period, 30 sets of the data are analysed. For the flood and ebb tides of the
wet season in June 2015, Figure 13 shows the obtained S–F2 relationship.
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The Sc expression for the meander reach is written as

Flood tide, Sc = 103.86F2 + 1.09 (14)

Ebb tide, Sc = 58.67F2 + 0.92 (15)

The k value for the flood tides is almost twice as high as for the ebb tides. It is, therefore, reasonable to
separately determine Sc—the former carries more sediment than the latter. Chen et al. [17,32] examined
Sc during wet and dry seasons, which also show significantly different Sc values.
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In a meander subjected to the interaction of run-off and tides, Sc depends on a few factors and
shows its complexity in both time and space. In consideration of the nature of the issue, it is not
straightforward to find a unified Sc formula with accuracy. Though there are other forms of expressions,
the commonly accepted expression is based on F, implying that Sc is mainly dependent on turbulence
intensity [33,34].

6.4. Erosion-Deposition Patterns

Predictions are made to look at the potential sediment patterns in the meander. The tidal currents,
especially the spring tide in a wet season, dominate the sediment transport. During the 2nd half
of June 2015, the 30-h spring tide is chosen for the purpose, corresponding to a critical scenario of
interest. Compared with river flow conditions, morphological changes are a slower process. When only
simulating a 30-hr period, changes in the bed level are hardly noticeable. A morphological scaling
factor is thus used to amplify the bed-form change, a method of common practice [21,35,36]. It is set to
24, leading to a one-month prediction. A longer time series of measured sediment data is not available.

The start condition corresponds to the measured bathymetry at 10:00 on 17 June 2015. Figure 14a−c
illustrates the bed-form evolution from T = 0, 15 to 30 days. As time elapses, the results show that,
except for the slight erosion in the vicinity of WL4, gradual deposition features the meander reach.
The trend is in qualitative agreement with the observation made by Chen et al. [17,32], in which the
influence of the wading structures, including bridges and wharfs, was also included. Figure 14d−f
illustrates, as a function of time, the cross-sectional bed profiles at WL4, FS4 and WL5.

For a given cross-section, its inner bank is exposed to heavier deposition than the outer bank.
The mainstream tends to switch more to the outer bank, aggravating the curvature of the bend.
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During a tidal circle, sediment transport into and out of the reach is not in balance, leading to
sediment storage along the reach. As shown in the field measurements, the flood tide carries more
sediment and results in deposition. For an ebb tide, its low bed shear stress can only re-suspend a
limited amount of the deposited sediment from the flood tides, only slight erosion occurs. The flood
tide plays a dominant role. An oblong scour hole exists at WL5. At maximum, its hole depth is initially
14.0 m and becomes 13.05 m at T = 30 days. The hole shrinks both up- and downstream as time elapses.
Both the flood and ebb tides contribute to shaping the scour hole.

Sediment deposition occurs easily around the flow reversal, i.e., the shift between flood and
ebb tides, which is dependent on the duration of slack waters. As shown earlier (Figure 11c,e),
the cross-sectional flow momentum during the slacks decreases to a minimum. The offsetting effect
between the flood tide and run-off results in a long slack duration around the high water. As a result,
more suspended sediment settles at the reversals.

To sum up, the flow regime and imbalance of sediment transport are the main drivers of the
meander reach evolution. Though there is no complete bathymetry data available to calibrate the
morphological change for the reach, the simulation suggests that the bed-level changes are closely
related to the interactions between the run-off and tides. The latter plays a dominating role and
governs the sedimentation.

7. Conclusions

If river run-off and strong tides co-exist in a meander reach, its flow and morphological changes
are governed by several factors and exhibit both spatial and periodical changes. Field and numerical
studies are made to examine such a tidal meander reach.

Field measurements show that approximately 95% of the river sediment is suspended load, most of
which is transported upstream into the reach by the flood tides, especially during the spring-tide
period. Tidal currents stir sediment and modify its concentration, which leads to the fact that the flow
velocity and sediment concentration are out of phase with one another. The asymmetry in cross-section
and bi-directional flow affect the re-distribution of suspended load, leading to a higher concentration in
the inner banks than in the outer banks. Additionally, the near-bottom values are usually 2−5 times the
surface ones. Based on the extensive filed data, a formula of sediment carrying capacity is formulated
as a function of the Froude number, with which deposition and erosion patterns can be judged.

Based on the Delft3D software, a 3D model of suspended sediment transport is setup to simulate
the alluvial behavior of the reach. The flow exhibits significant vertical stratifications; the velocity
distribution differs from the logarithmic profile valid for a non-tidal straight river reach. During
the tidal rise and fall, the cross-sectional flow moves in the opposite direction. At the water slacks,
the momentum decreases to a minimum. Sediment settles mainly during the flow reversal and the
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durations of slack water affects the deposited amount. The spatial distribution of the bed shear stress
follows the pattern of velocity gradient and is also affected by the meander asymmetry.

With a morphological scale factor, the bed-form change of the meander reach is predicted.
The results show that, during a tidal circle, the suspended load transport in and out of the reach
is not in balance and gives rise to gradual siltation, which is mainly owing to the flood tides that carry
most of the load. The offsetting effect between the flood tide and run-off results in a long slack duration
around the high water, facilitating the sediment deposition when the current reverses between the
flood and ebb tides.

The tides interact with the fresh-water run-off and lead to varied sediment patterns in space
and time, generating a different morphological regime from a non-tidal meander reach. The study,
especially the collected field data, contributes to the understanding of the fluvial behaviors and is of
reference to other investigations of similar tidal meander rivers.
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Abstract  
 

In a fluvial river, coastal tides often carry suspended load that dominates the sediment transport. The 

sediment carrying capacity (SCC) is the amount of suspended load transported by the flow, reflecting 

the erosion and deposition equilibrium in the water body. Based on the perturbation theory the study 

modifies a method to determine the SCC and apply it to a natural river where tidal currents are 

predominant. In terms of flow velocity, water depth, particle settling velocity, median grain size and 

tidal range, an approach is established by means of dimensional analysis and multivariate linear 

regression. Field data are collected to determine and validate the coefficients of the SCC formula. 

Compared to previous studies with fewer parameters for the correlation analysis, the procedure is an 

improvement and can be used to estimate the SCC in similar situations. 

 

Keywords: Sediment carrying capacity; Tidal river; Perturbation theory; Suspended load; Field 

measurements. 

 

 

1 Introduction  
The sediment carrying capacity (SCC) is an index characterizing the interplay between the flow 

and sediment transport in a river. It is often used for predictions of the river bedform evolution. 

During the past decades, many studies have been dedicated to the SCC estimations, leading to 

numerous theoretical and empirical formulas that contribute to the understanding of the issue (Zhang 

1961; Engelund and Hansen 1967). For suspended load, most of the formulas involve four factors i.e., 

average flow velocity, average water depth, median grain size and particle settling velocity (Milhous 

2005; Yang et al. 2007). Affected by river bathymetry, flow and sediment features, the formulas 

differ in the way of combination of these contributing factors, which is natural. During recent years, 

the SCC approach has been extended to the research of estuaries and coastal areas. In a tidal 

environment, it is not straightforward to make estimations due to the flow complexity, involving the 

river run-off and tidal currents at different spatial and temporal scales. Hence, the effect of tides 

including the periodic feature should also be included in the SCC predictions. 

The perturbation theory refers to a mathematical tool used to obtain an approximate solution to a 

complex system. It starts with a simplified form of the original problem, simple enough to be solved 

analytically. A feature of the approach is, by means of dimensionless analysis, to break down the 

problem into several perturbation parts. The theory is widely used in fluid mechanics and other 

physical disciplines. 

Based on the perturbation theory, the study considers seven major factors and derives a modified 

SCC formula. Its coefficients are obtained through multivariate linear regression analysis. Field data 

from a wet and dry season of a typical tidal river are collected to establish and verify the formula. 

The procedure provides reference for determination of suspended sediment transport in similar 

situations. 
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2 Methodology description 

For suspended load transport in a tidal river, the SCC, denoted by Sc, is affected by several factors. 

 

                                            ̃  
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-     is considered as a constant. If the river is wide and the water is shallow, the h/B ratio 

becomes small and is therefore neglected. The Reynolds effect, R =      is also excluded for flows 

in a natural river. Eq. (2) thus becomes 
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(3) 

 

In light of the perturbation theory, the contrast relations between flow turbulence intensity 

(U
2
/(gh)), relative roughness (D50/h), gravity action (U/   and tidal effect   h/ ̃) are written as 
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where S1, S2 and S3 = constants and k1, k2 and k3 = infinitesimal perturbation variables. The second- 

and higher-order terms are neglected. Introducing the above expressions into Equation (3) leads to: 
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(7) 

 

Replacing S1 + S2 + S3 with k4, Equation (7) becomes  
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(8) 

 

The coefficients are determined using the least-square method (Ni et al. 2014). The objective 

function reads 
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(9) 

where n is the total number of data sets included in the analysis, and subscript i refers to the 

corresponding parameters of the i
th

 data set.  

The following conditions are satisfied if the objective function reaches the minimum: 

  

   
    ⇒   ∑

  
     

   
 
   
  
     

   
 

     
  
 

     
     

  
    

    ̃ 
           

 

   

     
 

(10) 

 

  

   
    ⇒   ∑

  
 

     
   
  
     

   
 

     
  
 

     
     

  
    

    ̃ 
           

 

   

     
 

(11) 

 

  

   
    ⇒   ∑

  
    

  
 
 ̃ 
   
  
     

   
 

     
  
 

     
     

  
    

    ̃ 
           

 

   

     
 

(12) 

 

  

   
    ⇒   ∑    

  
     

   
 

     
  
 

     
     

  
    

    ̃ 
           

 

   

     
 

(13) 

 

A multivariate linear regression analysis is usually made to estimate k1, k2, k3 and k4. 

 

3 Study area with data collection 
The study area is in Southeast China. The water system includes a confluence called Sanjiangkou. 

Upstream of it, the two merging rivers are Fenghua and Yao; downstream it is the Yong River 

flowing into the Pacific Ocean (Figure 1). The Yong river length is ~26 km from the confluence to 

the river mouth. The area is significantly affected by the interplay between the river run-off (fresh 

water flow) and tidal currents, experiencing semi-diurnal tides (two nearly equal high and low tides 

each day) and belonging to the category of incomplete standing waves. The bed load in the area is 

negligibly small in quantity and the suspended load dominates, which is a common feature of many 

fluvial rivers.   

 

 
Figure 1. Hydrological stations of water levels (WL) and flow & sediment (FS) of the water system, 

with a cross-sectional sketch of measurement points. 
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Fenghua is 9 ‒ 8  m in width and its average bed slope is  .8 %. The annual averaged runoff is 

53.6 m
3
/s; the annual sediment discharge is 4.35×10

4
 ton  Chen et al.      . Yao is  8 ‒    m wide. 

Its daily runoff, as well as the sediment transport, is controlled by the sluice gates located 3.3 km 

upstream of the confluence. The annual sediment inflow to the study area is comparatively small. 

Yong runs roughly in the West-East direction  with a    ‒    m normal width. Its average river-bed 

slope is 0.117%; the annual mean runoff is ~92 m
3
/s (Chen et al. 2013). 

In the wet seasons, the peak discharge of the run-off and tides occurs normally during the 2
nd

 half 

of June, amounting to ~1800 m
3
/s. In the dry seasons, the peak occurs during the 1

st
 half of January, 

equal to ~1100 m
3
/s (Wang et al. 2015). The field stations for water levels (WL) and flow & 

sediment (FS) are also marked in Figure 1. At the river mouth, e.g., at WL6, the annual mean tidal 

range is 1.91 m; the flood and ebb durations are approximately the same, ~6 hrs. From the river 

mouth, the tidal asymmetry aggregates up the river. In the confluence, the ebb duration is 40 min 

longer than the flood duration. At WL7, the duration difference becomes 60 min. On Yao, the sluice 

gates stop the tidal currents to propagate further upstream. As for the location of the upstream limit 

of current reversals along Fenghua, the tides affect a reach of approximately 15 km upstream of 

WL7/FS7. The sediment in the area is mainly from the coastal area and is carried by the tides. 

To record the tidal hydrological data, field surveys were carried out for the study area during the 

period June 2015 and January 2016. The data include water stage, flow velocity, flow discharge, 

sediment concentration and grain-size distribution, etc. The water levels were monitored at seven 

cross-sections  WL ‒WL7   five of which were along Yong. To measure flow velocity and 

suspended sediment, seven cross-sections  FS ‒FS7  were selected  Figure   . FS  and FS6 are a 

few meters apart from each other and are treated as the same section. At each cross-section, three 

plumb lines were arranged. Along each line, the sampling was made at six depths from the water 

surface, i.e., h = 0, 0.2H0, 0.4H0, 0.6H0, 0.8H0 and 1.0H0, where H0 (m) is the water depth along each 

line. All the data were recorded at one-hour intervals. 

For each station, either WL or FS, the time-series of data were analyzed. For each measurement 

interval, the time-averaged value was first obtained for each plumb line. The cross-sectionally 

averaged value was then achieved by the weighted average method. 

 

4 Results 

The measured data cover one wet season (the 2
nd

 half of June 2015) and one dry season (the 1
st
 

half of January 2016). Due to difficulties in sediment measurements, data for only two typical tidal 

periods are available for each season, i.e. the spring tide (ST) and neap tide (NT). They are selected 

for the analysis. 

Figure 2 shows the wet-season time-series of water levels Z (m) at the river mouth (WL6) and two 

upstream locations (WL1 & WL7). The ST occurs between 10:00 June 17 and 16:00 June 18, 

totaling 30 hrs. The NT occurs during a 31-hour period between 15:00 June 24 and 22:00 June 25 the 

in the same month. Based on the field data of the wet season, the coefficients of the formula are 

obtained. The data of the dry season are used for its verification. 

 

 
Figure 2. Time-series of Z at WL6, WL1 and WL7 in the wet season 2015 
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To investigate the spatial-periodical changes of the governing factors that affect the SCC, Table 1 

summarizes the parameter ranges at FS ‒FS7 during the ST and NT from the wet season. The 

following features are observed. S denotes the averaged sediment concentration in a cross-section. 

 

Table 1. Parameter ranges during the ST and NT in the wet season (the 2
nd

 half of June 2015) 

Station Tide U (m/s) h (m) D50 (mm)   (mm/s) Δh (m)  ̃ (m) S (kg/m
3
) 

FS1 
ST 0.04‒0.47 1.50‒4.40 0.003‒0.007 0.35‒0.49 -0.60‒0.63 1.66‒2.63 0.14‒0.62 

NT 0.02‒0.21 1.90‒3.40 0.005‒0.011 0.31‒0.44 -0.30‒0.30 0.93‒1.48 0.03‒0.10 

FS2 
ST 0.08‒0.90 6.57‒9.47 0.006‒0.008 0.47‒0.52 -0.60‒0.90 1.46‒2.90 0.28‒1.23 

NT 0.11‒0.69 6.97‒8.47 0.005‒0.009 0.41‒0.49 -0.30‒0.30 0.93‒1.50 0.03‒0.18 

FS3 
ST 0.07‒1.01 6.20‒9.00 0.006‒0.009 1.55‒1.66 -0.60‒0.70 1.68‒2.97 0.28‒3.15 

NT 0.13‒0.72 6.50‒7.90 0.005‒0.012 0.36‒0.56 -0.37‒0.30 0.93‒1.47 0.12‒0.32 

FS4 
ST 0.23‒1.25 5.07‒8.57 0.007‒0.009 0.72‒3.43 -0.70‒0.90 1.98‒3.51 0.59‒4.48 

NT 0.15‒0.98 5.97‒7.37 0.004‒0.009 0.54‒2.46 -0.43‒0.40 1.06‒1.59 0.11‒0.64 

FS5 

(FS6) 

ST 0.33‒1.30 6.67‒10.17 0.007‒0.009 1.32‒2.02 -0.60‒0.87 1.93‒3.53 0.64‒2.95 

NT 0.15‒0.97 7.57‒8.97 0.005‒0.008 0.53‒0.77 -0.80‒0.77 1.02‒1.56 0.11‒0.96 

FS7 
ST 0.05‒1.01 5.83‒8.53 0.008‒0.010 0.45‒0.51 -0.50‒0.80 1.48‒2.70 0.37‒1.54 

NT 0.10‒0.84 6.33‒7.77 0.006‒0.013 0.41‒0.48 -0.30‒0.30 0.81‒1.46 0.07‒0.26 

 

(1) During the ST, the range of U is 0.04-1.30 m/s; during the NT, it is 0.02-0.98 m/s. The h andΔ
h ranges during the ST are both larger than those during the NT. The  ̃ range for the former is 

almost twice the value for the latter. This implies that the ST is comparatively strong.  

(2) The D50 values vary between 0.003‒0.010 mm during the ST; it is between 0.004‒0.013 mm for 

the NT. The D50 values of the latter are slightly larger.  

(3) S exhibits an increase from FS5 (FS6) to FS4; it then decreases up the river. The maximum S 

value on Yong occurs at FS4. For a given location, the ST shows higher S values than the NT. 

This indicates that the former governs the transport of the suspended sediment from the coastal 

area. 

(4) At FS4 and FS5 (FS6),   is larger than at the other stations. It implies that the flocculation effect 

of the suspended load is more intense at the estuary, which accelerates  . During the ST,   is 

larger than during the NT. This also illustrates that ST not only dominates the sediment transport 

but also increases the sediment collision and flocculation.  

With the 30 + 31 = 61 temporal data sets at each cross-section, multivariate linear regression 

analysis is made in combination the least square method. Each set is cross-sectionally averaged. The 

resulting coefficients are: k1 = 0.026, k2 = 0.019, k3 = 0.013 and k4 = 1.025 

Then the SCC formula takes the form 
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which is rewritten as 
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where F = U/(gh)
0.5

, the Froude number. Obviously, it considers flow turbulence, sediment property 

and tidal effects. In a tidal environment, the tides stir the sediment in water and modify its peak 

duration and transport. Field measurements show that the flow velocity and sediment concentration 

within a tidal period are always out of phase with each other (Xie et al. 2018, 2019). The peak-tide 

method (Sun, 2017) and the half-tide method (Pan et al. 2013) don’t include the lag effect between 

the sediment and flow. The proposed whole-tide method overcomes this and is therefore preferable.  

The reliability of the derived formula is verified with the aid of the 30 + 32 = 62 sets of the hourly 

measured data from the dry season. Figure 3 presents the corresponding Z values. The ST occurs 



14
th

 International Symposium on River Sedimentation, September 16-19, 2019, Chengdu, China 

 

between 16:00 January 9 and 22:00 January 10 (30 hrs) and the NT between 9:00 January 3 and 

17:00 January 4 (32 hrs).  

 

 

Figure 3. Time-series of Z at WL6, WL1 and WL7 in the dry season 2016 

 

Table 2 shows the parameter ranges during the ST and NT in the dry season. Compared to the wet 

season, the spatial-periodical features of the flow and sediment are similar. However, U,   and S are 

smaller in magnitude, implying that both the run-off and the tides are weaker.  

 

Table 2. Parameter ranges during the ST and NT in the dry season (the 1
st
 half of January 2016) 

Station Tide U (m/s) h (m) D50 (mm)   (mm/s) Δh (m)  ̃ (m) S (kg/m
3
) 

FS1 
ST 0.02‒0.43 1.60‒4.70 0.003‒0.006 0.33‒0.45 -0.43‒0.63 1.41‒2.18 0.07‒0.30 

NT 0.02‒0.19 1.87‒3.53 0.004‒0.009 0.27‒0.42 -0.35‒0.37 0.87‒1.30 0.03‒0.08 

FS2 
ST 0.05‒0.83 6.57‒9.43 0.005‒0.008 0.27‒0.71 -0.50‒0.70 1.69‒2.80 0.10‒0.66 

NT 0.04‒0.69 7.03‒8.53 0.005‒0.007 0.31‒0.65 -0.30‒0.40 0.89‒1.54 0.06‒0.20 

FS3 
ST 0.20‒1.10 3.47‒6.07 0.005‒0.008 1.23‒1.35 -0.60‒0.80 1.73‒2.83 0.22‒1.60 

NT 0.02‒0.82 3.67‒5.27 0.004‒0.005 0.36‒0.54 -0.40‒0.30 0.95‒1.55 0.07‒0.35 

FS4 
ST 0.08‒1.35 5.20‒8.70 0.006‒0.007 1.53‒2.66 -0.40‒0.80 2.03‒3.52 0.59‒2.37 

NT 0.07‒0.79 6.00‒7.70 0.004‒0.006 0.48‒2.14 -0.40‒0.40 0.98‒1.71 0.05‒0.30 

FS5 

(FS6) 

ST 0.08‒1.28 7.37‒10.87 0.006‒0.007 1.02‒1.85 -0.60‒0.80 2.89‒3.52 0.52‒1.33 

NT 0.15‒0.79 8.27‒9.87 0.005‒0.007 0.48‒0.63 -0.40‒0.80 0.97‒1.69 0.04‒0.61 

FS7 
ST 0.09‒0.91 5.53‒8.13 0.007‒0.010 0.38‒0.48 -0.50‒0.70 1.53‒2.66 0.08‒0.59 

NT 0.05‒0.72 5.83‒7.33 0.005‒0.007 0.36‒0.45 -0.30‒0.30 0.81‒1.52 0.07‒0.20 

 

Figure 4 shows the comparison between the prediction and measurements. The horizontal and 

vertical axes refer to the measured (S) and predicted values (Sc), respectively. Suppose that the total 

number data used for the ST or NT analysis is n. Within a deviation band ≤ ±e from the SCC formula, 

the total data number is denoted as ne. Let P (%) = ne/n, representing the percentage of data within 

the interval. At each station in the dry season, the accuracy of prediction is further illustrated in Table 

3, with e = 5% and 10%. Even the overall error is given for each station. This indicates that the 

derived SCC formula reasonably reproduces the data in the tidal river. 
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Figure 4. Comparison of Sc and S during ST and NT in the dry season (the 1
st
 half of January 2016) 

 

Table 3. Accuracy of prediction applied to the tides during the dry season. 

Period Station 
P  %  

Overall error 
e = 5% e     % 

ST 

FS  8  9    .78 

FS  8  88   .   

FS  88 9  8.8  

FS  89 9  8. 6 

FS  FS6  8  9    .   

FS7 8  9    .   

NT 

FS  8  89   .78 

FS  8  87   . 8 

FS  87 9  9. 6 

FS  88 9  9.   

FS  FS6  8  89   .7  

FS7 8  87  6.8  

 

5 Conclusions 

In a river subjected to the interaction of run-off and tidal currents, the carrying capacity of 

suspended load is dependent on a number of factors, exhibiting complex features in both time and 

space. With the field measurements in the background, the study deals with the typical features of 

such a river by means of theoretical analysis.  

Based on the perturbation theory, combined with dimensional analysis, multivariate linear analysis 

and least squares method, an approach to estimate the sediment carrying capacity is presented for a 

tidal river and a capacity formula is established. The procedure includes such factors as flow 

turbulence intensity (U
2
/gh), gravity action (U/𝜔), relative roughness (D50 ℎ   median grain size  D50) 

and tidal effect ( h/ ̃). It is an improvement compared with previous studies considering fewer 

parameters. The derived formula has relatively good prediction accuracy. It is advisable to take into 

consideration the median grain size and tidal effects in determination of the sediment carrying 

capacity. 

 

Acknowledgments 

The first author is funded by a four-year Ph.D. scholarship from the Chinese Scholarship Council 

(CSC) and the Swedish STandUp for Energy project. The field measurement data are from the 

Hydrology and Water Resources Survey Bureau of the Lower Yangtze River. The authors are all 

members of the 111 Project (Discipline Innovation and Research Base on River Network 

Hydrodynamics System and Safety, Grant No. B17015), funded by the Ministry of Education and 

State Administration of Foreign Experts Affairs, China. 

 

References 



14
th

 International Symposium on River Sedimentation, September 16-19, 2019, Chengdu, China 

 

[1] Chen, J., Tang, H.W., Xiao, Y., and Ji, M. (2013). “Hydrodynamic characteristics and sediment 

transport of a tidal river under influence of wading engineering groups”. China Ocean 

Engineering   7 6   8 9‒8  .  

[2] Engelund, F., and Hansen, E. (1967). “Comparison between similarity theory and regime 

formulae”. Basic Research-Progress Report 13, Hydraulic Laboratory, Technical University of 

Denmark. 

[3] Milhous, R.T. “Climate change and changes in the sediment transport capacity in the Colorado 

Plateau, USA”. In the 7
th

 IAHS Scientific Assembly, Sediment budgets 2, April, 2005, Foz do 

Iguacu, Brazil.  

[4] Ni, Z.H., Zeng, Q., and Wu, L.C. (2014). “Determination of the sediment carrying capacity 

based on perturbation theory”. The Scientific World journal, Article ID 240858. 

[5] Sun, J. (2017). “Study on the movement characteristics of fine sediment in the Yong river 

estuary”. Master thesis. Hohai University, Nanjing, China. 

[6] Pan, C.H., Zeng, J., Tang, Z.W., and Shi, Y.B. (2013) “Research on the sediment characteristics 

and riverbed erosion and sedimentation in the Qiantang River estuary”. Hydo-Science and 

Engineering (in Chinese), 1,  ‒7. 

[7] Wang, H., Sha, H., Lu, D., He, L., and Guo, K. (2015). “Hydrological and topographic survey of 

Ningbo Yongjiang sluice gates constructon (2nd phase)”. Technical Report, Hydrology and 

Water Resources Survey Bureau of the Lower Yangtze River, China. 

[8] Xie, Q.C., Yang, J., T. Lundström, S., and Dai, W.H. (2018). “Understanding morphodynamic 

changes of a tidal river confluence through field measurements and numerical modeling”. Water, 

10, 1424.  

[9] Xie, Q.C., Yang, J., and T. Lundström, S. (2019). “Field studies and 3D modelling of 

morphodynamics in a meandering river reach dominated by tides and suspended load”. Fluids, 4, 

4010015. 

[10] Yang, S.Q., Koh, S.C., Kim, I.S., and Song Y. (2007). “Sediment transport capacity: an 

improved Bagnold formula”. International Journal of Sediment Research, 22(1), 27–38.  

[11] Zhang, R.J. (1961). “River Mechanic”. China Industry Press, Beijing, China.  



 

 

 

 

 

Paper 5 
Sediment and morphological changes along Yangtze 
River’s 500 km between Datong and Xuliujing 
before and after Three Gorges Dam commissioning. 
 

 

  



 

  



1

Vol.:(0123456789)

Scientific Reports |        (2021) 11:13662  | https://doi.org/10.1038/s41598-021-93004-2

www.nature.com/scientificreports

Sediment and morphological 
changes along Yangtze 
River’s 500 km 
between Datong and Xuliujing 
before and after Three Gorges Dam 
commissioning
Qiancheng Xie1*, James Yang2,3 & T. Staffan Lundström1

The impoundment of the Three Gorges Dam on the Yangtze River begins in 2003 and a full pool level 
is first attained in 2010. This process leads to reciprocal adjustments in flow discharge, sediment 
transport and morphology downstream of the dam. Based on 26-year recorded hydrologic data 
1990–2015 and surveyed bathymetries 1998, 2010 and 2015, this study elucidates, before and after 
the commissioning of the dam, the alterations along the 500-km reach of the river. Two-dimensional 
numerical simulations are performed to predict future morphological changes by 2025. The analyses 
demonstrate that the impoundment modulates the seasonal flow discharges and traps an appreciable 
amount of sediment, resulting in enhanced erosion potential and coarsening of sediment. On a 
multi-year basis, the maximum discharge varies by a factor of 1.3 and the corresponding suspended 
load concentration and transport rate differ by a factor of 3.0 and 3.8, respectively. Combinations of 
surveyed and simulated bathymetries reveal its morphological responses to the changes. A general 
pattern of erosion is observed along the reach. In its upper 120 km, the process slows down towards 
2025. In the middle 200 km, the erosion shifts, following the gradual impounding, to slight deposition, 
which then shifts back to erosion around September 2018. In the final 180 km, erosion continues 
without any sign of de-escalation, which is presumedly ascribed to tidal actions. The reach has not yet 
achieved a hydro-morphological equilibrium; the riverbed down-cutting is supposed to continue for 
a while. The combination of the field and numerical investigations provides, with the elapse of time, 
insight into the morpho-dynamics in the 500 km river reach.

Over the past decades, many rivers have become increasingly fragmented due to the construction of hydropower 
dams and other wading projects, resulting in major environmental and ecological impacts on the rivers them-
selves and on the adjacent coastal  areas1–3. In particular, river damming alters both the flow and the sediment 
conditions that together modify the conditions in the downstream river course. Consequent to the introduc-
tion of the dam in a river, a new long-term equilibrium in the river takes form with time, which incarnates the 
interplay between the nature and the human beings.

The Yangtze River, with a 1.8 ×  106  km2 catchment area, originates in the Qinghai-Tibet Plateau (~ 5100 m 
above the sea level) and flows eastward into the East China Sea (Fig. 1). Globally, it ranks third in length 
(~ 6300 km), fourth in sediment flux (∼ 470 Mt/year) and fifth in flow discharge (∼ 900  km3/year). In the light of 
the climatical, geological and geomorphological changes, the river is traditionally divided into the upper, mid-
dle and lower reaches, the limits of which are at Yichang and Hukou city, respectively (marked by ① and ② in 
Fig. 1)4,5. The upper reach drains the mountainous areas with deep valleys, whereas the middle and lower reaches 
run through the low-lying plains featuring a wide alluvial water course and many  lakes6.
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The Three Gorges Dam (TGD), located some 45 km upstream of Yichang city, is constructed between 1994 
and 2009. Its maximum structural height is 181.00 m; the crest length is 2335 m. The normal reservoir water 
level is + 175.00 m, at which the water-surface area is 1080  km2 and the active storage capacity is 39.3  km3. The 
dam affects the river reach that stretches some 660 km  upstream5. The total installed turbine capacity amounts 
to 2240 MW. Table 1 summarizes the characteristic parameters of the dam. The main river closure (the first 
stage) is accomplished in November 1997. Along with the construction, the reservoir impoundment begins in 
June 2003 and the first turbine unit starts to generate electricity in July 2003. The water level in the reservoir 
varies then between + 136.00 and + 143.00 m until October 2006 (initial operation phase). Along with the on-
going dam heightening, the water level fluctuates seasonally between + 145.00 and + 156.00 m up to October 
2008 (transitional phase). Afterwards, the reservoir level is maintained at above + 173.00 m for approximately 
2 years (quasi-normal storage). October 2010 marks the start of the normal operation phase with reservoir levels 
around + 175.00  m7.

Considering the long construction period (∼ 16 years), the reservoir operations have undoubtedly affected 
the downstream discharges of both water flow and sediment. The downstream impacts have been disclosed in 
a number of investigations, comprising flood mitigation and  control4,8–11, subaqueous delta  recession12–14 and 

Figure 1.  The Yangtze River basin, with indication of the examined reach from the Datong city to the river 
mouth. Note: the Figure is created using QGIS 3.18 (www. qgis. org) and Adobe Illustrator CC 2018 22.0 (www. 
adobe. com).

Table 1.  Major dam structural and operation parameters.

Item Parameter Value

Dam

Maximal structural height (m) 181.00

Crest elevation (m a.s.l.) + 185.00

Crest length (m) 2335

Impoundment stages (m)

Initial storage (from June 2003) + 135.00

Transitional storage (from Oct. 2006) + 156.00

Quasi-normal storage (from Oct. 2008) + 173.00

Normal storage (from Oct. 2010) + 175.00

Reservoir

Normal pool

Water-level elevation (m) + 175.00

Active storage capacity  (km3) 39.3

Length (km) 663

Water-surface area  (km2) 1084

Dead storage

Water-level elevation (m) + 145.00

Storage capacity  (km3) 17.2

http://www.qgis.org
http://www.adobe.com
http://www.adobe.com
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decline of the riverine wetland and lake  areas15,16. Several of these impacts are caused by the interplay between 
the water flow and the sedimentation.

As one of the largest dams in the world, the impacts of the TGD on the downstream sedimentation have been 
an issue of constant concern after its  completion7,10,12,17–20. Surveys and studies of suspended and bed loads start 
in 1950 and 1960, respectively. Collected at Yichang hydrological station located some 40 km downstream of the 
TGD, the field sediment data between 1960 and 1988 show that the sediment yield shifts noticeably from year 
to year, ranging between 361 and 754 Mt/year. The suspended load averages 523 Mt annually and the bed load 
only 7  Mt21. The dam evens out the inflow, traps most of the bed load and bypasses fine grain sediment inclusive 
of the suspended load. Yang et al.7 analyze the downstream sediment composition, ending up with the same 
conclusion that the bed load is insignificant in amount. Dai et al.18,19 examine the sediment budget to illustrate 
the sediment dynamics in the lower reaches. They conclude that, shortly after the dam commissioning, both the 
concentration and flux of the suspended load decline, on a decadal scale, towards a stable level.

As a result of the dam operations and constructions of river regulation works, the lower reaches have experi-
enced continuous channel  adjustments14,22–25. By a reach-averaged approach, Xia et al.22 scrutinize the dynamic 
adjustments in the bank-full channel geometry of the middle reach after the dam commissioning. Zheng et al.23,25 
examine the changes in bed elevation and width of the lower reaches, demonstrating channel scouring in most 
locations. Their studies are based on field bathymetric data from 1998 and 2013, with focus on the impacts of 
anthropogenic drivers on subaqueous topographical changes. Sediment features and interjacent bathymetry 
changes are however not unveiled during this relatively long period. Previous studies aiming to predict the 
downstream channel equilibrium point to the opposite directions. Lai et al.26 show, for example, that a new long-
term hydro-morphological equilibrium is almost achieved in the lower reaches. In contrast, Yang et al.7,14 reveal 
that, in the coming decades, channel adjustments in form of erosion will continue in response to the sediment 
reduction, implying that further riverbed erosion is expected.

To shed light upon the sediment and morphological changes incident to the TGD operations, a historical 
review is first made by a close look at field records during 1990–2015. This includes a pre-construction period, the 
construction stage with partial commissioning and after the dam completion. The river reach examined covers 
the last 500 km from Shanghai and up the river. The estuary area is excluded in the study due to its complexity 
in nature (it is strongly affected by both tides and coastal sediment transport).

For the period of 26 years considered, field flow discharge and sediment data, monthly during 1990–2002 
and daily during 2003–2015, are acquired, covering the four project phases. This makes it possible to examine 
their temporal relationship, so that comparisons are made before and after the impoundment. The river-channel 
bathymetry is surveyed on three occasions in 1998, 2010 and 2015. With the three sets of bathymetric charts, 
the riverbed deformation is presented in terms of along- and cross-channel changes. More important to know 
is the future channel evolution. Two-dimensional numerical simulations of the 500 km reach are therefore also 
performed to predict the changes in a 10-year perspective. By combining the historical field data and modeling 
results, the study aims to assess the erosion and deposition patterns along the reach, so that the morphological 
trend it brings about is well understood. To foresee the near future sedimentation of the large alluvial river has 
significant implications for the society and the economy.

Study site
The study site covers the 500 km of the lower reaches of the river, starting at Datong city and terminating at the 
Xuliujing town (Changshu city), ~ 60 km upstream of the river mouth in Shanghai. Their locations are labelled 
as A and B in Fig. 1. Datong is situated 1245 km downstream of the dam site. Within the city, the most seaward 
comprehensive hydrological station of the river is located, denoted as Datong station. This station is the only 
source of flow discharge and sediment data for the lower river. Hence, almost all published studies dealing with 
the lower reaches, either local or reach scale, are based on the Datong data. Xuliujing is a gauging station close 
to the river mouth, which delimits the salty water intrusion into the river. Year 2005 marks the beginning of the 
automatic tidal current observations.

The reach is characterized by a typical meandering water course with a number of large bends and multi-
branches with central bars and islands. Figure 2 shows its bathymetry and also the locations of the two hydrologi-
cal stations (A and B). It runs through the alluvial plain, with the river bed material composed of medium-fine 
sand, with a medium size above 0.063  mm25. To prevent flooding and bank erosion, levees and various bank 
revetments are constructed along both sides of the reach. Measured at the normal water level, the average river 
width and depth are ~ 2400 m and ~ 12 m,  respectively23. The reach is navigable by ocean-going vessels and it is 
a major transportation artery, connecting the interior of the land with the coast.

In addition to conveying the flow from its upstream, the river reach also drains ~ 6% of precipitation from the 
1.8 ×  106  km2 river basin area, with an annual mean value of ~ 1200 mm. The region is one of the most densely 
populated and industrialized areas in China, contributing to ~ 24% of the national GDP.

Field investigations
Flow, sediment and bathymetry measurements. At Datong station, the hydrological data of flow 
discharge and sediment cover the 1990–2015 period and are collected from the Yangtze Water Resources Com-
mission. At Xuliujing station, the water stage and discharge data for the 2005–2015 period are acquired from the 
Hydrology and Water Resources Survey Bureau of the Yangtze River Estuary. For the study site, i.e. from Datong 
to Xuliujing, the Yangtze Waterway Bureau maps the river bathymetry on three occasions of concerted opera-
tions in 1998, 2010 and 2015, respectively.

For point measurements of flow velocity and suspended load, the procedure is to first position plumb lines 
along a cross-section (normally 10–30 lines). More lines are placed if the river width is larger. Along each plumb 
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line, measurements of flow velocity and sediment sampling are made at six equidistant positions at hi = 0, 0.2, 
0.4, 0.6, 0.8 and 1.0 of flow depth H0 (i = 1–6) (counted from the water surface). The suspended load is collected 
with point-integrative water samplers. All the data are recorded at one-hour intervals.

Attached to a customized motorboat with GPS positioning, RDI Workhorse Acoustic Doppler Current Pro-
filers (ADCP) are used to measure flow depth and velocity. At a predetermined transect, the boat goes approxi-
mately perpendicular to the direction of the river flow, at a constant cruising speed, ∼ 1.0 m/s. The ADCPs operate 
in the bottom tracking mode and at the 600/1200-kHz frequency. The four beams are at 20° from each other. 
The velocity measuring error is ± 5 cm/s; pressure sensors of the YJD-1 type measure water depths, with ± 1 cm 
accuracy. The relative error of discharge measurements is by estimate below ± 5%. The river bathymetry used in 
the study is surveyed with HY1600 bathymetric profilers, having a vertical mapping error of ± 1 cm (if H0 ≤ 20 m) 
and ± 0.1H0 cm (if H0 > 20 m). In addition to cross-sectional flow area and water-level elevation, the measured 
and derived parameters include flow velocity V (m/s), flow discharge Q  (m3/s), suspended load concentration 
S (kg/m3), sediment transport rate Qs (kg/s) and grain-size distribution, all of which are cross-sectionally aver-
aged variables.

To map the flow and sediment in such a large river, challenges do exist, especially during flood seasons, which 
is ascribed to navigation of the boat to follow the pre-determined transections and maintenance of constant cruis-
ing speed. In combination with the river width, high flow velocity and local vortexes are also factors involved. 
Despite this, measurements are usually repeated 2–4 times to guarantee accuracy. With the elapse of time, the 
measurement equipment and methods are also upgraded continuously; many manual undertakings are replaced 
by automatic procedures at the two stations.

Flow and sediment variations. The TGD modulates both the flow and sediment in the lower reaches, 
which has a bearing on sedimentation and morphology. Both S and Qs are proxies that are closely associated 
with the resulting erosion and deposition pattern in the river. Another measure is the grain-size distribution or 
sediment sorting that can be influenced by the TGD. To understand the morpho-dynamics of the reach, a good 
knowledge of flow and sediment variations is a prerequisite.

Relationship between runoff and sediment flux. Based on the 1990–2015 data series at Datong station, the flow 
and sediment changes are analyzed. The Q, S and Qs data are monthly during 1990–2002 and daily during 2003–
2015. As significant amounts of bed load are trapped in the reservoir, relatively clear water is released to the 
downstream river. On an annual basis, Fig. 3 compares the annual correlation between T  (m3) and Ts (t) before 
and after the beginning of the reservoir impoundment in June 2003, in which T = annual runoff and Ts = annual 
sediment flux ( ̄T and Ts  refer to their multi-year averages).

The results show that the changes in T are not significant except for the wet year 1998 and the dry year 
2011. However, a decline is seen after the June 2003 impoundment. For the period 1990–2003, T̄ amounts to 
9.50 ×  1012  m3; for 2003–2015, it reduces to 8.45 ×  1012  m3, a drop by ∼ 11%. Ts  corresponds to 3.30 ×  108 and 
1.36 ×  108 t, respectively. Obviously, the latter is only ∼ 40% of the former. This implies that, following the suc-
cessive impoundment, Ts exhibits a drastic declining trend.

As the last hydrological station, Xuliujing monitors water stages and other flow parameters, but not the sedi-
ment, of the river. Sediment measurements are only carried out in some isolated research projects. Yang et al.27 
compare, between Datong and Xuliujing, the S changes for the 1998–2002 and 2003–2009 periods, which shows 
good similarity in sediment flux fluctuations with time. In other words, at Xuliujing, its change in sediment 

Figure 2.  Bathymetry of the examined reach between two hydrological stations (based on field data in 2010).
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budget behaves in a synchronized manner with that at Datong, both demonstrating significant lower levels after 
June 2003.

Let Q̄  (m3/s), S̄ (kg/m3) and Qs  (kg/s) denote multi-year averaged values of Q  (m3/s), S (kg/m3) and Qs (kg/s). 
To look into the monthly variations in flow and sediment, Table 2 presents the averaged results of the same month 
during the whole examined period (1990–2015). During the years, Q̄ and S̄ amount to 28,331  m3/s and 0.274 kg/
m3, respectively; Qs  is equal to 9669 kg/s. Obviously, the monthly distribution of each variable is uneven over the 
period. To exemplify, the fraction flow rate from June to September is ∼ 51% and merely ∼ 18% from December 
to March. The corresponding value of sediment flux is ∼ 71% and ∼ 5.6%, respectively. Also, note that Qs  has its 
maximum in July with 28,495 kg/s and its minimum in January with only 1097 kg/s, i.e. the ratio of maximum 
to minimum is > 26.

To further categorize the temporal variations, the 1990–2015 period is broken up into four phases:
phase I: January 1990–December 1994, pre-construction period;
phase II: January 1995–May 2003, construction stage and before reservoir impoundment;
phase III: June 2003–September 2010, start of progressive impoundment and continued construction to 

August 2009;
phase IV: October 2010–December 2015, full pool operation. The reservoir attains, for the first time, its full 

pool level in October 2010.
Figure 4 presents, for each of the four phases, the monthly variations in Q̄ , S̄ and Qs  . Apparently for phases I 

and II, each parameter has an uneven monthly distribution and its peak occurs mostly during the July and August 
months, corresponding usually to the flood season of a year. Qs  follows, by and large, the change in Q̄ and is 

Figure 3.  Correlation between annual runoff and annual sediment flux at Datong station during 1990–2015.

Table 2.  Multi-year averages of flow and sediment of the same month during 1990–2015 at Datong station.

Month Q̄(m3/s) S̄(kg/m3) Qs(kg/s)

Jan 13,060 0.084 1097

Feb 13,781 0.081 1116

March 18,790 0.129 2424

Apr 24,245 0.156 3782

May 31,940 0.208 6644

June 40,731 0.318 12,952

July 50,975 0.559 28,495

Aug 44,217 0.523 23,125

Sept 38,156 0.488 18,620

Oct 28,281 0.407 11,510

Nov 20,635 0.216 4457

Dec 15,164 0.119 1805

Average 28,331 0.274 9669
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Figure 4.  Monthly variations in Q̄ , S̄ and Qs for each of the four phases (1990–2015) at Datong station. (a) Q̄ ; 
(b) S̄ and (c) Qs.
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slightly modified by S̄ . The reservoir impoundment (phases III and IV) damps the flood along the lower reaches 
and leads to a lower Q̄ , especially after the summer flood season. The peaks of S̄ and Qs  also drop dramatically 
and become smeared out. In phase III, following the Q̄ variations, S̄ and Qs  have their peaks during August and 
September. Xu et al.28 analyze, during 2003‒2006, the monthly variations in Qs  , demonstrating that most of the 
sediment is trapped primarily during the high flood months. The timing of the Qs peak shifts from July to August 
or September. In phase IV of the normal operation, the changes in Q̄ , S̄ and Qs  are similar to those in phase I or 
II, with peaks in July. It is apparent that the dam plays an effective role in the sediment interception. From phase 
I to IV, Q̄ varies by a factor of 1.3, while S̄ and Qs  differ by a factor of 3.0 and 3.8, respectively.

Table 3 summarizes the phase-averaged Q̄ , S̄ and Ts  values for the four phases. During the phases, Q̄ exhib-
its some fluctuations in magnitude. A study of the river flow discharge records ranging from 1950’s to 1990’s 
reveals that the differences among the years are natural variations. The reservoir impoundment plays certainly 
a significant role in flood regulations. Figure 5 shows that the decrease in S̄ is, on the whole, sustained over the 
years. As appears, both S̄ and Ts  decline dramatically on a yearly or multi-year basis, especially in phases II and 
III, which is suggestive of the pronounced impacts of the dam on suspended load interception. The role of the 
flow discharge variations seems to be secondary.

Sediment sorting. The impoundment of the dam traps the coarse material from its upstream and the fine-
grained sediment is released from the reservoir to its  downstream19. The latter is mainly in the form of sus-
pended and wash loads, which do not easily deposit in the river  course29. The suspended sediment sorting or 
grain-size distribution is also an indicator of changes before and after the commissioning.

Figure 6 compares, at Datong station, the changes in particle diameter D (mm), expressed in terms of maxi-
mum size Dmax (mm), mean size D̄ (mm) and medium size D50 (mm). The diagram is based on the collected 
monthly data during the 2000‒2015 period, covering phases III and IV and even part of phase II. Before year 
2000, the grain-size data is fragmental and therefore excluded. According to the Yangtze sediment bulletin, 
the sediment sorting analysis changes, as of 2010, from the traditional pipette and sieving method to the laser 
method. The difference between them is small for the analysis of sand fractions; the latter is a more accurate 
technique, especially for the sorting of fine-grained  sediment30–32.

The results show that the variations in neither D50 nor D̄ are significant. However, both sizes exhibit a weakly 
increasing trend. It is noted that Dmax = ∼ 0.50 mm during 2000–2003 in phase II (before the impoundment); 
Dmax = ∼ 0.60 mm in phase III; and Dmax = ∼ 0.80 mm in phase IV. The changes, especially in Dmax, demonstrates, 
over the years, an elevated level of particle sizes; the suspended load becomes obviously coarsened, albeit mar-
ginally. As aforementioned, after the commissioning, both S and Qs decline appreciably and become lower than 
the natural sediment carrying capacity of the flow. As a result, the flow and the riverbed of the sandy material 

Table 3.  Phase-averaged flow and sediment in each of the four phases (1990–2015) at Datong station.

Phase Q̄  (m3/s) S̄ (kg/m3) Ts   (108 t)

I 28,657 0.302 2.729

II 30,654 0.249 2.407

III 26,115 0.144 1.186

IV 26,928 0.119 1.011

Figure 5.  Yearly variations in S̄ during the four phases (1990–2015) at Datong station.
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are in competition. The bed scouring leads thus to progressive entrainment of particles into the flow and the 
sediment sorting changes.

To reveal annual variations of particle gradation, Fig. 7 shows the cumulative curves for seven representative 
years before and after year 2003 that marks the beginning of the impoundment (1997, 2000 and 2003 in phase 
II, 2006 and 2009 in phase III and 2012 and 2015 in phase IV). D is, irrespective of the phases, in a range of 
0.001–0.90 mm. In phase II, the D ≤ 0.01 mm sediment accounts for ~ 60% of the total fraction, while in phases III 
and IV it corresponds to 50% and 40%, respectively. The results are in agreement with the data presented in Fig. 6 
and imply that the suspended load undergoes a coarsening process, which is indicative of the bed erosion. Yang 
et al.7 reveal that the riverbed sediment coarsens appreciably in the first several 100 km downstream of the TGD.

Other aspects of flow and sediment. The dam affects the river flow in three ways, i.e. base water storage, seasonal 
regulation and evaporation. The dam operation modulates the seasonal flow variations by damping the flood in 
wet seasons and compensating the discharge in dry seasons. Seasonal flow regulations have only an effect on 
short-term flow discharges rather than on the annual  runoff8,10,11. The evaporation is also an issue of concern 
for water balance downstream, especially on a long-term basis. With the progressive impoundment in phase III, 
the storage volume and the water-surface area increase. When the reservoir reaches its normal stage, + 175.00 m 
(phase IV), the active storage capacity is 39.3 ×  109   m3 and the corresponding surface area is 1.084 ×  109   m2 
(Table  1). The reservoir evaporation amounts to an annual average of 0.3 ×  109   m3, 0.76% of the active stor-

Figure 6.  Variations in D before and after the start of the impoundment at Datong station (2000–2015).

Figure 7.  Representative cumulative gradation curves before and after the start of the reservoir impoundment.
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age volume. Over the first decade of impoundment (2003–2012), the combination of the impoundment and 
evaporation gives rise to a reduction in the downstream flow by ~ 42.0 ×  109  m310. Measured at Datong station, 
the annual decline in the inflow to the study side is ~ 3.82% of the annual runoff ( Tw  ) during phase IV, which is 
compared to ~ 3.40% during phase I.

Owing to the development of several dams and extensive soil conservation measures in the upper river 
basin, the annual sediment flux into the TGD reservoir has declined in a noticeable manner. The dam also plays 
a significant role in reduction of sediment in its downstream  reaches7,23,33. In phases III and IV, the dam traps, 
on an average, 182 Mt sediment annually, accounting for 80% of the total budget into the reservoir. Estimated at 
Datong station, this leads to a decline in sediment flux by 65% or 113 Mt per year. Notwithstanding this, some 
differences exist between wet and dry years. In a wet year as 2010, the figure is ~ 95%, while in dry years as 2006 
and 2011, the decline in sediment flux is only 30%10,20. All the changes have consequently a bearing on the sedi-
ment transport and morphology of the reach concerned.

Morphological changes after commissioning. Along with the impoundment, the variations in the 
flow and sediment also lead to morphological changes along the reach. With measured bathymetries in Octo-
ber 1998, October 2010 and September 2015 as a base, the morpho-dynamic responses are compared and the 
changes are revealed before and after the commissioning. The 1998 bathymetry is 5 years before the impound-
ment, the 2010 one is at the end of the progressive impoundment, and the 2015 one is after 5 years of normal 
operation. Sedimentation patterns are now evaluated in terms of both cross-sectional and longitudinal profiles.

Cross‑channel changes. The past decades see cross-channel changes as a result of engineering works (i.e., ripar-
ian protection, levees and various bank revetments). Previous studies show that the modifications also give rise 
to adjustments in the bed  morphology22,34. Let B (m) denote, at a given location, the channel width measured at 
the mean sea level (0.0 m m.s.l.). The results are presented in Fig. 8.

The field data show that the 500 km river reach narrows, on an average, by 0.375 km during the period. The 
shrinkage corresponds to 9.5% from 1998 to 2015, which is, in general, attributable to such factors as channel bar 
growth, reclamation of shoreline, and construction of dikes and  revetments23. Except for in some sections, the 
adjustments in width are minor along the upper 420 km. The engineering measures limit the width development 
in many places. Local widening is mainly due to natural bank erosion processes. Studies made by Xia et al.22 and 
Zhang et al.24 demonstrate that the river course upstream of Datong also exhibits insignificant development in 
width. The major change in B occurs in the final 80 km section close to the river mouth, along which the average 
width changes from 7.462 km in 1998, to 6.544 km in 2010 and to 6.035 km in 2015. This means that the river 
width is reduced by 1.427 km from 1998 to 2015. Even along this section, the changes are not uniform; some 
locations are eroded more than others. As compared to the remaining 420 km, the more noticeable reduction is 
mainly due to enhanced down-cutting, which also augments the flow velocity and reduces flow passage area. That 
narrowed channels lead to erosional deepening is also observed in many alluvial rivers throughout the  world35,36.

Longitudinal bed changes. Based on the measured bathymetries, the changes in river bed elevation along the 
reach are assessed. The channel or flow passage volume is a proxy for the changes. To illustrate this, the reach 
is divided into three segments, delimitated by CS1 and CS2 (Fig. 2). The former is at Wuhu city, 120 km down-
stream of Datong; the latter is at Zhenjiang city, 180 km upstream of Xuliujing. From 1998 to 2015, the channel 
volume of each segment is tabulated for comparison (Table  4), corresponding to the space below the mean 
sea level and above the river bed. With the elapse of time, a larger channel volume of the resulting bathym-
etry denotes erosional down-cutting, while a smaller one connotes sediment deposition. The volume changes 

Figure 8.  Cross-channel changes along the reach based on the surveys in 1998, 2010 and 2015.
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also exhibit an erosion–deposition–erosion pattern. Notice that erosion also takes place upstream of Datong 
 station22,37.

To further quantify the bed changes, longitudinal profiles from the three bathymetries are plotted in Fig. 9, in 
which Zb (m m.s.l.) denotes the averaged bed elevation, equal to the ratio of channel volume to B × L, and L (km) 
is the streamwise distance along the river centerline (L = 0 at Datong). Along the 500 km, the reach-averaged Zb 
value changes from − 7.18 m in 1998, to − 7.83 m in 2010 and to − 7.96 m in 2015. It shows that the river course 
undergoes, on the whole, a gradual decline in bed elevation with the elapse of time. However, governed by the 
river geometry inclusive of bed slope and other factors, deposition also occurs.

For each segment, the Zb values are also included in Fig. 9. Zb changes from − 6.16, − 7.20 to − 7.59 m along 
the upper segment (Datong–CS1), from − 7.57, − 7.84 to − 7.47 m along the middle one (CS1–CS2), and from 
− 7.44, − 8.28 to − 8.85 m along the lower one (CS2–Xuliujing). Before year 2010, erosional down-cutting occurs 
obviously along all three segments, which is in agreement with the previous studies by Zheng et al.23. Along with 
the normal operation from 2010, the middle segment shifts, however, from downward scouring to deposition, 
albeit minor; the erosion continues in the upper and lower segments. The 1998‒2010 period covers phase III 
and part of phase II. For the middle segment, there are no in-between field data that support if the gradual 
impoundment slows the erosion and leads to deposition at an earlier time.

For the river course between the TGD and Datong, Yang et al.14 reveal that, at a number of locations, there 
is excessive erosion in response to the declining sediment supply. Similarly, Xia et al.22 conclude that the dam 
operation is the extrinsic cause for the erosion development in the 360-km Jingjiang reach, whose upper end is 
about 102 km from the dam. The analyses presented here show that erosion extends gradually from Datong to 
the lower river. The results match the conclusions derived by Zheng et al.23,25, in which comparisons are between 
the bathymetric data from 1998 and 2013. The only drawback of their study is that the interjacent changes during 
this relatively long period are not unveiled.

In the middle segment, the sediment transported from upstream settles down. Sampled bed materials also 
show that a layer of 1–3 cm thick mud covers the sandy bed on the  top25, implying the deposition is likely to be 
associated with seasonal floods. The tidal effects that are known to be considerable for the Yangtze River vanish 
further upstream and thus play a minor role in the sediment deposition.

The Xuliujing station is located some 60 km from the river mouth. In the lower segment, the erosion is 
profoundly affected by the tidal excursions up the river. Attachment of the seaward ebb tides to the river runoff 

Table 4.  Channel volume changes during 1998–2015.

Segment

Channel volume  (108  m3)

Difference (c)–(a)  (108  m3)(a) 1998 (b) 2010 (c) 2015

Upper: Datong–CS1 (120 km) 15.00 16.80 17.31 2.31

Middle: CS1–CS2 (200 km) 34.60 35.15 32.54 − 2.06

Lower: CS2–Xuliujing (180 km) 70.01 70.54 71.26 1.25

Figure 9.  Longitudinal bedform changes of the reach based on the surveys in 1998, 2010 and 2015.
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aggravates the erosion, while the suppression of the runoff by the landward flood tides often leads to deposition. 
The former plays however a dominant role. In this context, a similar phenomenon is also observed in the lower 
Mississippi  River38.

In the study area, the topographic changes are affected by the declining sediment budget from upstream. Local 
human activities are also impact  factors25. In the recent years, wading projects including bridges and docks have 
been developed, narrowing the river course and resulting in local erosion. River regulation measures inclusive 
of construction of embankments limit the width, restrict the river meandering and aggravate the erosion phe-
nomenon. Regular in-channel dredging also contributes to the river bed  degradation39. Actually, lots of water-
way projects (also sand mining and others) are conducted during this period. With the purpose to facilitate the 
inland navigation in the lower segment, dredging is continually carried out during 2012–2018. Along the central 
part of the river, the bed elevation is lowered by 2 m; the water depth changes from 10.5 to 12.5 m downstream 
of Nanjing city. During 2010–2015, the total dredged volume amounts to 4.36 ×  107  m340,41. In the context, the 
human activities play a significant role.

Prediction for near-future changes
With the bathymetrical data from 2010 and 2015, the foregoing analysis reveals, for approximately 5 years’ normal 
operation (phase IV), the temporal flow and sediment relationship and morphological changes along the reach. 
However, one question, probably a consequential one in the context, remains unanswered. It is unclear whether 
or not the river-bed changes have reached a hydro-morphological equilibrium under the impacts of the TGD, 
i.e. whether the bed morphology will further evolve with time after 2015 and at what pace the change will occur. 
Practical challenges such as laboratory space, construction costs and flexibility to realize flow conditions limit 
the possibility to carry out physical hydraulic model tests on such a scale. In view of this, two-dimensional (2D) 
numerical simulations are performed to help shed light on the near future sediment and morphological changes 
in the large alluvial river.

Model setup. The Delft3D program package is a widely used software for solutions of river flow and sedi-
mentation  issues42. It is adopted here to predict near-future morphological changes. The governing equations 
are the Navier-Stokes equations (for flow continuity and momentum) and formulas for sediment transport and 
bed-form deformation. With the sediment trapping in the reservoir, the bed-load flux is insignificantly small 
and the suspended load accounts for the morphological adjustments of the reach. Its transport is expressed by 
an advection-diffusion (mass-balance) equation. The bed-form change is determined via the bed stability coef-
ficient and bed resistance. The model is solved with the finite-difference method. For a detailed description of its 
mathematical formulations (current version 4.04), see the Delft3D website (https:// oss. delta res. nl/ web/ delft 3d) 
and other published results such as Baar et al.43 and Rinaldi et al.44.

The computational domain runs from Datong to Xuliujing, the same as in the field studies (Fig. 1). Due to 
the appreciable changes in river cross-section including bends, diffluences and confluences a 2D model is set-up. 
This means that the flow in the vertical direction is treated depth-averaged. Several meshes of varied cell sizes are 
evaluated so as to ensure grid independent solutions, which are checked through steady-state flow calculations. 
The along- and cross-channel grid sizes are equal to 30–50 and 40–70 m, respectively (Fig. 10). Small cells are 
assigned to locations with large flow gradients. The domain is covered by a total of 360,000 cells.

The simulation period stretches over a 15-year period from October 2010 to September 2025. The modeling 
uses the river bathymetry data from 2010 as initial conditions (Fig. 2). The boundary conditions are defined 
in terms of both flow and sediment, which are based on the in-situ measurements. The upstream boundary at 
Datong is specified with the daily-averaged flow discharge and suspended load concentration; the downstream 
one at Xuliujing is prescribed with the corresponding water-level changes with time. The model runs first to 
2015 for model calibration and validation—the numerical results are compared with the recorded water levels 
at the two stations and the mapped bathymetry. Using the morphological accelerate technique in the software, 
the 2010–2015 changes are tripled and the simulation extends by 10 years to 2025.

Sedimentation trends. In the light of the 2010 and 2015 bathymetries and the 5-year daily flow and sedi-
ment data during October 2010–September 2015, predictions are made to look into the potential morphological 
changes in the near future. The riverbanks confined by levees and revetments are kept at the same width in the 
modelling; only downcutting is allowed. Figure 11 plots and compares the longitudinal bed profiles on three 
occasions in 2015, 2020 and 2025, the latter two of which are the predicted profiles. Along the 500-km reach, the 
reach-averaged changes are from − 7.96 m in 2015, to − 8.21 m in 2020 and to − 8.40 m in 2025. This means that 
the river course is expected to deepen further, by 0.44 m during the 10-year period.

The segment-averaged Zb values are also indicated in Fig. 11. It changes correspondingly from − 7.59, − 7.96 
to − 8.09 m in the upper segment, from − 7.47, − 7.35 to − 7.31 m in the middle one, and from − 8.55, − 9.36 to 
− 9.78 m in the lower one. This implies that, along with the normal reservoir operation, erosion continues in the 
upper and lower segments; the middle segment incurs gradual deposition. This is suggestive of the fact that the 
trend that that the reach exhibits during 2010–2015 will remain for at least another 10 years. Figure 12 summa-
rizes the Zb values of each segment as a function of time. The erosion in the upper segment and the deposition 
in the middle one do not show any sign of escalation, but slow down instead. The erosion in the lower segment 
bears however some analogy to the previous years, with an almost linear downward trend.

Being large in width and erodible in an alluvial plain, the river reach is characterized by meanders, braids 
and an appreciable number of bars and islands. The general pattern of e.g. erosion is also accompanied by local 
deposition and vice versa. Figure 13 compares, in form of isolines, the differentiated elevations between the 2015 
and 2025 bathymetries, calculated by subtracting the latter from the former. A positive number thus denotes 

https://oss.deltares.nl/web/delft3d
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erosion and a negative one deposition. (x, y) refers to a local coordinate system, pointing positively seaward and 
northward, respectively (Fig. 2). In the upper and lower segments, the average bed elevation falls by 0.50 m and 
0.93 m. The scour occurs in the main channel; local erosion depth amounts, at maximum, to 1.60 m at quite a 
number of locations.

The 200 km middle segment is, on the whole, exposed to gradual deposition. On an average, the bed level 
uplifts by 0.16 m. In some shore areas, local siltation can be up to 1.25 m thick. The simulations show that the 

Figure 10.  Numerical grid with local enlargements.

Figure 11.  Longitudinal bedform changes of the reach in 2015, 2020 and 2025.
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Figure 12.  Segment-averaged longitudinal bedform changes during 2010–2025.

Figure 13.  Comparison of bedforms between 2015 and 2025. (a) Upper segment (Datong–CS1); (b) middle 
segment (CS1–CS2) and (c) lower segment (CS2–Xuliuing).
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sediment deposition continues to mid-September 2018 and then switches to slight erosion, which takes place 
first at the upper segment end. In the simulations, the choice of Manning’s roughness coefficient has a bearing 
on the results, for which sensitivity analyses are made. Within its reasonable range, the shift from deposition to 
erosion could be one month earlier or later. Nevertheless, no field bathymetry data later than 2015 are available 
to verify this. The reservoir reaches its full pool level first in October 2010. This suggests that the sedimenta-
tion pattern here shifts after approximately 8 years’ full impoundment. By 2025, the erosion has extended some 
90 km down the segment. Except for some local severe scours, the erosion depth varies between 0.20 and 0.70 m.

The results demonstrate that, along with the full impoundment, the river reach is still in a state of adjustment. 
This is contradictory to the hypothesis that scouring further downstream initiated by the TGD is prevented and a 
new hydro-morphological equilibrium is  reached26. Surian and  Rinaldi35 state that impoundment of a dam often 
gives rise to a substantial reduction in sediment budget to its downstream reaches. The river course downstream 
then yields to a gradual adaptation to the changes, often with consequential bed erosion. It is a slow process and 
the time scale may be in the order of decades or even longer.

In the lower segment, the trend of continued erosion is integrated with the tidal waves that propagate up 
and down the river. The segment inclusive of the Xuliujing station is significantly  affected45. The maximal tidal 
range h (m) amounts to 3.2 m at the end of the examined reach. The interplay with the seaward runoff generates 
a bi-directional flow. Being a proxy of the tidal effects, let Ltr (m) denote the distance from Xuliujing to tidal 
reversal (TR) location. Zhang et al.46 show that Ltr is mainly governed by Q and h. Based on the simulations, 
The Ltr/h data collapse to a single curve and exhibit a logarithmic change with Q (Fig. 14). Depending on Q and 
h, Ltr varies between 50 and 350 km. The data are in line with the results from other  studies45,47. That erosion 
continues in the lower segment is attributed to the interplay between the tides and the river runoff, with the 
former being dominant.

The simulated bedforms do not include the impacts of dredging. Along with the rapid social and economic 
development, the river has become more trafficked than ever. In-channel dredging, which is made at regular 
intervals to facilitate the navigation, also contributes to the local bed  degradation39. As shown in Fig. 3, the Ts 
and S have decreased dramatically in connection with the impoundment. Studies made by Yang et al.7,14 reveal 
that, in the forthcoming decades, an additional decrease in the sediment budget is expected at the dam, which is 
owing to the dam constructions and effective soil conservation controls in the upper river basin. Over the past 
decades, large hydropower projects have been developed in the upper reaches of the  river14. For example, the 
dam reservoirs at Xiangjiaba and Xiluodu start impounding in October 2012 and May 2013, respectively. They 
regulate the river flows and intercept the sediment, resulting in abatement in sediment inflow to the Three Gorges 
reservoir. In view of the declining sediment supply in combination with erodible riverbed, bed downcutting in 
the 500 km reach is a plausible scenario.

Conclusions
The Three Gorges represents one of the largest hydropower projects in the world. Exclusive of the preparations, 
the dam construction begins in 1995 and covers a period of 16 years. It takes about 7 years to attain full impound-
ment in October 2010. The reservoir operations modulate the sediment transport and have a bearing on the 
morphology downstream. In the light of field investigations, numerical simulations and a blend of data sources 
from related publications, the study deals, before and after the commissioning, with the sedimentation changes 
along the 500 km of the lower river. Based on the 26-year field data, the study assesses the temporal flow and 
sediment relationship during 1990–2015, and elucidates the changes, both cross-sectional and longitudinal, in 
morphology. The numerical simulations aim to predict the channel evolution in the near future.

The dam impoundment regulates the seasonal flow discharges and traps the sediment inclusive of bed load. 
As a result, both the sediment concentration and flux decrease pronouncedly downstream. From the pre-con-
struction to the full impoundment phase, the multi-year averaged maximum flow discharge varies by a factor of 
1.3, while the corresponding suspended load concentration and transport rate differ by a factor of 3.0 and 3.8, 

Figure 14.  Dependence of Ltr on Q and h.
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respectively. The decline in the concentration augments the sediment carrying capacity of the flow and height-
ens the scouring potential in the riverbed. The bed sediment becomes thus coarser as time elapses, indicative of 
sediment particle re-sorting.

Irrespective of the project phases, the 120 km upper and 180 km lower segments of the 500 km of the river 
always suffer from a scouring process. In the former, along with the full-pool impoundment from 2010, the bed 
level downcutting slows gradually down towards 2025. In the latter, the erosion continues at a constant pace, 
which is integrated with the tidal actions up the estuary. In the 200 km middle segment, the general erosion 
switches to slight deposition sometimes during the progressive impoundment and lasts to September 2018. Then 
erosion begins at its upper end and extends some 90 km down the segment by 2025. The noticeable sediment 
reduction from upstream is the extrinsic cause for the river-bed erosion.

As of June 2003, the impoundment has resulted in a gradual reduction in sediment supply. The river course 
downstream sees a process of progressive adjustment to the changes. It seems that the 500 km reach has not yet 
achieved a hydro-morphological equilibrium and the riverbed down-cutting is going to continue for a period.

The study predicts the general trend of near-future sedimentation and morphological changes. With the 
2010–2015 field data as basis, the prediction covers 10 years from 2015 to 2025. As the waterway is huge and 
complex, featuring appreciable variability in both flow and sediment, more recent and updated field data of 
bathymetry, flow and sediment are deemed necessary to extend the modeling and make reliable prediction in 
a longer perspective.

The construction of dams leads to hydraulic fragmentation of a river catchment. A reservoir modulates 
the river flows and interrupts the sediment transport to its downstream reaches. Soil conservation measures 
upstream also cut down the sediment flux into the reservoir. As a result, the reduction in sediment budget and 
the significant morphological adjustments downstream become a fact, which has implications for the society 
and the economy. It is the intention of this research to provide reference for the study of similar sedimentation 
issues in alluvial rivers.

Data availability
The data that support the findings of the study are available from Yangtze Water Resources Commission, Hydrol-
ogy and Water Resources Survey Bureau of the Yangtze River Estuary and Yangtze Waterway Bureau. Source 
data are not provided with this paper.

Code availability
The software used for the simulations in this study is available at https:// oss. delta res. nl/ web/ delft 3d/ home.
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Abstract: At the multi-gate sluice structure on a fluvial river, undesired sediment 12 

deposition affects the normal operation of the reservoir in question. Physical and 13 

numerical models are hybridized to help explore flow and sedimentation patterns. Field 14 

and laboratory investigations show that the deposition is attributed to the formation of 15 

large recirculation zones at low and medium discharges. As a potential countermeasure, 16 

an array of guide vanes is recommended to cope with the concern. Their attack angle 17 

with the flow is a dominant parameter that needs to be evaluated. Tests in the fixed-bed 18 

model demonstrate that the vanes bend the reservoir flow towards the sluice and 19 

suppress the circulations zones along both banks and the favorable range is between 15°‒ 20 

20°. With the possibility to examine the transport of both bed and suspended loads, the 21 

numerical modeling indicates that the sediment removal efficiency increases with an 22 

increase in attack angle. By weighing the efficiency and the risk of erosion at the vanes, 23 

the 15° vane layout is recommended. The study is expected to provide a procedure for 24 

guide-vanes design in similar situations. 25 

Keywords: multi-gate sluice; sediment deposition; physical model tests; numerical 26 

simulations; guide vanes 27 

 28 

1. Introduction 29 

In low-land flood-prone areas, construction of a sluice structure is a common 30 

engineering practice for regulation of flow discharge and water stage. Being site-specific, 31 

it may also have other functions. The structure consists usually of a number of sluice 32 

gates that cover part of the river width. In most cases, the water head is in the range of 5– 33 

20 m.  34 

Two distinct features characterize the multi-gate sluice structure in an alluvial plain 35 

[1,2]: (i) The flow often conveys a significant amount of sediment in form of both bedload 36 

and suspended load. (ii) The reservoir is bent, rather than straight, in planform, 37 

generating thereby a main current with flow circulations upstream of the structure and 38 

resulting in varied sediment carrying capacity in cross-section. Even asymmetrical 39 

operation of the gates generates uneven velocity distributions [3]. As a result, the 40 

sediment has a tendency to deposit on one side of the reservoir. With the elapse of time, 41 

the sediment deposition may affect the sluice operation if countermeasures are not 42 

properly taken. 43 
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As an effective instream training solution, the guide vanes modify flow fields and 44 

control sediment transport in rivers [4–7]. They are often vertically placed in the river 45 

bed, either submerged or non-submerged depending on the local flow situations. 46 

Aligned with an attack angle to the approach flow, they induce a secondary flow 47 

component, which changes the magnitude and direction of bed shear stresses and leads 48 

to a redistribution of flow and sediment [7,8].  49 

The first known installation, proposed by Odgaard and Kennedy [9], is to reduce 50 

the bank erosion in a river bend, where the vanes are laid out so that vane-generated 51 

secondary currents eliminate the centrifugal-induced ones, which is the root cause of 52 

bank undermining [10,11]. Likewise, they divert flow away from eroded banks and 53 

stabilize the lateral migration. In a curved flume, Odgaard and Wang [12,13] perform 54 

experiments with submerged vanes of small, slender, and airfoil shapes. These are shown 55 

to modify near-bed flow patterns, redistribute sediment transport and whereby mitigate 56 

channel erosion. To redirect the flow through a bend, vanes are arranged typically in one 57 

array or multiple arrays if necessary [14,15]. As yet, many successful applications of the 58 

vanes have been made to counteract unfavorable flow and sedimentation patterns [5,16– 59 

18]. 60 

In the connecting straight channel downstream of the bend, guide vanes also 61 

facilitate obtaining a relatively uniform flow [19]. The vanes deflect the flow from the 62 

bend, re-distribute the main current and alleviate the uneven sedimentation in 63 

cross-section. They are effective in sediment re-distribution at diversions [20] and water 64 

intakes [8,21]. Strategically placed, the vanes prevent the sediment, especially for 65 

bedload, from entering the structures. By modification of flow fields, guide vanes are also 66 

an efficient approach for sediment removal. For example, for reservoirs and water 67 

intakes facing loss of function with severe deposition, installation of vanes could 68 

mitigate its occurrence [21–23].  69 

Their efficiency is dictated by several factors, including layout and configuration. 70 

Many applications have a simple, rectangular flat-panel design. Parallelogram and 71 

tapered plates and even curved vanes are also used in some cases [4,11]. The vane size, 72 

number, and spacing are governed by river width and bend curvature [5,24,25]. Typically, 73 

the submerged vane height is 0.2–0.4 times the water depth. For the non-submerged, its 74 

crest is usually at the same elevation as the water surface. To minimize the flow 75 

interference from the neighboring vanes, both the vane length and lateral spacing are 2–3 76 

times their height. The vane thickness is 0.05–0.20 m, depending on the material. The 77 

structure is installed at an attack angle of 10º–20º with the flow [4,26]. However, 78 

site-specific conditions may require adjustments to these dimensions. Odgaard [4] 79 

summarizes the state-of-the-art design guidelines and practical applications. With an 80 

appropriate design, it is conceivable that, in addition to evening out the flow in 81 

cross-section, flow separations are mitigated in the bend.  82 

 This study deals with an existing sluice structure located downstream of a river 83 

bend, with six bulk-head gates and an abutment on each side. The structure suffers from 84 

unbalanced sedimentation in the reservoir. Guide vanes are recommended to address the 85 

issue. To evaluate their performance, a physical fixed-bed model is first built in the 86 

laboratory, which is then complemented by numerical modeling of movable bed. The 87 

combination of the two approaches enables an identification of the flow and sediment 88 

transport pattern in the reservoir. The main purposes of the study are (1) to understand 89 

flow patterns and sediment movement under typical sluice operation conditions and (2) 90 

to evaluate the vanes as potential countermeasure for sediment deposition mitigation. 91 

The goal is the recommendation of a reliable solution essential for maintaining its normal 92 

operations and extending its life span. 93 



Appl. Sci. 2021, 11, x FOR PEER REVIEW 3 of 19 
 

 
 

2. Reservoir and sluice structure 94 

The sluice facility in question is commissioned in 1960 and comprises six bulk-head 95 

gates connected on each side with an abutment to the river bank. After almost four 96 

decades in service, it is refurbished during 2007‒2008, with replacements of all the gates 97 

and hoisting equipment and reinforcement of the concrete structure. Figure 1 shows a 98 

photo of the facility seen from upstream; Figure 2 illustrates its layout with dimensions. 99 

At the sluice site, the river is ∼120 m wide. The multi-gate sluice is centrally placed and 100 

occupies approximately half of the river width.  101 

As shown in the cross-sectional profile, the gate threshold is placed at elevation 102 

+0.00 m. The gates are founded on a platform sloping at rise:run = 1:4 both up- and 103 

downstream. The river has a roughly trapezoidal cross-section, with the bank slope 104 

rise:run = 1:3 on each side. Seen from upstream, the gates are numbered no. 1 to 6 from 105 

left to right. The gates are mounted along the same axis along the structure, equipped 106 

with wire hoists for operation. Five piers are 1.60 m thick; two piers adjacent to the 107 

central pier are somewhat thicker, 2.40 m. The gates, all 10 m high, have the same net 108 

width, bg = 8.00 m. Counting in all the seven piers, the sluice structure is 60 m long.  109 

 110 

Figure 1. Sluice structure centrally placed in the river course, with six bulk-head gates and 111 

connecting abutment on each side (looking downstream). 112 

 113 

(a) 114 
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 115 

    (b) 116 

Figure 2. Layout of the sluice structure: (a) cross-sectional view and (b) plan view. Including all the 117 

piers, the sluice structure is 60 m long.  118 

Based on the underwater laser scanning data in 2015, the river bathymetry is shown 119 

in Figure 3. The river course is relatively uniform in cross-section and bends ~41° to the 120 

left in the reservoir area. Immediately downstream of the sluice, the river bed is as 121 

lowest in elevation, corresponding to the location of the stilling basin. In the reservoir, 122 

the lowest bed elevation ranges between 0 and +2.00 m MSL. The design retention water 123 

stage (DRWS) is +11.37 m MSL, at which the water-surface width varies between 90–150 124 

m and the water depth amounts to 10.0–11.0 m at maximum. During a year, the river 125 

runoff varies significantly. The multi-year average river discharge is ~38 m3/s; the 126 

discharge during a wet season can be as high as 400 m3/s.  127 

 128 

Figure 3. Reservoir and tailwater bathymetry (based on the 2015 underwater laser scanning). 129 

Based on multi-year flow data, the flow frequency in a typical year is shown in 130 

Figure 4. The representative operation conditions of the sluice are at low and medium 131 

flow discharges (denoted as cases 1 and 2), corresponding to a cumulative frequency of 132 

50% and 90%, respectively. 133 
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Figure 4. Flow frequency in a typical year 2015. 135 

The flow carries fine sediment in form of both bedload and suspended load. Field 136 

measurements are conducted to determine its composition, which shows that the grain 137 

size is D = 0.002–0.90 mm and the median grain size is D50 = 0.014 mm (Figure 5). In light 138 

of the grain-size distribution, the sediment material is classified as sand (0.05–2 mm), silt 139 

(0.005–0.05 mm), and clay (< 0.005 mm) [27]. On average, the suspended load of cohesive 140 

silt and clay accounts for ∼85% and the bedload of non-cohesive sand ∼15%.  141 

 142 

Figure 5. Grain-size distribution of the incoming sediment, with grain size D = 0.002–0.90 mm and 143 

D50 = 0.014 mm. 144 

Table 1 summarizes the operational parameters, in which Z = water level (m a.s.l.), 145 

with subscripts u and d denoting up- and downstream, Q (m3/s) = river flow discharge, 146 

S (kg/m3) = suspended load concentration, e (m) = gate opening height and b (m) = total 147 

net flow width at the sluice, depending on the number of opened gates (N). Governed by 148 

the operation requirements, three gates are opened at low discharges (N = 3). At medium 149 

and high discharges, all the gates must be operated (N = 6). Once opened, all the gates 150 

have the same e value.  151 

Table 1. Typical flow and sediment conditions of the sluice structure. 152 

Case Q (m3/s) S (kg/m3) Zu (m) Zd (m) e (m) B (=N × bg) (m) 

1 32 0.026 7.75 6.49 0.5 24 (= 3 × 8) 

2 135 0.040 7.97 7.75 2.0 48 (= 6 × 8) 

3 380 0.128 10.28 9.73 4.0 48 (= 6 × 8) 

Due to the river bend, the inflow into the reservoir tends to follow the right bank. 153 

Driven by this, a zone of flow circulation is formed on the left side of the reservoir. Field 154 
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investigations show that, over the years of the sluice operations, a significant amount of 155 

sediment settles undesirably on the reservoir’s left side. Deposition also occurs in the 156 

close vicinity of the structure. At high discharges, all the gates are at the fully opened 157 

positions, thus leading to effective flushing of the sediment into the reservoir. However, 158 

the daily operation conditions are at low and medium discharges, which carry an 159 

appreciable amount of sediment. In the long run, a proper countermeasure is necessary 160 

to guarantee the normal operation of the sluice structure. 161 

3. Guide-vane layout 162 

To counteract the undesired reservoir sedimentation, necessary measures are 163 

required. River training approaches are commonly used, which include construction of 164 

spur-dikes [28–30], rock vanes and bendway weirs [31,32], various types of revetments 165 

[33] and dredging [34]. Each approach has its advantages and limitations. The choice is 166 

also dictated by the local conditions. For example, the presence of riparian structures 167 

precludes the use of spur-dikes. All these approaches are discussed in the course of the 168 

pre-study. However, limited by the practical situation, they are excluded for use at the 169 

site.  170 

Guide vanes are instead chosen as the alternative. The layout of guide vanes refers 171 

to their positions and configuration (form, length, width and height) and is usually 172 

associated with a number of factors, including reservoir bathymetry, its shape in 173 

planform and riparian structures. Field investigations show that the main current 174 

downstream of the river bend runs obliquely towards the right bank and generates, 175 

depending on flow discharge, flow circulations of significant size. The guide vanes are 176 

oriented in such a manner that the main reservoir current is effectively deflected to 177 

follow the direction towards the gates. In addition, the vane configuration should be as 178 

simple as possible.  179 

Figure 6 shows the sketch of the layout. Based on field investigations, an array of 180 

parallel vanes is suggested, running along a cross-section downstream of the bend. The 181 

vanes are vertically placed and straight in planform, with equal distance in between and 182 

both ends slightly rounded. A (X, Y) coordinate system is set up, with X running along 183 

the central sluice pier’s centerline (positive upstream) and Y along the cross-channel axis 184 

of the bulk-head gates (positive towards right bank). Let a, b, h, c and α denote vane 185 

length, thickness, height, distance between two neighboring vanes and angle (positive 186 

anti-clockwise) that the vanes form with X. The exact positioning of the vanes in the 187 

reservoir and the geometrical parameters are finalized in the physical model tests.  188 

 189 

Figure 6. Schematic layout of guide vanes, placed in an array downstream of the bend.  190 
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It should be pointed out that from the hydraulic point of view, the proposed 191 

position of the guide vanes may not be the most favorable. However, the practical 192 

conditions here limit the possibility to place them further upstream or somewhere else.  193 

4. Hybrid modelling  194 

To cope with the sedimentation issue, the study incorporates a hybrid approach of 195 

physical and numerical simulations. In an early stage, a physical model of fixed bed is 196 

constructed to examine the reservoir flow patterns and assess guide-vane layouts. With 197 

difficulties to reasonably reproduce boundary conditions for suspended sediment, a 2D 198 

numerical model of movable bed is set up to map sediment motions. Their combination 199 

identifies the sedimentation patterns and evaluates the use of guide vanes as a means for 200 

alleviating the sediment deposition. 201 

4.1. Physical model tests 202 

The fixed-bed model is based upon the Froude law of gravity similitude. The 203 

reservoir bathymetry is acquired via echo-sounding from a remotely controlled vehicle. 204 

The reservoir length is 820 m. The sluice outflow being affected by the tailwater, a 380 m 205 

river reach downstream is also included.  206 

The model scale is λ = Lpt/Lm = 40, where L = length and subscripts pt and m refer to 207 

prototype and model. Figure 7 shows a photograph over the model. Measured along the 208 

river centerline, the model is ∼30.00 m long and ∼4.00 m wide in cross-section. At the 209 

upstream inlet, a honeycomb is installed to calm the inflow. At the outlet, a flip gate 210 

regulates tailwater levels in the light of the discharge-water stage relationship at the 211 

location. The sluice structure is manufactured with accuracy. Each gate opening is 0.20 212 

m wide. Including all the piers, the sluice structure is 1.50 m long in the Y direction.  213 

 214 

(a) 215 

 216 

(b) 217 
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Figure 7. Sluice model with six bulk-head gates constructed on λ = 1:40, 30.00 m long measured 218 

along the river centerline and 4.00 m wide in cross-section: (a) an overview and (b) sluice structure, 219 

looking downstream. 220 

From prototype to model, the conversion scales for Manning’s roughness coefficient 221 

(n), flow pressure (p), time (t), flow velocity (u) and flow rate (Q) are λn = λ1/6, λp = λ, λt = 222 

λ0.5, λu = λ0.5 and λQ = λ2.5, respectively. The errors in terrain production are, on average, 223 

below ±4 mm vertically and ±7 mm horizontally. Efforts are made to achieve 224 

corresponding surface roughness, so that Manning’s criterion is approximately followed.  225 

Figure 8 shows the experimental setup. The water is supplied from a circulation 226 

system. A calibrated 90º sharp-crested weir measures flow rates, with a relative error 227 

below ±(2‒3)%. From up- to downstream, six cross-sections, denoted as CS1–CS6, are 228 

defined to facilitate the documentation. Measured along the river centerline, Table 2 lists 229 

their distance (denoted as L0) to the Y axis. All except CS1 are parallel to Y. Near the left 230 

bank at each cross-section, a point gauge monitors the water levels (denoted as Z). The 231 

measurement inaccuracy is in the order of ±0.2 mm. The water levels at CS4 and CS5 232 

correspond to Zu and Zd.   233 

Under the roof of the laboratory building, a particle image velocimetry (PIV) 234 

system, comprising nine industrial digital cameras at a ∼10 m height above the floor, is 235 

set up to capture surface flow velocities. The measurement error is 0.10 cm/s. The tracers 236 

are customized plastic particles, 2.5 cm in diameter. Instantaneous flow images are 237 

captured at a 10 Hz frequency; the duration for data collection is 10 s. The time-averaged 238 

results are used when the flow fields are compared. 239 

 240 

Figure 8. Experimental layout, with an inlet honeycomb to calm the inflow and an outlet flip gate 241 

to regulate the tailwater. Near the left bank at each of CS1–CS6, a point gauge is to monitor 242 

water-level changes. A 90º sharp-crested weir measures flow rates. A PIV system captures the 243 

surface flow velocity. 244 

Table 2. Location of cross-sections CS1–CS6, measured along the river centerline.  245 

Cross-section CS6 CS5 Y axis CS4 CS3 CS2 CS1 

L0 (m) 280 100 0 110 220 330 700 

Scale effects of viscous and surface tension forces are always an issue of discussion 246 

in physical modeling of free-surface flows [35,36], defined by Reynolds number R = 247 

(UH)/υ and Weber number W = U/(σ/ρH)0.5, where U (m/s) = depth-averaged velocity, H 248 

(m) = flow depth,  (kg/m3) = water density, σ (N/m) = surface-tension coefficient and υ 249 

(m2/s) = water kinematic viscosity. Along the main stream in the model, R = (0.5–2.0)×104 250 
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and W = 3.5–5.0 in Case 1, and R = (2.0–9.0)×104 and W = 4.0–5.5 in Case 2, respectively. 251 

In the flow circulation zones, they are lower. As indicated by Heller [35,37,38], Peakall 252 

and Warburton [35,37,38], if R > (0.4–4.0)×104 and W > 3.3–10, their effects become 253 

insignificant. Despite the fact that there is no consensus on a single critical condition, 254 

either the R or W criterion is not always satisfied throughout the reservoir. At the 255 

bulk-head gates, both numbers are well above the threshold conditions. This implies that 256 

the viscous and surface tension forces play certain role in the results of the flow 257 

modeling. A surfactant is thus used to reduce the surface tension effect. 258 

4.2. Numerical simulations 259 

The Delft3D program package is a widely used software in solutions of river flow 260 

and sedimentation issues [39]. It is adopted here to simulate both the flow and 261 

morphological changes. Its governing equations include mass continuity, flow 262 

momentum, sediment transport and bed deformation. Instead of the k-ε turbulence 263 

model, the k-ω model is used to reasonably reproduce the reservoir flow with 264 

circulations. The suspended load transport is expressed by an advection-diffusion 265 

(mass-balance) equation, and the bedload transport is calculated with the van Rijn 266 

formula [40]. The bed-form changes are simulated with the specification of the bed 267 

stability coefficient and the bed resistance. For a detailed description of the mathematical 268 

formulation, one refers to the Delft3D website (https://oss.deltares.nl/web/delft3d) and 269 

some published results such as [41] and [42]. 270 

For suspended load transport, the 3D equation reads 271 

𝜕𝑆

𝜕𝑡
 + 

𝜕(𝑢𝑆)

𝜕𝑥
 + 

𝜕(𝑣𝑆)

𝜕𝑦
+

𝜕[(𝜔 − 𝜔𝑠 )𝑆]

𝜕𝑧

=  
𝜕

𝜕𝑥
(𝜀s,x

𝐻𝜕𝑆

𝜕𝑥
) + 

𝜕

𝜕𝑦
(𝜀s,y

𝐻𝜕𝑆

𝜕𝑦
) +

𝜕

𝜕𝑧
(𝜀s,z

𝐻𝜕𝑆

𝜕𝑧
) −  𝐹S 

(1) 

where x, y and z = coordinates, u, v, ω (m/s) = longitudinal, transversal and vertical 272 

velocity components, t (s) = time, ωs (m/s) = sediment settling velocity, εs,x, εs,y and εs,z 273 

(m2/s) = eddy diffusivity of sediment fraction and Fs = function of river-bed deformation. 274 

Fs is dependent on sediment erosion and deposition, given by 275 

𝛾0

𝜕𝑍b

𝜕𝑡
= 𝐹s (2) 

𝐹s = 𝐷b − 𝐸b (3) 

𝐷𝑏 = {
𝜔s𝑆b (1 −

𝜏

𝜏d

) 𝜏 ≤ 𝜏d

0 𝜏𝑑 < 𝜏
 (4) 

𝐸b = {
𝑀 (

𝜏

𝜏e

− 1) 𝜏 ≥ 𝜏e

0 𝜏 < 𝜏e

 (5) 

where Zb (m) = change in bed elevation, 0 (kg/m3) = bulk weight of bed material, Db 276 

(kg/(m2s)) = sediment flux of deposition, Eb (kg/(m2s)) = sediment flux of erosion, τ 277 

(N/m2) = bed shear stress, τd and τe (N/m2) = critical stresses of deposition and erosion, M 278 

(kg/m2s) = bed scouring rate and Sb (kg/m3) = near-bottom sediment concentration. 279 

In light of the van Rijn formula [40], the bedload in form of fine sand is entrained 280 

into the flow by imposing a concentration Sb (kg/m3) at a reference height above the 281 

bottom (delimiting bedload and suspended load), which is dependent on current-related 282 

effective roughness height. Sb (kg/m3) is calculated by: 283 
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𝑆b = 0.015𝜌s

𝐷50𝑇1.5

𝑎𝐷∗
0.3  (6) 

where 𝜌s (kg/m3) = density of sediment material, 𝐷∗ = dimensionless particle parameter 284 

and T = dimensionless bed shear stress.   285 

 According to the van Rijn formula [40], the bedload transport rate, qb (kg/(m∙s)), is  286 

𝑞b = 0.006𝜌sɷs𝐷50𝑀s
0.5𝑀e

0.7 (7) 

The transport rate of suspended load, qs (kg/(m∙s)) reads 287 

𝑞s = 𝑓cs𝐻𝑈𝑆b (8) 

where Ms = sediment mobility number, Me = excess sediment mobility number, fcs = a 288 

shape factor, H (m) = water depth and U (m/s) = depth-averaged velocity. 289 

The computations are performed in prototype size, with the same river length (1200 290 

m) as in the physical model studies. Starting with a coarse mesh, global and local 291 

refinements are made to achieve a fine mesh. Several meshes of varied cell sizes are 292 

evaluated to ensure grid independence, which is checked through steady-state 293 

calculations. Figure 9 shows the horizontal mesh, with an enlarged view at the 294 

multi-gate sluice. Irrespective of local water depth, the sluice piers are treated as dry 295 

cells. The guide vanes are represented by an array of infinitely thin objects that prohibit 296 

flow exchange between the two adjacent cells. The vane crest can be below, at or above 297 

the water surface. In plan, the domain is covered by 15 350 cells, comprising 307 298 

streamwise and 50 transverse. Smaller cells, with a 1.5 m size, are used in the sluice to 299 

account for large velocity gradients.  300 

 301 

Figure 9. Computational domain with grids and bathymetry. The domain is covered by 15 350 302 

cells, comprising 307 streamwise and 50 transverse.  303 

Boundary conditions are defined in terms of both flow and sediment, which are 304 

based on in-situ measurements. At the upstream boundary, Q and S are given; at the 305 

downstream one, Zd is specified (Table 1). For the river bed and banks, a non-entry 306 

condition specifies a zero normal gradient of sediment content. Table 3 summarizes the 307 

other model parameters, i.e. ωs, τd, τe, M and γ0. 308 

Table 3. Parameter values adopted in the model. 309 

Parameter Data range Source 

𝜔𝑠 (m/s) 0.0002 Field measurements 

𝜏𝑑 (N/m2) 0.06‒0.10 [43] 

𝜏𝑒  (N/m2) 0.10‒0.20 [44] 

M (kg/m2s) 0.0002‒0.02 [44] 

𝛾0 (kg/m3) 1460 Field measurements 
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To achieve numerical stability, the time step ∆t = 0.01 s is chosen. In a coupled 310 

process, the flow, sediment and morphology are updated from one time step to another. 311 

The simulation terminates when the solution becomes independent of iterations. For 312 

computing a steady-state case, the wall-clock time is ~12 hrs.  313 

5. Results and discussions 314 

5.1. Comparisons with prototype measurements 315 

To appraise the modelling accuracy, both numerical and physical, the results of 316 

sluice flow rate and water stage are compared. With the ACDP technique, field 317 

measurements are also made on a number of occasions to determine river discharges 318 

under varying operation conditions. Analysis of the field data leads to Manning’s npt = 319 

0.022–0.026, which is used in the numerical model. To satisfy λn = npt/nm = λ1/6, nm = 0.012– 320 

0.015, which is achieved through repeated surface finishing in the physical model. 321 

For three e and N combinations, Figure 10 compares the sluice discharge capacity, 322 

i.e. the Q variations as a function of ΔZ, where ΔZ (m) = Zcs4 – Zcs5 = Zu – Zd. It shows that 323 

the model tests and the numerical simulations give comparative results and their 324 

agreement with the field data is generally good. At e = 0.5 and N = 3, the results are 325 

slightly underestimated. At e = 2 and N = 6, the modeling leads to some overestimation. 326 

At e = 4 and N = 6, the results are much closer to each other. As shown in Figure 11, the 327 

modelled reservoir water levels at CS1–CS4 in Cases 1 and 2 are compared with the field 328 

data. The modelled results fit the field data well, with errors below ±(3–5) cm (in 329 

prototype dimension), which indicates good performance of both models. The study 330 

also demonstrates that it is essential to satisfy the roughness criterion (λn), which would 331 

otherwise give rise to significant errors in water stage.  332 

 333 

Figure 10. Comparisons of the Q-ΔZ relationship among physical, numerical and prototype 334 

measurement results.  335 
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Figure 11. Prototype Z comparisons among physical model, numerical model and field data. (a) 340 

Case 1 and (b) Case 2.  341 

5.2. Existing reservoir flow patterns 342 

The reservoir sedimentation is intrinsically dependent upon the flow patterns. One 343 

of the major tasks in the experiments is to delineate them at varying flow rates, a 344 

prerequisite for laying out the guide vanes. Figure 12 shows the surface water 345 

trajectories for the cases.  346 

In Case 1, the relatively uniform flow gradually converges downstream of the bend, 347 

forming a narrow, jet-like main stream that runs along the right bank. Driven by this 348 

main current, a large zone of counter-clockwise circulations is generated to its left, 349 

occupying the overwhelming part of the reservoir in cross-section. The zone measures, 350 

at maximum, ~90 m in width and ~335 m in length. Close to the sluice along the right 351 

bank, there are also secondary thin zones of clockwise flow circulations. The flow 352 

pattern corresponds to openings 2, 3 and 4 in operation. Different gate combinations 353 

lead to slightly different flow patterns immediately upstream of the gates. However, the 354 

overall patterns remain. 355 

With an increase in discharge (Case 2), the main flow after the bend takes up the 356 

major part of the reservoir width and runs nearly centrally in cross-section. As a result, 357 

the large circulation zone that appears in Case 1 becomes suppressed. Two zones of 358 

comparable sizes are instead formed close to the sluice. The left counter-clockwise zone 359 

is somewhat larger than the right clockwise one, their length is 170 and 140 m, 360 

respectively. In Case 3, the flow occupies virtually the whole reservoir width; two zones 361 

of flow circulations remain in the corners, however much smaller in size.  362 

Obviously, appreciable differences exist among the flow cases, exhibiting the 363 

influences from the river bend, reservoir bathymetry and flow magnitude. At large 364 

flows (e.g. Case 3), all the gates operate at large or full openings and the incoming 365 

suspended load is readily released through the sluice, with insignificant deposition.  366 

In a circulation zone, the tangential velocity decreases towards its center and the 367 

velocity is generally low, which creates conditions for sediment deposition. Accordingly, 368 
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prescribed by the frequent occurrences of low and medium inflows (e.g. Cases 1 and 2), 369 

sediment becomes deposited on the left side of the reservoir. The laser-scanned 370 

bathymetry in 2015 (Figure 3) demonstrates a deeper streamwise channel, indicative of 371 

deposition to its right. The experimental findings corroborate, in a qualitative manner, 372 

the field deposition pattern. 373 

  
(a) (b) 

 
(c) 

Figure 12. Flow patterns upstream of the sluice structure: (a) Case 1; (b) Case 2; (c) Case 3. The flow runs from right to 374 

left. 375 

5.3. Configurating guide vanes 376 

The second aspect in the model tests is to outline and dimension the guide vanes. 377 

Because the sediment is efficiently flushed at high flows, the design is based on the low 378 

and medium flows (Cases 1 and 2). With a number of test combinations and 379 

comparisons, it is decided that the cross-channel axis of the vane array is placed at X = 380 

220 m, i.e. along the CS3 section, and the vane number is set to be seven with c = 10.0 m. 381 

The spacing between two neighboring vanes is so determined that their flow fields 382 

should not interfere much with each other. By trial and error, it is chosen that a = 10.0 m, 383 

b = 0.5 m and the vane crest is put 2.0 m below the DRWS. The vane orientation (α) is a 384 

primary parameter that needs to be evaluated. 385 

The first step is to find the acceptable α range (α ≥ 0). All the vanes are given the 386 

same angle. In the model, the vanes are installed in such a way that it is easily adjusted 387 
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to another angle. Figure 13 showcases the flow patterns in the presence of the vanes at α 388 

= 0° and 30° (Case 2). At α = 0°, the vanes follow virtually the flow direction and their 389 

effect is limited. With a step-up in α, they bend the flow in a more efficient way and the 390 

flow is more directed away from the right bank and towards the middle of the sluice. 391 

The two zones of flow circulations also become suppressed in size. The layout at α = 30° 392 

is, for example, more effective than the one at α = 20°. However, the α = 30° vanes 393 

generate local flow separations and moderate vortex wakes in the middle portion of the 394 

river. In consideration of potential deterioration at high discharges, this angle is 395 

seemingly the upper limit of the arrangement. 396 

 
(a) 

 
(b) 

Figure 13. Modified flow patterns with the guide vanes (Case 2). (a) α = 0°; (b) α = 30°. 397 

The choice of α is a trade-off between attaining a favorable flow pattern in the 398 

reservoir and avoiding unacceptable risk of erosion around the vanes. In the second step, 399 

repeated tests show that α should preferably be in the range between 10º–20º. For both 400 

cases, Figure 14 presents the resulting flow patterns at α = 15°. Obviously, the flow 401 

patterns are, in a noticeable manner, improved, with the flow directed towards the gates 402 

and the zones of circulations suppressed to much smaller sizes. In Case 1 for example, 403 

the left circulation zone shrinks from ~335 to ~200 m in length and from ~78 to ~46 m in 404 

width. In similar river studies, Odgaard [4] states that the typical α range is between 10º– 405 

20º; the use of larger angles should be handled with caution. 406 
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Figure 14. Modified flow patterns with the presence of guide vanes at α = 15°. (a) Case 1; (b) Case 2.  407 

5.4. Vane-induced bed changes 408 

To be further convincing in the choice of vane layout, the vane-induced bed 409 

changes should be taken into consideration, which is the task of numerical modeling. 410 

Predictions are made to look at the potential pattern of morphological changes at low 411 

and medium flow scenarios. To evaluate the effectiveness of the guide vanes, the three 412 

layouts with α = 0º, 15º and 30º are first examined in Case 1, respectively. Figure 15 413 

compares, in form of isolines, the differentiated elevations between the initial and 414 

resulting bathymetries, calculated by subtracting the latter from the former. A positive 415 

number thus denotes erosion and a negative one deposition.  416 

At α = 0º, it shows in Figure 15a that the installation of guide vanes generates some 417 

river bed re-adjustments but the effectiveness is not sufficient. In comparison to the 418 

initial bathymetry, the modified one is, on the whole, still subjected to severe siltation. In 419 

particular, the deposition problem on the left side approaching the gates is not solved. 420 

Local deposition, though not significant, occurs at the trailing edge of the vane. It is due 421 

to the rear stagnation point on the low-pressure side shifting to the vane’s trailing edge 422 

when the vanes deflect the flow. A similar pattern is also observed by Odgaard [4] 423 

through laboratory tests. 424 

At α = 15º (Figure 15b), the results show that improvement induced by vanes is 425 

considerable, in which the siltation issue upstream of the sluice is mitigated. The 426 

maximum vane-induced erosion is ~1.00 m; the two large flow vortex zones shift from 427 

deposition to erosion and the eroded depth is on average of ~0.35 m. The vane-induced 428 

local deposition in its vicinity is also observed and it is somewhat enhanced with the 429 

increase of angles.  430 

At α = 30º (Figure 15c), it generates similar erosion and deposition pattern as the 431 

one with α = 15º. However, the flow seems to be over-deflected and severe deposition, 432 

with the max. thickness of ~1.20 m, occurs behind the first vane on the right, implying 433 

the existence of significant flow separation. In addition, upstream of the vanes including 434 

the bend, it is on the whole subjected to undesirable siltation. The flow runs against the 435 

vanes with a large angle augments the water stage and consequently, sediment settles 436 

down. Figure 15d presents the potential bed changes at Case 2 with α = 15º, it shows 437 

similar patterns as the one at Case 1.  438 

 439 
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Figure 15. Bed changes with guide vanes (a) Case 1, α = 0°; (b) Case 1, α = 15°; (c) Case 1, α = 30° (d) Case 2, α = 15°. A 441 

positive number denotes erosion and a negative one deposition. 442 

To summarise, considering the flow patterns and the effectiveness of sediment 443 

mitigation, the layout of α = 15° is recommended, suitable at both medium and low 444 

discharges. In view of the varied flow and sediment conditions, the α value might be 445 

amplified to, e.g., α = 20°, which should not be too large, so that it causes undesirable 446 

phenomena in the reservoir, such as excessive vorticity and local deposition or erosion. 447 

6. Conclusions 448 

In the bended river course with the multi-gate sluice, the unfavorable 449 

sedimentation is an issue of concern, especially at low and medium river discharges. To 450 

counteract the problem, installation of guide vanes is proposed. By virtue of field, 451 

physical and numerical modeling, the study deals with its typical flow and sediment 452 

transport features. Both bedload and suspended load are modelled in the numerical 453 

simulations. The main conclusions are as follows: 454 

(1) In the existing reservoir, anti-clockwise flow circulations are generated, whose 455 

formation is due to the river bend and the asymmetric gate operation. The circulation 456 

zones are characterized by low velocity, leading to significant sediment deposition that 457 

is unfavorable for sluice operation. 458 

(2) The guide vanes modify the flow patterns and suppress the flow circulations. It 459 

deflects the flow away from the outer bank of the bends and ultimately mimics the 460 

straight reach. Its effectiveness is considerably affected by the angle of attack with the 461 
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flow. The layout of 10°–20º, gain by comparison within 0°–30°, generates acceptable flow 462 

patterns. 463 

(3) In the presence of guide vanes, the river bed has some re-adjustments. 464 

Considering the flow patterns and induced bed changes, the layout of 15º–20º is suitable 465 

for both low and medium flow cases. The vane-induced local deposition in its vicinity is 466 

also observed and it is somewhat enhanced with the increase of angles.  467 

(4) The guide vanes layout should be optimized at a prescribed flow rate or water 468 

stage. It is a trade-off to achieve an acceptable flow pattern in the vicinity of the vanes 469 

and to suppress the vortices in front of the sluice. If needed, a curved vane is an option; 470 

and the angle could be adjusted separately for each vane. 471 

 The hybrid approach enhances the understanding of flow patterns and sediment 472 

deposition upstream of the sluice and provides reference for applications in similar 473 

situations. 474 
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Abstract: Suspended sediment is of importance in river and dam engineering. While, due to 10 

its high nonlinearity and stochasticity, sediment prediction by conventional methods is a 11 

challenging task. Consequently, this paper establishes a new hybrid model (denoted as 12 

INARX) for an improved forecast of suspended sediment concentration (SSC). It is a 13 

nonlinear autoregressive network with exogenous inputs (NARX) integrated with a data pre-14 

processing framework. In this model, wavelet transformation (WT) is used for time series 15 

decomposition and multigene genetic programing (MGGP) for details scaling. The two 16 

incorporated modules improve time and frequency domain analysis, allowing the network to 17 

unveil the embedded characteristics and capture its non-stationarity. At a hydrological station 18 

on the upper reaches of the Yangtze River, the records of daily water stage, flow discharge 19 

and suspended sediment are collected and refer to a nine-year period during 2004‒2012. The 20 

data are used to evaluate the models. Several wavelets are explored, showing that the Coif3 21 

leads to the most accurate prediction. Compared to the sediment rating curve (SRC), the 22 

conventional MGGP, multilayer perceptron neural network (MLPNN) and NARX, the 23 

INARX demonstrates the best forecast performance. Its mean coefficient of determination 24 

(CD) increases by 7.7%‒38.6% and the root mean squared error (RMSE) reduces by 15.1%‒25 

54.5%. The INARX with the Coif3 wavelet is further evaluated for flood events and multistep 26 

forecast. Under flood conditions, the model generates satisfactory results, with CD > 0.83 and 27 

84.7% of the simulated data falling within the ±0.1 kg/m
3
 error. For the multistep forecast, at 28 

a one-week lead time, the network also yields predictions with acceptable accuracy (mean CD 29 

= 0.78). The model performance deteriorates if the lead time becomes larger. The established 30 

framework is robust and reliable for real-time and multistep SSC forecast and provides 31 

reference for time series modeling, e.g. streamflow, river temperature and salinity. 32 

Keywords: River suspended sediment, wavelet transformation, multigene genetic programing, 33 

dynamic neural network, multilayer perceptron neural network 34 

1. Introduction 35 

The presence of suspended sediment in river flows is an essential issue in terms of water 36 

quality, river geological and geographical settings, channel navigability, operation of 37 

hydraulic structures, river aesthetics and fish habitats (Kişi, 2006). For instance, from the 38 

perspective of water resources exploitation, suspended sediment with high turbidity in river 39 

flows is a physical pollutant, which may act as a chemical pollutant when carrying chemicals 40 

such as phosphorous and heavy metals (Doğan et al., 2007). The transport of suspended 41 

sediment also affects erosion and deposition, leading to river morphological changes (Liu et 42 

al., 2013).  43 
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Defined as the ratio of sediment mass to volume of a sediment-laden mixture, suspended 44 

sediment concentration (SSC) characterizes a sediment transport process (Zheng et al., 2011). 45 

Accurate predictions of the SSC are of practical implications in a wide range of hydraulic 46 

issues, including design of the reservoir dead storage, environmental impact assessment, and 47 

prediction of aggradation and degradation around bridge piers (Afan et al., 2016). However, 48 

the transport is a complex phenomenon, involving both the flow and sediment motions and 49 

their interactions. From the initial detachment of sediment particles to their deposition, every 50 

stage is characterized by high nonlinearity and interplay processes, rendering the SSC forecast 51 

a challenging task. 52 

Conventionally, the SSC in a stream is determined via either direct field measurements or 53 

already established sediment transport equations (Bayram et al., 2012). The former is an 54 

accurate approach, with however some practical and cost disadvantages. The latter refers to 55 

the use of the relationship between the SSC and flow properties, including flow velocity, 56 

discharge, etc. The approaches are usually developed based on simplified partial differential 57 

equations, assumptions and empirical correlations for erosive effects of rainfall and flow 58 

(Aytek and Kişi, 2008; Karim and Kennedy, 1990; McBean and Al-Nassri, 1988).  59 

Some sediment curves are also proposed for the estimation of SSC (Crowder et al., 2007; 60 

Petersen-Øverleir, 2004), which are theoretically adequate to cope with the variations in 61 

catchment properties and uneven distribution of precipitation and evapotranspiration (Aytek 62 

and Kişi, 2008). However, due to the scarcity of detailed spatial and temporal hydrological 63 

data, applications of those methods suffer from limitations (Kisi et al., 2012). Moreover, 64 

despite several established empirical models, choosing an appropriate one for a specific 65 

scenario is difficult, which is the reason why many of them do not gain expected acceptance 66 

(Afan et al., 2016). Some researchers even indicate that the sediment curves are misleading 67 

and the high goodness of fit is spurious (McBean and Al-Nassri, 1988). As a result, efforts 68 

have been devoted to develop reliable methods for SSC predictions. Machine learning 69 

modeling offers an alternative. 70 

In comparison with process-driven methods, machine learning models gain superiority in 71 

dealing with nonlinear issues and handling a large quantity of data. With the help of artificial 72 

intelligence (AI), they demonstrate a great potential in mapping data with high complexity, 73 

dynamism and non-stationarity, e.g. SSC time series. The recent years have witnessed a rapid 74 

growth of AI-based approaches in studying the SSC. One of the first applications is made by 75 

Jain (2001), where an integrated relation among water stage, flow discharge and SSC is 76 

established using a feedforward neural network (FFNN). The resulting model leads to better 77 

predictions than the conventional curve-fitting approach and is capable of modeling the 78 

hysteresis effects caused by unsteady flows in channels. Alp and Cigizoglu (2007) examine 79 

the performance of the FFNN and radial basis function neural network (RBFNN) in sediment 80 

load estimations. The combination of rainfall and flow data generates, as predictors, accurate 81 

results; the two evaluated models exhibit insignificant differences. Melesse et al. (2011) adopt 82 

a multilayer perceptron neural network (MLPNN) and use precipitation, river flow, and 83 

antecedent sediment data to predict the suspended sediment in three major U.S. rivers 84 

(Mississippi, Missouri and Rio Grande). Compared with the multiple linear and nonlinear 85 

regressions and autoregressive integrated moving average, the MLPNN produces more 86 

satisfactory results. Demirci and Baltaci (2013) explore the efficiency of fuzzy logic models 87 

in SSC estimations, concluding that they behave better than the multiple linear regression 88 

method. Ehteram et al. (2021) use the whale algorithm, particle swarm optimization and bat 89 

algorithm to optimize the performance of an artificial neural network (ANN). The hybrid 90 

models cut down the error up to 80% relative to the standard one. Doroudi et al. (2021) 91 

integrate the observer-teacher-learner-based optimization method into a support vector 92 
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machine, which outperforms all the evaluated ones. Afan et al. (2016) provide a partial review 93 

of the relevant studies in the area. 94 

Due to its stochastic temporal variations, time series modeling is a challenging task. Direct 95 

simulations might be inadequate to capture its features in both time and frequency domains. 96 

Consequently, for better representation, data pre-processing techniques (e.g. sampling, 97 

transformation, de-noising and normalization) are suggested to reformulate and reshape the 98 

raw signals. In a rainfall forecast study, Mehr et al. (2019) remove the non-stationary features 99 

by performing square root and standardization of the original data. Such a procedure produces 100 

a weak stationary signal that is easy to model, as the trend in the mean is separated and the 101 

variance is suppressed. For better estimation of water table fluctuations, Jeong and Park (2019) 102 

suggest a framework for detrending, deseasonalization, normalization and outlier exclusion. 103 

This method, by assuming consistency of the trends and stationarity of seasonal variability, 104 

detects, in an effective way, the process changes that occur in a groundwater system. If 105 

coupled with machine learning models, it improves the efficiency of the standalone ones. Liu 106 

et al. (2013) apply a wavelet for signal decomposition and integrate it with an ANN for SSC 107 

forecast, showing that wavelet helps better capture highly nonlinear and non-stationary SCC. 108 

A similar study by Rajaee et al. (2011) illustrates that the model is capable of obtaining useful 109 

information on various resolution levels. Shiri and Kişi (2012) combine wavelet with gene 110 

expression programming (GEP), neuro-fuzzy (NF), and ANN for sediment load prediction. It 111 

is concluded that the wavelet-based models significantly increase the accuracy of single ones. 112 

These papers demonstrate the importance of data pre-processing for time series modeling. 113 

While, in most works, the main regressors are static models, e.g. ANN and NF. They are 114 

suitable for fitting problems, and a more robust model is required for time series forecast 115 

(Nanda et al., 2016). For a better SSC estimation, this paper establishes a nonlinear auto-116 

regressive with external inputs (NARX) network and couples it with a new wavelet-based 117 

data pre-processing module. The NARX, a dynamic recurrent neural network, is a superior 118 

network for handling non-stationary issues. The data pre-processing framework takes the 119 

advantage of the discrete wavelet transformation for time and frequency analysis and the 120 

multigene genetic programming (MGGP) for feature selection, expecting to generate 121 

informative and noise-free inputs for the regressor. Time series data of daily discharge, water 122 

level and SSC during 2004−2012 collected at the Cuntan station on the upper reaches of the 123 

Yangtze River are used to test the proposed integrated NARX (INARX). Its performance is 124 

assessed statistically and compared with that of empirical and conventional data-driven 125 

models. The objective of this study is to put forward an improved neural network for real-time 126 

and multistep forecasts of the river suspended sediment. A robust prediction framework has 127 

profound engineering implications.  128 

2. Methodology 129 

Two static models, MLPNN and MGGP, are first introduced. As an essential element in the 130 

INARX, wavelet transformation (WT) is described. The INARX is established by integrating 131 

the WT and MGGP to the NARX, allowing improved multistep forecasts. The evaluation 132 

criteria are finally stated.  133 

2.1 Multilayer perceptron neural network (MLPNN) 134 

An ANN is a commonly used intelligent method in addressing various issues, particularly for 135 

nonlinear systems. An MLPNN is a popular type of ANN in hydrological applications. Figure 136 

1 presents its typical architecture. The neurons are interconnected to each other between the 137 

layers with weight w and bias b. At the input layer, one neuron corresponds to one predictor; 138 
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at the output layer, one neuron represents one response. At the hidden layer, the number of 139 

neurons depends on the complexity of the problem. The signals are transferred in the forward 140 

direction without a loop. 141 

The network is developed by minimizing the error between the network output y and target z 142 

through the adjustment of w and b. The input x is first processed by an identity function and 143 

its outcome is then fed to the neurons at the hidden layer (Bishop, 1995). For instance, the 144 

signal Netj that the j
th

 hidden neuron receives from the input layer is expressed by 145 

  
1

p

j i ij j

i

Net x w b


   (1) 146 

in which xi = i
th

 input variable, wij = weight between the i
th

 input neuron and the j
th

 hidden 147 

neuron, bj = bias at the j
th

 hidden neuron and p = number of inputs. The net value Netj is then 148 

processed by an activation function, which generates a new signal and feeds into the output 149 

layer. Its value yj from the j
th

 hidden neuron is computed by 150 

  1 1

1

( )
p

j j i ij j

i

y f Net f x w b


 
   

 
  (2) 151 

where f1 = functional symbol. The same technique is employed for both the hidden and the 152 

output layer. The net weighted signal Netk entering into the output layer is given by 153 

     2 2

1 1 1

q q p

k j jk k jk i i j j k

j j i

Net f y w b w f x w b b
  

  
      

  
    (3) 154 

where bk = bias at the k
th

 output neuron, q = number of hidden neurons and f2 = functional 155 

symbol. In the end, the outcome yk from the k
th

 output neuron is calculated by 156 

    3 3 2

1 1

q p

k k jk i i j j k

j i

y f Net f w f x w b b
 

   
       

   
   (4) 157 

where f3 = functional symbol. By updating w and b, the algorithm iterates until it reaches the 158 

pre-defined error limit. 159 

 
Figure 1. Schematics of the MLPNN structure, with input, hidden and output layers. 
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2.2 Multigene genetic programing (MGGP) 160 

The MGGP model is a supervised evolutionary learning algorithm, which adopts the concept 161 

of survival of the fittest (Khozani et al., 2020). It combines linearly the low-depth gene 162 

programing (GP) and creates a simplified solution with improved fitness. A GP gene is a tree-163 

structured computer program with linking branches, root, inner and terminal nodes. As shown 164 

in Figure 2, this three-level gene comprises one root node, three inner nodes and four terminal 165 

nodes, which are connected by linking branches (mathematical operators). 166 

 
Figure 2. A tree-shaped GP solution: (x3 – x2) + (tan(x1) + x3). 

The evolution of the MGGP method starts from the creation of chromosomes, which are then 167 

used as parents to produce offspring. Three genetic operations are involved in this process: 168 

reproduction, crossover and mutation. In the reproduction, the parent reproduces an offspring 169 

by solely copying itself, thus no additional gene information is created. In the crossover, two 170 

new genes are generated by exchanging materials between their parents (Figure 3a). In the 171 

mutation, a new gene is produced by replacing its sub-tree structure with a random one 172 

controlled by the pre-defined operation parameters (Figure 3b). Jamei et al. (2020) summarize 173 

the primary development procedures in a MGGP model: 174 

 Define initial parameters: functions sets, population size, number of generation, rate of 175 

genetic operation and maximum number of genes; 176 

 Generate a population of genes and create a solution with a number of them; 177 

 Examine the model efficiency based on the objective function; and  178 

 Produce new genes using the genetic operations and repeat the last step if the stopping 179 

criteria are not met.  180 

In the end, the MGGP solution is constructed with low-depth GP genes 181 

  
1

gn

i i

i

y c G C


   (5) 182 

where C = constant, ci = i
th

 gene weight of i
th

 gene Gi and ng = number of survived genes. 183 

Both C and ci are determined by the least squares method. 184 
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Figure 3. The MGGP model, examples of genetic operations: (a) crossover and (b) mutation. 

2.3 Wavelet transformation (WT) 185 

The essential information of temporal data is usually veiled in the frequency domain and is 186 

not readily available in the time domain (Shoaib et al., 2015). To reveal the key features of a 187 

time series, data transformation is often performed. The Fourier transformation (FT) is one of 188 

the earliest methods used for frequency contents extraction. However, the time information is 189 

lost if transformed from the time to the frequency domain. As an improvement, the WT 190 

captures simultaneously the time and frequency information. The wavelet in a WT refers to 191 

the finite length and oscillatory window function. As its width varies with the transformation 192 

for every single spectral component, the WT is particularly useful for feature extraction for 193 

time series data whose patterns are not apparent in its raw form. 194 

The WT generates a time-scale representation of the non-stationary data and their 195 

relationships, thus revealing their trends, breakdown points and discontinuities (Singh, 2012). 196 

Specifically, the original signal is decomposed into low- and high-frequency elements and is 197 

analyzed in the time and frequency domain. This processing technique allows one to examine 198 

the unseen details of the raw data, hence improving the computational accuracy of the data 199 

mining models (Jamei et al., 2020). A WT is classified into continuous WT (CWT) and 200 

discrete WT (DWT). The major difference between them is how the scale parameters are 201 

discretized. The CWT WA,B(t) of a time series f(t) is expressed as 202 

    ,

1
A B

t B
W t f t dt

AA







 
  

 
  (6) 203 

where t = time, ψ* = complex conjugate of the wavelet function or the mother wavelet ψ, A = 204 

dilation (scale) parameter and B = translation (position) parameter. The computation of the 205 

CWT coefficients at each A and B leads to a large number of data. As an alternative, the DWT 206 

employs the scaling (low pass filter) and wavelet (high pass filter) functions; the scales and 207 

positions are based on the power of two (dyadic scales and positions). The W(A,B)D in the 208 

DWT is given by 209 

      /2 /2

1
, 2 2

j
j j

D
W A B k f t dt     (7) 210 

where j and k = real integers. Through the low and high pass filter, the time series data are 211 

decomposed into two parts: approximation a and details di. The former represents the low 212 

frequency and high scale component and the latter the high frequency and low scale one. The 213 

(a) (b) 
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low and high frequency contents are analyzed by the low and high pass filters, respectively. 214 

The low frequency part reveals the identity of the signal, and the high frequency one affects 215 

its flavor. In this way, the background information is captured by a, and the trivial attributes 216 

of interpretational value are characterized by di (Tiwari and Chatterjee, 2010). The temporal 217 

data after the DWT are expressed by 218 

  
1

n

n i

i

f t a d


   (8) 219 

where n = number of decomposition level. 220 

2.4 Integrated nonlinear autoregressive network with exogenous inputs (INARX) 221 

As the core of our study, the INARX is a recurrent network-based model that couples with a 222 

data pre-processing module, shown in Figure 4. This scheme is composed of three phases, 223 

starting from the decomposition of signals by the DWT after division. The choice of the DWT 224 

over the CWT is favored by high computational efficiency and easy implementation, as 225 

suggested by Kisi (2011). After the transformation, the raw data are decomposed into two 226 

components: approximation and details. If the raw data include m elements and each of them 227 

is decomposed into L levels, the total number of sub-signals (approximation and details) after 228 

the DWT becomes (m + mL). However, not all of them are equally informative (Khan et al., 229 

2020). 230 

In the second phase, the details are fed into the MGGP to remove the redundant inputs that 231 

may deteriorate the model performance. The MGGP generates an explicit expression, which 232 

consists of the inputs and indicates their contributions to the target. Although the MGGP 233 

alone can act as a machine learning model, it is employed as a selection tool to scale the 234 

details. Successful MGGP applications as a selection tool are found in Hadi and Tombul 235 

(2018) and Mehr and Nourani (2017). As it combines linearly the GP trees, to solely improve 236 

the fitness based on the objective function tends to yield a complex evolved solution, which is 237 

likely to result in horizontal bloat and overfitting. To cope with this, the Pareto front (PF) 238 

method is used to optimize the model in terms of both accuracy and complexity. Based on the 239 

concept of dominance with the PF at any instant consisting of non-dominated solutions, it is a 240 

multi-objective optimization technique (Smits and Kotanchek, 2005). Given a population of 241 

models, the PF is composed of the members that outperform others in the pre-defined criteria. 242 

The methodological procedures are summarized as follows 243 

 Limiting the maximum number of genes to reduce the model complexity and 244 

overfitting risks 245 

 Calculating the expressional complexity of all evolved potential solutions 246 

 Comparing the model complexity of the whole population against their goodness of fit 247 

measure 248 

 Identifying the models that gain by comparison in terms of both accuracy and 249 

simplicity (Pare-front members) 250 

 Selecting the scaled detail ds (the one with the highest contribution to the target) from 251 

the best model 252 

In the third phase, the approximation and scaled details are used as inputs for the nonlinear 253 

auto-regressive with external input (NARX) network. This dynamic network is composed of 254 

three layers (similar to the MLPNN) with recurrent connections from the past outputs, which 255 

allows multistep forecast. It is mathematically formulated as 256 

               1 1 21 ,..., ; 1 ,..., ; 1 ,...,s sy t F a t a t t d t d t t y t y t t        (9) 257 
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in which y, a, and ds = output, approximation, and scaled details, t = time, Δt1 = input delay, 258 

Δt2 = feedback delay and F = functional symbol. The delayed y is automatically fed 259 

backwards to the input layer. Thus, the prediction is dependent on not only the exogenous 260 

parameters (a and ds), but also the previous output signals. The delays in the external and 261 

feedback inputs sever as a short time memory of the network. They also represent vectors that 262 

each signal must pass through, after which all signals are available as an input for the next 263 

unit for a number of time steps. The network is in a closed loop, which may deteriorate 264 

computational efficiency and accuracy. For a given training set, the true outputs (observations) 265 

are available, hence one can open the loop by feeding back the delayed observations instead 266 

of the estimated values. As more accurate inputs are used, the procedure leads to better 267 

predictions. It also saves computational costs, as the resulting network is in a simple 268 

feedforward architecture and static backpropagation is applied for model development. In 269 

applications, the network is in a closed loop for multistep ahead estimation. 270 

The training of the network is achieved using the Levenberg-Marquardt (LM) algorithm, 271 

which is a combination of the steepest descent (first-order) and Gauss-Newton (second-order) 272 

method. The resulting configuration improves the computational speed of the former and 273 

enhances the numerical stability of the latter (Samarasinghe, 2016). The weight update We+1 274 

of the LM at (e + 1) epoch is defined by 275 

  
1

1e e e e eW W H I J r


     (10) 276 

where e = epoch number, H = Hessian matrix, λ = variable scalar, I = identity matrix, J = 277 

Jacobian matrix and r = residual error vector. The presence of J and the diagonal term λI leads 278 

to a positive definite H, which shortens remarkably the computational time (Yu and 279 

Wilamowski, 2011). This fast and reliable second-order local method has been successfully 280 

implemented in many studies, e.g. Adamowski and Chan (2011) and Daliakopoulos et al. 281 

(2005). 282 

 
Figure 4. Workflow of the proposed integrated nonlinear autoregressive network with 

exogenous inputs (INARX). 
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2.5 Evaluation metrics 283 

For any prediction model, its performance is statistically assessed in terms of coefficient of 284 

determination (CD), Nash-Sutcliffe coefficient (NSC), root mean squared error (RMSE) and 285 

mean absolute error (MAE). The former two describe the goodness of fit and the latter two 286 

quantify the estimation error. These indices are usually used in the evaluation of machine 287 

learning models (Adamowski and Chan, 2011; Dayev, 2020). The CD index indicates how 288 

well the observed observation O is replicated by the simulation S 289 
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 (11) 290 

where Oi = i
th

 observation, Si = i
th

 simulation, O  = mean of observations, S  = mean of 291 

simulations and N = number of data. CD = 1.0 represents a perfect fit, and CD > 0.75 is often 292 

considered a satisfactory result (Motovilov et al., 1999). The NSC index assesses the 293 

predictive skill of a hydrological model, defined as 294 
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 (12) 295 

NSC = 1.0 corresponds to an ideal estimation; a negative NSC value occurs if the simulation 296 

error variance is significantly larger than the observation one. NSC > 0.75 is generally an 297 

acceptable result (Moriasi et al., 2007). The RMSE index measures the discrepancy between 298 

the modeled and observed values, given by 299 
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 (13) 300 

It ranges from zero to infinitive, with RMSE = 0 indicating a perfect match between the 301 

observation and estimation. Conversely, a large RMSE value indicates the inadequacy of the 302 

prediction model. The MAE index shows the mean of all individual errors, computed by 303 

  
1

1 N

i i

i

MAE O S
N 

   (14) 304 

The RMSE and MAE are error statistics and are case dependent. The closer to zero, the better. 305 

3. Study site and data source 306 

3.1 Study site  307 

To evaluate the developed INARX model, the Cuntan hydrological station on the upper 308 

reaches of the Yangtze River is chosen as the study site. The river basin covers an area of 309 

1.8×10
6
 km

2
, accounting for approximately one-fifth of the land area of China (Figure 5). 310 

Originating in the Qinghai-Tibet Plateau (about 5100 m above the mean sea level), the river 311 
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flows eastwards through a number of major cities including Chongqing and finally into the 312 

East China Sea in Shanghai. Globally, it ranks third in length (∼6300 km), fourth in sediment 313 

flux (∼470 Mt/year), and fifth in flow discharge (∼900 km
3
/year) (Yang et al., 2018).  314 

The Cuntan station (106.60º E, 29.62º N) is situated downtown in Chongqing city, some 606 315 

km upstream of the well-known Three Gorges Dam. Its catchment area is 8.67×10
5
 km

2
. It is 316 

one of the major measurement stations on the upper river reaches, with daily records of flow, 317 

sediment, water quality and other parameters. A few kilometers up- and downstream of the 318 

station, the river course is slightly curved in planform, however without significant variations 319 

in cross-section. Measured at the normal water levels, the river width ranges between 500 and 320 

600 m; the average water depth amounts to ~20 m. During a year, the river runoff varies 321 

considerably; the multi-year average runoff is 3.40×10
11

 m
3
. The river flow carries sediment 322 

in form of both bedload and suspended load. On a multi-year average basis, the total sediment 323 

flux amounts to 3.74×10
8
 t, with SSC = 1.09 kg/m

3
. The bedload, mainly composed of 324 

cobbles and sand, is limited in amount (only 2.50×10
4
 t/year).  325 

 
Figure 5. The Yangtze River basin and location of the Cuntan hydrological station in 

Chongqing city (The digital elevation data are download from www.usgs.gov).  

3.2 Data source 326 

The study is based upon the daily hydrological records from January 1, 2004 to December 31, 327 

2012, collected from the Yangtze Water Resources Commission (www.cjw.gov.cn). The data 328 

refer to flow discharge Q, water level elevation Z and the SSC. For the Q measurement, an 329 

Acoustic Doppler Current Profiler (ADCP) attached to a customized motorboat with GPS 330 

positioning measures water depth and flow velocity. At the pre-determined cross-section, the 331 

boat goes perpendicular to the stream, at a constant cruising speed. The velocity measurement 332 

error is ±5 cm/s. Pressure sensors monitor the water depth, with ±1 cm accuracy. The relative 333 

Q error is by estimate below ±5%. To measure the SSC along the transection, plumb lines are 334 

first positioned, the number of which depends on the river width. Along each line, the 335 

suspended load is, with point-integrative water samplers, sampled at several equidistant 336 

positions and the corresponding flow velocities are also measured. With the velocity and SSC, 337 

http://www.usgs.gov/
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the cross-sectional sediment flux is calculated. With the elapse of time, the measurement 338 

techniques are upgraded at regular intervals; some manual undertakings are replaced by 339 

automatic procedures at the station.  340 

The collected daily series amount to a total of 3289 data sets and are divided into training and 341 

testing data with a ratio of 7:3. Table 1 presents the statistics of the field data at both stages, in 342 

which SD = standard deviation and CV = coefficient of variation.  343 

Table 1. Statistics of the observed hydrological data, listed in light of training and testing.   344 

 Parameter Min.
a
 Max.

a
 Mean

a
 SD

a
 CV

b
 Skewness

b
 

Training 

SSC (kg/m
3
) 0.01 3.79 0.30 0.43 1.43 2.51 

Z (m) 158.25 183.14 164.53 4.51 0.03 0.69 

Q (m
3
/s) 2490 57000 9954 7790 0.78 1.71 

Testing 

SSC (kg/m
3
) 0.01 3.60 0.26 0.39 1.50 2.96 

Z (m) 159.51 186.28 169.58 5.09 0.03 −0.02 

Q (m
3
/s) 3240 63200 11302 9388 0.83 2.02 

a
Variables with the same units as the corresponding parameter 345 

b
Variables with no units 346 

4. Results and discussion 347 

With the time series of the hydrological data, the MLPNN, MGGP and INARX models are 348 

assessed and compared. In the former two methods, a short-term memory structure is used to 349 

improve their learning performance. With signal decomposition by wavelet functions and 350 

details scaling by the MGGP, the proposed INARX model that combines a feedforward neural 351 

network with a non-linear auto-regressive model provides improved river sediment forecasts. 352 

4.1 The MLPNN and MGGP models 353 

4.1.1 Memory depth 354 

The stand-alone MLPNN and MGGP models are first established for SSC forecast as 355 

benchmarks, as the former is a well-known model and the latter is a component of the 356 

proposed framework. To utilize the temporal information of the time series data, a short-term 357 

memory structure is suggested in the input layer, achieved by feeding the network with lagged 358 

data. This is an essential step for the development of hydrological models, as the system 359 

response is inherently dependent on its past states. Consequently, a memory structure would 360 

help encode the temporal features and improve the learning performance. The selection of the 361 

time lag or memory depth is a vital yet challenging task, for which there are mainly two 362 

approaches. One employs the auto-correlation function (ACF) and partial auto-correlation 363 

function (PACF) to obtain suitable input vectors (Sudheer et al., 2002). Despite their wide use, 364 

some argue that those functions are incapable of capturing the nonlinear features of 365 

hydrological systems and fail to discover their full relationship (Nayak et al., 2004; Senthil 366 

Kumar et al., 2005). The other is the so-called window sliding method (Moosavi et al., 2013; 367 

Riad et al., 2004), in which the initial input sequence comprises the data with a lag of one 368 

time step and is then adjusted by successively adding longer lag up to a specific value. The 369 

optimal lag is, based on the estimation accuracy, determined by a trial and error method. In 370 

this study, the two methods are combined to select an appropriate memory depth. 371 

To identify the dominant input space vectors, the ACF and PACF are performed to analyze 372 

the SSC time series, shown in Figure 6. The former demonstrates an oscillating pattern and 373 

annual periodicity of the SSC data, similar to the year-to-year dependency of the rainfall and 374 

streamflow series (Aksoy and Dahamsheh, 2009; Rahmani-Rezaeieh et al., 2020). The latter 375 
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shows that the current time system state is closely correlated with the ones with one- and 376 

three-day lag; a larger time lag exhibits limited impacts. Accordingly, predictors with those 377 

lags are used for the SSC prediction, e.g. S(t) = F1(IV(t − 1), IV(t − 3)), in which IV = input 378 

vector and F1 = functional symbol. It should be noted that the IV consists of Z or Q or both. 379 

For the window sliding method, time lags starting from one day up to five days are considered. 380 

The resulting input configurations (M1‒M12) from both methods are listed in Table 2. 381 

 

 
Figure 6. Correlation analysis of the SSC series by (a) auto-correlation function (ACF) and (b) 

partial auto-correlation function (PACF). 

Table 2. Input vectors for the MLPNN and MGGP models 382 

Input no. Input vector Input no. Input vector 

M1 Z(t − 1), Z(t − 3) M7 Z(t − 4), Q(t − 4) 

M2 Q(t − 1), Q(t − 3) M8 Z(t − 5), Q(t − 5) 

M3 Z(t − 1), Z(t − 3), 

Q(t − 1), Q(t − 3) 

M9 Z(t − 1), Q(t − 1), Z(t − 2), Q(t − 2) 

M4 Z(t − 1), Q(t − 1) M10 Z(t − 1), Q(t − 1), Z(t − 2), Q(t − 2), Z(t − 3), 

Q(t − 3) 

M5 Z(t − 2), Q(t − 2) M11 Z(t − 1), Q(t − 1), Z(t − 2), Q(t − 2), Z(t − 3), 

Q(t − 3), Z(t − 4), Q(t − 4) 

M6 Z(t − 3), Q(t − 3) M12 Z(t − 1), Q(t − 1), Z(t − 2), Q(t − 2), Z(t − 3), 

Q(t − 3), Z(t − 4), Q(t − 4), Z(t − 5), Q(t − 5) 

4.1.2 Model application 383 

The MLPNN features a supervised learning process. The lagged predictors are used as the 384 

input and the current time observations as the target. The LM algorithm is employed to train 385 

the network; the simulation error is propagated backwards to adjust the network weights and 386 

biases. The network has sigmoid hidden neurons and linear output neurons, with the optimal 387 
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number of hidden neurons attained by a trial and error procedure. The mean squared error 388 

(MSE) is set as the fitness function. The calculation is terminated if the training reaches a 389 

maximum of 10000 epochs or the MSE drops below the threshold 0.01 (Table 3).  390 

In the MGGP model, the number of genes is limited to five, and each has a maximum depth 391 

of four. The initial population size is 300, and the maximum number of generations is 150. 392 

After some trials, the reproduction, crossover and mutation rate are adjusted to 0.2, 0.84, and 393 

0.14, respectively. In search for accurate models, the function sets, i.e. addition, subtraction, 394 

multiplication, division, square root and sine, are found effective. The simulation is run 395 

multiple times to achieve high generalization, with a total number of 1500 potential solutions 396 

generated for each input scenario. The model setups are summarized in Table 4. 397 

Table 3. Parameter settings for the MLPNN model 398 

Parameter Value Parameter Value 

Max. No. of epochs 10000 Activation function (hidden layer) Sigmoid 

Fitness function MSE Activation function (output layer) Linear 

MSE limit 0.01 Training function Trainlm 

Min. performance gradient 0.0001 Max. training time Infinitive 

Learning rate 0.001 ‒ ‒ 

Table 4. Parameter settings for the MGGP model 399 

Parameter Value Parameter Value 

Population size 300 Reproduction rate 0.2 

Max. generations 150 Crossover rate 0.84 

Tournament size 25 Mutation rate 0.14 

Elite fraction 0.7 Max. total nodes Infinitive 

Max. genes 5 Objective function RMSE 

Max. tree depth 4 ‒ ‒ 

The performance metrics of the MLPNN and MGGP models are shown in Tables 4 and 5, 400 

respectively. For both models, the use of only one- and three-day lagged water level (M1) 401 

seems to fail to generate accurate results, which is presumably due to the lack of informative 402 

features. Compared to M1, the M2 prediction exhibits remarkable improvement, indicative of 403 

the significance of the discharge. From a physical point of view, the discharge affects directly 404 

the SSC. Its presence provides essential information for the learning of system behaviors. A 405 

combination of multiple past states helps better interpret the temporal SSC variations, thus 406 

leading to high accuracy (M3). As given only one specific lagged time (e.g. one-day delay), 407 

M4−8 show a less satisfactory behavior in comparison with M3. With the lag enlarged from 408 

one (M4) to five days (M8), the forecasting ability deteriorates. For both MLPNN and MGGP, 409 

the average CD values (training and testing) become for instance 21% lower; the RMSE 410 

values are 15% higher for the former and 20% higher for the latter. Among all the tested ones, 411 

the M10 input vector produces the most accurate estimation. It is also noted that enlarging the 412 

lags would worsen its performance (M11, M12), which is presumably attributed to the 413 

redundancy of those temporal series that are not much inherently correlative with the SSC. 414 

Figure 7 compares, in form of daily time series of the SSC, the best predicted results with the 415 

measured ones. Both models are capable of capturing its seasonal variations at low values. 416 

However, at high SSC values, neither model produces acceptable outcomes (Figure 7a). It is 417 

also noted that both models somewhat underestimate the SSC (Figure 7b). The overall model 418 

performance, especially for predictions of SSC peaks, need to be improved. 419 
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Model 
Training Testing 

CD NSC RMSE MAE CD NSC RMSE MAE 

M1 0.477 0.460 0.313 0.172 0.518 0.460 0.286 0.199 

M2 0.687 0.673 0.243 0.140 0.684 0.582 0.252 0.173 

M3 0.692 0.685 0.239 0.112 0.691 0.669 0.224 0.112 

M4 0.666 0.647 0.253 0.158 0.684 0.644 0.232 0.134 

M5 0.619 0.616 0.264 0.126 0.616 0.610 0.243 0.121 

M6 0.581 0.577 0.277 0.133 0.566 0.557 0.259 0.126 

M7 0.543 0.541 0.289 0.144 0.558 0.556 0.259 0.130 

M8 0.523 0.522 0.294 0.155 0.537 0.531 0.266 0.138 

M9 0.684 0.680 0.241 0.115 0.687 0.669 0.225 0.117 

M10 0.694 0.682 0.240 0.121 0.692 0.676 0.221 0.115 

M11 0.692 0.686 0.239 0.114 0.689 0.667 0.224 0.123 

M12 0.684 0.676 0.242 0.116 0.681 0.660 0.227 0.119 

Table 6. Performance statistics of the MGGP model 421 

Model 
Training Testing 

CD NSC RMSE MAE CD NSC RMSE MAE 

M1 0.516 0.108 0.402 0.311 0.259 0.183 0.352 0.270 

M2 0.689 0.689 0.237 0.116 0.645 0.558 0.259 0.146 

M3 0.689 0.689 0.238 0.116 0.658 0.624 0.239 0.129 

M4 0.674 0.627 0.244 0.114 0.640 0.539 0.264 0.152 

M5 0.624 0.623 0.261 0.128 0.596 0.562 0.257 0.134 

M6 0.578 0.574 0.278 0.147 0.542 0.440 0.291 0.170 

M7 0.546 0.547 0.287 0.146 0.524 0.495 0.276 0.159 

M8 0.520 0.464 0.312 0.220 0.513 0.411 0.299 0.210 

M9 0.691 0.691 0.237 0.116 0.671 0.577 0.253 0.142 

M10 0.694 0.692 0.237 0.115 0.671 0.550 0.261 0.153 

M11 0.692 0.691 0.237 0.119 0.638 0.587 0.250 0.137 

M12 0.691 0.688 0.238 0.127 0.640 0.529 0.268 0.163 

422 

Figure 7. Comparison of the best predicted results with the measurements 

Table 5. Performance statistics of the MLPNN model 420 
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4.2 The INARX model 423 

4.2.1 Wavelet function and decomposition level 424 

The established INARX model starts from the decomposition of the raw time series by the 425 

DWT. The wavelet function and decomposition level are its two major attributes and need to 426 

be properly selected. Five common types of mother wavelets are the Haar wavelet, 427 

Daubechies wavelet (Db), Coiflets (Coif), Symlets (Sym) and the discrete Meyer 428 

approximation (Dmey). A wavelet function is characterized by its region of support and the 429 

number of vanishing moments. The former is related to the wavelet span length, which has an 430 

effect on the feature localization possessions of a signal. The latter limits the wavelet’s ability 431 

to represent the polynomial behavior or information of a signal (Shoaib et al., 2016). For 432 

example, the wavelet Db4 represents a four-coefficient polynomial that encodes a process 433 

with a constant, a linear, a quadratic and a cubic signal component. In this study, these five 434 

wavelets, with different support regions and vanishing moments, are employed for signal 435 

decomposition. The Haar and Dmey have only one member each; the other three are irregular 436 

wavelets (Addison Paul, 2002).  437 

The decomposition level L of a DWT is deemed as a major step for wavelet based models, as 438 

it is associated with the decoding of the embedded seasonal and periodic variations in the time 439 

series (Shoaib et al., 2014). For instance, a signal at L = 3 is composed of an approximation a3 440 

and three sub-surmises d1, d2 and d3. Sub-surmise d1 captures the features of the raw signal up 441 

to 2 days, d2 and d3 up to 2−4 and 4−8 days, respectively. The level L is determined by either 442 

trial and error (Kisi and Shiri, 2011) or an empirical approach (Nourani et al., 2009). The 443 

latter is given by L = int(log(N)). The expression considers only the length of the data series 444 

and is suitable for fully auto-regressive data, as the seasonal hydrological process is 445 

disregarded (Shoaib et al., 2014; Shoaib et al., 2015). Through trial and error, Graf et al. 446 

(2019) and Shoaib et al. (2016) find that the model efficiency has a positive correlation with L. 447 

As a result, the signals are decomposed at their maximum possible level Lm = log2(N) (Shoaib 448 

et al., 2016). 449 

4.2.2 Details scaling 450 

Depending on L, the DWT transforms a signal into a number of sub-signals in the time and 451 

the frequency domain. Although the decomposition helps extract the hidden features of the 452 

time series, it might also generate redundant inputs for machine learning models, thus limiting 453 

their forecast performance and increasing computational costs (Hadi and Tombul, 2018; 454 

Taormina et al., 2016). A selection procedure is often desirable to remove the insignificant 455 

information. For example, Khan et al. (2020) suggest a correlation analysis between the 456 

details and the target, those with low correlations (below the average) are eliminated. This 457 

study proposes an intelligent approach to scale the details, taking into consideration their 458 

overall effects on the target.  459 

First, the MGGP uses all the details as inputs to evolve a population of potential solutions. 460 

Secondly, with the identified Pareto-front members, a comparative study is performed to 461 

determine the most effective solution and its corresponding dominant gene (scaled detail). To 462 

make a fair comparison between the proposed INARX and the stand-alone MGGP, the model 463 

parameters adopted here for details scaling are the same as for the latter in Section 4.1. As an 464 

example, the water-level data decomposed by the Haar are used to demonstrate the creation of 465 

a new detail. The original details are employed as predictors and their response as the 466 

observed SSC. 467 
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In the MGGP modeling, the risk exists in acquiring genes that are either performance neutral 468 

or offer little improvement on the performance. In this case, the resulting model becomes 469 

complex. To identify and remove the horizontal bloat, Figure 8 depicts all the constructed 470 

potential solutions and the Pareto-optimal members in terms of the goodness of fit and model 471 

complexity. The complexity is defined as the total number of nodes in the constituent trees of 472 

a solution. For a single tree, it is the sum of its own node count and all possible full sub-trees 473 

(a leaf node is also considered a full sub-tree) (Searson, 2015). This gene-centric visualization 474 

allows to optimize the solution by selecting one with favorable simplicity and accuracy. For 475 

instance, among the Pareto-optimal models, the one with the highest NSE value (green 476 

marked, base model) shows no advantage over others in simplicity and exhibits a comparative 477 

level of accuracy with some members (Figure 8). Consequently, it is replaced by a simple one 478 

without a significant loss in accuracy. Table 7 presents comparisons among the Pareto-479 

optimal models with the base solution, where Δ(complexity) = relative reduction in model 480 

complexity and Δ(NSE) = relative loss in model accuracy. From Model 1 to 5, the NSE value 481 

drops by only 4.8%, while the simplicity gains significantly by 52.9%. A further reduction in 482 

simplicity leads to an evident loss in model performance (Model 6). Accordingly, Model 5 is 483 

treated as the optimal solution, in which the gene weights are 0.068, 0.631, 0.089, 0.067, and 484 

0.045, respectively. The second gene in this solution survives and is the most informative 485 

scaled detail. 486 

 
Figure 8. Pareto-front plot of evolved solutions by the MGGP: Accuracy versus complexity. 

The green marked dot represents the one with the highest NSE value of the training data. 

Table 7. Comparisons among the Pareto-optimal models with the base solution 487 

Model No. Δ(complexity) (%) Δ(NSE) (%) Model No. Δ(complexity) (%) Δ(NSE) (%) 

1 (base) − − 8 9.9 18.8 

2 15.7 0.3 9 11.9 22.4 

3 35.3 1.3 10 13.7 25.5 

4 47.1 2.9 11 31.1 52.5 

5 52.9 4.8 12 49.3 74.3 

6 54.9 13.9 13 49.6 74.6 

7 56.9 16.6 14 61.9 85.5 

4.2.3 SSC forecast 488 

After decomposition and scaling, the approximation and scaled details are transferred to the 489 

network for the prediction of SSC. The NARX network can be described as a combination of 490 

a feedforward neural network (e.g. MLPNN) and a linear auto-regressive model with 491 

exogenous input. This unique architecture generates a global feedback connection between 492 
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the input and output layers, enhancing model performance with respect to mapping non-linear 493 

long-term time series in a complex and dynamic environment.  494 

To achieve faster convergence and better generalization, the network is developed in an open 495 

loop mode, where the observed SSC is given as the feedback input. For multistep prediction, 496 

the network is converted to a closed loop, in which the predicted outputs are returned to the 497 

input layer. Three parameters, input delay, feedback delay and the number of hidden neurons 498 

affect the network efficiency. However, no rule of thumb are available to determine their 499 

values, which are often attained by trial and error. Based on the results from the MLPNN and 500 

MGGP (Section 4.1), the predictors with a three-day lag give an acceptable estimation. 501 

Accordingly, the input and feedback delay are set at three days. The number of hidden 502 

neurons is adjusted multiple times; the one producing the lowest errors remains. Similar to the 503 

MLPNN, the INARX network is trained using the LM algorithm with the objective function 504 

of MSE; the forecast is considered convergent if the calculation reaches a maximum of 10000 505 

epochs or the MSE drops below the threshold 0.01. 506 

Table 8 presents the SSC predictions by the machine learning models and the empirical 507 

approach. The former refers to the best performed MLPNN and MGGP, NARX and the 508 

proposed INARX with the selected wavelets. The latter refers to the sediment rating curve 509 

(SRC). The SRC is a simple and easy-to-implement approach for SSC estimations, expressed 510 

in the form of S = αQ
β
 (α and β are coefficients) (Walling, 1978). The training data in the 511 

machine learning modeling are employed to derive the SRC, resulting in α = 1×10
−8

 and β = 512 

1.82. For both the training and testing phases, the SRC indicates CD values below 0.7, also 513 

with the highest estimation error (RMSE and MAE) among the evaluated models. Its negative 514 

NSC value suggests that the error variance is remarkably higher than that of the observations. 515 

Because of its oversimplified form, the SRC approach fails to capture the nonlinear behaviors 516 

of the system.  517 

Thanks to its recursive network architecture, the NARX obtains automatically essential 518 

information from the historical features. Thus, it demonstrates better estimation capability 519 

than the static MLPNN and MGGP. The INARX models generate the best prediction among 520 

all, with an average of NSE > 0.88 at the training stage and NSE > 0.82 at the testing stage. 521 

Their high performance is attributed to the combination of the WT and details scaling, which 522 

facilitate noise reduction and feature extraction. Considering the overall performance, the 523 

INARX with the Coif3 wavelet ranks first, with the best forecast results (NSE = 0.86 and 524 

RMSE = 0.15, average of both stages), while the one with the Haar wavelet ranks last, with 525 

NSE = 0.82 and RMSE = 0.17).  526 

The Coif is constructed in such a way that both the wavelet and scaling function have 527 

vanishing moments, allowing more accurate approximation of polynomial functions at 528 

different resolutions (Shoaib et al., 2014). Consequently, the resulting model well captures the 529 

temporal features. The Haar is a single peaked wavelet, suitable for time series approximated 530 

as a single peaked event, e.g. runoff (Nourani et al., 2011). As the SSC is, by nature, 531 

characterized by multiple peaks with varying durations, the resulting model performs 532 

unsatisfactorily. 533 

Table 8. SSC forecast by machine learning models and empirical SRC approach  534 

Model Wavelet 
Training Testing 

CD NSC RMSE MAE CD NSC RMSE MAE 

SRC ‒ 0.587 0.525 0.294 0.123 0.638 −0.075 0.403 0.159 

MLPNN ‒ 0.694 0.682 0.240 0.121 0.692 0.676 0.221 0.115 

MGGP ‒ 0.694 0.692 0.237 0.115 0.671 0.550 0.261 0.153 

NARX ‒ 0.856 0.852 0.164 0.073 0.721 0.711 0.209 0.103 
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INARX 

Haar 0.861 0.860 0.160 0.070 0.778 0.771 0.186 0.068 

Db2 0.880 0.878 0.149 0.068 0.834 0.832 0.159 0.071 

Db4 0.884 0.883 0.146 0.065 0.845 0.843 0.154 0.064 

Db6 0.863 0.863 0.157 0.074 0.814 0.814 0.168 0.071 

Db8 0.876 0.876 0.150 0.068 0.819 0.818 0.166 0.074 

Sym2 0.863 0.862 0.158 0.071 0.819 0.806 0.171 0.094 

Sym4 0.872 0.872 0.153 0.070 0.806 0.806 0.171 0.068 

Sym6 0.874 0.874 0.151 0.067 0.810 0.810 0.170 0.070 

Sym8 0.876 0.875 0.150 0.073 0.812 0.807 0.171 0.070 

Coif2 0.885 0.884 0.145 0.071 0.839 0.834 0.158 0.077 

Coif3 0.901 0.898 0.136 0.064 0.832 0.831 0.160 0.066 

Coif4 0.891 0.888 0.142 0.069 0.846 0.831 0.160 0.070 

Coif5 0.880 0.877 0.150 0.074 0.848 0.841 0.155 0.077 

Dmey 0.874 0.873 0.152 0.082 0.785 0.766 0.188 0.069 

To further evaluate their performance, the best-behaved model in each category is assessed 535 

with all field data. Figure 9 compares the observed against the predicted results in the form of 536 

scatter plot and boxplot. The former presents the difference between the two and the latter 537 

displays their statistics. For the SRC, although the data points scatter almost evenly around 538 

the perfect line (green), the dispersion is significant with large deviations, which is evidenced 539 

by the NSC negative (Table 8). The MLPNN and MGGP exhibit comparative prediction 540 

capability. In comparison with the observed data, the prediction has a smaller range and mean, 541 

indicative of underestimation. The INARX generates the most accurate forecast, with the data 542 

statistics (mean, median, range and interquartile) close to those of the observations. 543 

Meanwhile, all datasets lie closely around the perfect line. In time series modeling, error 544 

correlation is a proxy for model robustness appraisal, describing how the forecast errors are 545 

related in time. For perfect fitting, there should be only one non-zero value (equals to the 546 

MSE), occurring at zero lag. Figure 10 shows error correlations of the best INARX model. 547 

Except for the one at zero lag, they fall approximately within the 95% confidence bounds 548 

around zero. This indicates that the estimation errors are completely uncorrelated with each 549 

other (white noise) and the model is adequately accurate. 550 

 
Figure 9. Comparisons of the observed against the predicted SSC data by (a) SRC, (b) 
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MLPNN, (c) MGGP and (d) INARX. In the boxplot, circle = mean, lower diamond = 1% 

data, upper diamond = 99% data, dashed line = median, lower box bound = 25
th

 percentile and 

upper box bound = 75
th

 percentile. The evaluated models refer to the best one in each 

category. 

 
Figure 10. Error correlation of the best INARX model. 

4.2.4 Under flood conditions 551 

A robust model is expected to make accurate SSC forecasts in various circumstances, even 552 

under extreme flow conditions. During flood seasons, the rapid flow changes in both time and 553 

magnitude render the SSC prediction a challenging task. To evaluate the model capability, 554 

three years with extreme floods, 2004, 2010, and 2012, are selected. Their peak flows are 555 

53700, 62400 and 63200 m
3
/s, respectively, often with short durations. In 2004 for instance, 556 

one flood event is formed within only three days, with a peak discharge almost 30 times that 557 

of the pre-flood days. Demonstrating better performance than others, the INARX is chosen 558 

here for further evaluation. The three years are treated as separate scenarios, with the model 559 

re-calibrated using the observed daily data.  560 

Figure 11 compares the measured and simulated SSC time series. During the wet seasons 561 

(June to September), both the flow and sediment exhibit drastic daily variations. As seen in 562 

the enlarged views (Figures 12b, d and f), the INARX provides reasonable SSC forecasts, 563 

even with pronounced variations in magnitude and a short data length (one year). At both high 564 

and low SSC, the predicted results are in good agreement with the observed ones. For the 565 

three years, the CD is equal to 0.86, 0.83, and 0.85, respectively. Compared with the nine-year 566 

SSC simulation (2004‒2012), the model with one-year input shows negligible deterioration in 567 

accuracy. This is presumably attributed to the dynamic process of feeding back the network 568 

with past features, thus allowing the network to uncover the connections between the 569 

historical and current system states. Therefore, even under extreme conditions and with a 570 

limited length of data series, the model is still adequate to capture the system behaviors based 571 

on the historical characteristic data.  572 

As illustrated in the histograms in Figure 12, most predictions fall within the ±0.075 kg/m
3
 573 

error range. For the selected years, the portion of data within the ±0.1 kg/m
3
 error is 85.2%, 574 

84.9% and 84.7%, respectively. In all scenarios, the ±0.2 kg/m
3
 error range contains 95% of 575 

the data. The errors follow a normal distribution, except for some overestimation in 2004, 576 

where the data falling within 0‒0.15 kg/m
3
 are 7.9% more than within −0.15‒0 kg/m

3
. With 577 
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its high adaptability, the INARX is a powerful tool in applications with significant temporal 578 

changes. 579 

 
Figure 11. Comparisons between the observed and predicted SSC in 2004, 2010 and 2012. 

The left diagrams (a, c, and e) are complete time series and the right ones (b, d, and f) are the 

enlarged views of the shaded data (flood seasons). 

 
Figure 12. Histograms of forecast errors for the selected years: (a) 2004, (b) 2010 and (c) 

2012. Each curve corresponds to a normal distribution. 

4.2.5 Multistep prediction 580 

For decision making, it is desirable to obtain predictions multiple steps ahead. To evaluate the 581 

model ability of multistep forecasts, a lead time (LT) from one week up to one month is set. 582 

SSC fluctuations are dissimilar under different conditions, and it is relatively easy to produce 583 

accurate results during the SSC-stable seasons. Again, the 2004, 2010 and 2012 flood seasons 584 

are selected as the scenarios. These settings aim to assess the network’s capability for SSC 585 

forecast from a short to a long LT in different seasons. 586 

For multistep predictions, Figure 13 presents the statistical indicators from June to September 587 

in the three years. In almost all months, the model accuracy declines as the LT becomes 588 

longer, which is associated with the network’s closed-loop structure. If the input layer were 589 

fed with the predicted results instead of the field data, the prediction errors would accumulate. 590 



21

With an increasing LT, the errors become significant. To achieve better forecast, it is 591 

advisable to update the network with observed data as long as they are available. In this paper, 592 

an NSC > 0.75 is considered a satisfactory result, as suggested by Moriasi et al. (2007). At LT 593 

= 1 week, the NSC values are over 0.75 in nearly all months, with an average of 0.78. At LT = 594 

2 weeks, the predictions are acceptable only in a limited number of months (e.g. in August 595 

and September 2010), with an NSE mean of 0.62. At LT > 2 weeks, the network fails to 596 

generate accurate results, with NSC < 0.75 in all months. Therefore, the model is capable of 597 

producing reliable SSC forecasts with LT = 1 week; a longer LT would give rise to lower 598 

model performance. 599 

Due to the accumulated errors, the RMSE grows with an increase in LT. At the beginning of 600 

the flood season (June), the SSC is relatively stable, for which the prediction error is low. If 601 

the SSC fluctuations are significant (e.g. in July and August), it becomes demanding to 602 

capture the variations. In September 2012, the low RMSE values are possibly related to the 603 

single SSC peak during this period, making it easier to map even with significant variations. 604 

Consequently, it is concluded that the established INARX model is appropriate for multistep 605 

predictions with a one-week lead time.  606 

Figure 13. Statistical indices of multistep predictions during the flood seasons: (a) NSC and 

(b) RMSE. The LT unit is week. 
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4.3 Discussion 607 

In a fluvial system, SSC forecast is essential to understand its flow and sediment dynamics. 608 

The conventional SRC method depends merely on the correlation between the discharge and 609 

the concentration, which is inadequate for flows with high non-linearity and non-stationarity 610 

(Liu et al., 2013). As demonstrated in previous studies, the advances in machine learning 611 

provide an effective approach for the SSC forecast (Bayram et al., 2012; Lafdani et al., 2013; 612 

Liu et al., 2013). One of its advantages and also challenges is to capture the characteristics in 613 

both time and frequency domains.  614 

To this end, this study suggests a hybrid dynamic neural network that couples with a data pre-615 

preprocessing framework. As compared to the SRC approach, the model offers a significant 616 

improvement in the SSC predictions. In the testing phase, the CD improves by 30% and the 617 

RMSE reduces by 60%, which demonstrates the superiority of soft computing methods (Liu et 618 

al., 2013; Rajaee et al., 2009). The hybrid model also outperforms the stand-alone MLPNN, 619 

MGGP and NARX. A combination of individual models is often beneficial to overcome their 620 

weakness, thus generating better results (Graf et al., 2019; Khan et al., 2020; Tiwari and 621 

Chatterjee, 2010). Consistent with Jamei et al. (2020) and Liu et al. (2013), the study 622 

manifests the effectiveness of wavelet decomposition in time series simulations. In summary, 623 

the proposed INARX is a reliable framework for real-time and multistep forecast, even under 624 

flood conditions. 625 

In a natural river, multiple factors affect the sediment dynamics, inclusive of vegetation, grain 626 

size, soil conservation measures, geographical properties, etc. (Fang et al., 2011; Yan and Xu, 627 

2010). In the study, only the flow discharge and water level are considered. If possible, one 628 

should take into account other governing factors to improve the model performance. Without 629 

any guidelines to follow, the determination of the optimal number of hidden neurons remains 630 

a challenging task and also a trade-off for a neural network. A too large number of hidden 631 

neurons would exaggerate the overfitting risks, while a too small number would circumscribe 632 

the model capability. Moreover, the relationship between the hidden-layer size and model 633 

performance is ambiguous, which makes the search for its optimal value by trial and error a 634 

time consuming process. Therefore, principles for this task should be developed in future 635 

studies. 636 

5. Conclusions637 

For the improved forecast of suspended sediment in river flows, this study establishes a 638 

hybrid dynamic neural network (denoted as INARX). It is a nonlinear autoregressive network 639 

with exogenous inputs (NARX) coupled with a data pre-processing module. The time series 640 

data are decomposed by wavelet transformation (WT), resulting in two types of 641 

subcomponents: approximation and details. The latter is processed by a multigene genetic 642 

programing (MGGP) model to remove redundancy and construct informative ones. The 643 

approximation and scaled details are then fed into the NARX. The resulting model is 644 

evaluated employing the daily hydrological records over a nine-year period collected on the 645 

upper reaches of the Yangtze River. It is also compared with the sediment rating curve (SRC) 646 

approach and several conventional machine learning methods. 647 

Due to its oversimplified form, the SRC method fails to capture the pattern of the SSC time 648 

series if high nonlinearity is present. The MLPNN and MGGP demonstrate a comparative 649 

level of capability. Comparisons between the modeled and observed SSC reveal that both 650 

methods generate reasonable estimations at low concentrations; high concentrations during 651 

flood seasons are underestimated. The NARX’s recursive network structure permits it to 652 
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search for informative characteristics from the past system states. Consequently, compared 653 

with the static MLPNN and MGGP, its accuracy (averaged CD value) is improved by 14% 654 

and 16%, respectively. As the WT helps decode the hidden information in the raw signals and 655 

the MGGP removes non-essential features, the established INARX approach produces the 656 

best forecast.  657 

The effects of different wavelet functions are examined, which shows that the Coif3 and Haar 658 

wavelets generate the most and least accurate results, with an average CD = 0.87 and 0.82. 659 

The INARX with Coif3 is further evaluated for SSC predictions in extreme flood events and 660 

for multistep forecast. The 2004, 2010 and 2012 years of high floods are chosen as 661 

independent scenarios. Under flood conditions, the results indicate an average CD = 0.86, 662 

0.83, and 0.85; the portion of data within the ±0.1kg/m
3
 error range is 85.2%, 84.9% and 663 

84.7%, respectively. For the multistep forecast, the model performance at a lead time (LT) 664 

from one week to one month is explored. During the wet seasons (June‒September), the 665 

model is capable of generate acceptable forecast at LT = 1 week (average CD = 0.78); a larger 666 

LT leads to significant errors. 667 

Thanks to its unique architecture with data decomposition and details scaling that improves 668 

modeling robustness and adaptability, the integrated dynamic neural network is a reliable 669 

option for more accurate predictions of river suspended sediment. The suggested approach of 670 

data pre-processing also provides reference for similar forecasts of hydrological events, e.g. 671 

streamflow and rainfall-runoff. 672 
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