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Turbidity maxima in estuarine
networks: Dependence on
fluvial sediment input and local
deepening/narrowing with an
exploratory model

Jinyang Wang1*, Yoeri M. Dijkstra2 and Huib E. de Swart1

1Institute for Marine and Atmospheric research Utrecht (IMAU), Utrecht University,
Utrecht, Netherlands, 2Delft Institute of Applied Mathematics, Delft University of Technology,
Delft, Netherlands
An estuarine turbidity maximum (ETM) results from various subtidal sediment

transport mechanisms related to, e.g., river, tides, and density gradients, which

have been extensively analysed in single-channel estuaries. However, ETMs

have also been found in estuaries composed of multiple interconnected tidal

channels, where the water and suspended fine sediments are exchanged at the

junctions with possible occurrence of sediment overspill. The overall aim of this

study is to understand the processes that determine the ETM dynamics in such

channel networks. Specifically, focusing on the ETMs formation due to

sediment transport by river flow and density-driven flow, the dependence of

ETM locations in an idealised three-channel network on fluvial sediment input

and the local deepening and narrowing of a seaward channel is investigated. It

is found that the ETM dynamics in channels of a network is coupled, and hence,

changes in one channel affect the ETM pattern in all channels. Sensitivity results

show that, keeping river discharge fixed, a larger fluvial sediment input leads to

the upstream shift of ETMs and an increase in the overall sediment

concentration. Both deepening or narrowing of a seaward channel may

influence the ETMs in the entire network. Furthermore, the effect of either

deepening or narrowing of a seaward channel on the ETM locations in the

network depends on the system geometry and the dominant hydrodynamic

conditions. Therefore, the response of the ETM location to local geometric

changes is explained by analysing the dominant sediment transport

mechanisms. In addition to the convergence of sediment transport

mechanisms in single-estuarine channels, ETM dynamics in networks is

found to be strongly affected by net exchange of sediment between the

branches of a network. We find that considering the sensitivity of net

sediment transport to geometric changes is needed to understand the

changing ETM dynamics observed in a real estuarine network.

KEYWORDS

turbidity maximum, tidal network, sediment transport, sediment trapping,
sediment overspill
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1 Introduction

Estuarine turbidity maxima (ETMs) are locations where a

local maximum in subtidal suspended sediment concentration is

attained in estuaries. They have a large impact on the estuarine

ecosystem functioning by, e.g., light attenuation and inhibited

primary production (Cloern et al., 2016). They also lead to

enhanced deposition of sediment that hampers the accessibility

of ports, which requires constant maintenance dredging in

navigational channels (van Maren et al., 2015). It is therefore

important to acquire knowledge about the processes that cause

their presence and how they respond to human interventions

such as dredging and the constructions of dams and

training walls.

Available literature (for a review see Burchard et al., 2018)

reveals that many processes may cause the manifestation

of ETMs. Interestingly, all these mechanisms identified for

ETMs are considered in estuaries that consist of a single

channel. However, many estuaries consist of a network of

interconnected channels (e.g., those of the Pearl and Yangtze

in China, Rhine-Meuse-Scheldt in the Netherlands, and

Mahakam in Indonesia), where ETMs can be observed in

multiple channels. Field observations in such estuarine

networks have revealed the existence of ETM in multiple

channels at the same time (e.g., Salahuddin and Lambiase,

2013; Wan and Zhao, 2017), with an example provided in

Figure 1. The complexity of networks over single channels

arises from, e.g., the exchanges of water and fine sediments

between different channels (McLachlan et al., 2020). This may

cause the net sediment transport in one channel to be landward,

hereafter referred to as sediment overspill. For example,

observations at the Ajuruteaua Peninsula near the Amazon

River mouth show that in a tidal channel network, the channel

with less net water transport imports sediment from the sea,
Frontiers in Marine Science 02
which is distributed along the channel that receives more net

water transport by the residual circulation (McLachlan et al.,

2020). Similarly, in the Indonesian Mahakam Delta, a more

complicated network, the main tidal channels import sediment,

and the distributaries generally transport suspended sediment

seaward (Salahuddin and Lambiase, 2013). This causes the

locations of the resulting ETMs to move up- and downstream

during a spring–neap cycle and may occasionally even shift from

one channel to another. Furthermore, satellite images and also in

situ data of the Yangtze Estuary in China suggest that there is a

global decrease in suspended sediment concentration after the

upstream construction of the Three Gorges Dam that reduces

the fluvial sediment input (Luo et al., 2022). They also show that

the construction of two training walls (narrowing) in one of the

channels, called the North Passage, reduced the sediment

concentration in nearby channels. Moreover, dredging

(deepening) of that same channel led to downstream

migration of the ETM in the South Passage, which connects to

the North Passage. The physical processes related to ETM

formation and migration have not been studied in the context

of channel networks.

Hence, the focus of this study is on gaining more

fundamental understanding about the mechanisms that

determine the ETM dynamics in estuarine channel networks.

Specifically, the aim is to understand the dependence of ETMs in

an estuarine network on fluvial sediment discharge and on

changes in depth and width in one channel of the network. To

do so, the contributions and sensitivity of various physical

processes and of sediment overspill between channels will be

investigated. In this study, we focus on estuaries in which the

transport of sediment is mainly due to river flow and density-

driven flow.

To address these aims, an idealised semi-analytical width-

averaged model of an estuarine network will be developed and
FIGURE 1

Bottom turbidity in nephelometric turbidity units (NTUs) of the Mahakam Estuary in Indonesia during maximum ebb at spring tide (left) and at
neap tide (right), adapted from Salahuddin and Lambiase (2013).
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analysed. This choice is motivated by earlier work (see, e.g.,

Chernetsky et al., 2010), in which it was demonstrated that such

a model allows for separating the contributions of various physical

processes to the transport and accumulation zones of fine sediments

in single channels. Furthermore, an idealised model is fast and

flexible, which makes it suitable for extensive sensitivity analysis.

The model will be applied to an idealised three-channel network

(one river and two sea channels), as this is the simplest case that still

describes the sediment transport mechanism acting in general

estuarine networks. This choice is also motivated by several

previous studies. Buschman et al. (2010) and Sassi et al. (2011)

investigated the tidal and residual hydrodynamics of such a network

configuration with a 3D numerical model. Iwantoro et al. (2022)

used a 1D, cross-sectionally averaged model to quantify sand

transport and morphodynamics in a three-channel network.

Motivated by the field observations described above, we will

specifically study what happens to locations and intensities of

ETMs if 1) sediment discharge from river is increased, 2) depth

of one of the seaward channels is varied, and 3) width convergence

in one of the seaward channels is varied. Thereafter, to discuss the

implications considering human intervention, robust sensitivity

results will be generalised and discussed within the literature.

The model and methods of analysis are detailed in Section 2.

Results are presented in Section 3, followed by a discussion

(Section 4) and the conclusions (Section 5).
2 Model and methods

The model used to study the ETM dynamics is an extension

of iFlow (Dijkstra et al., 2017) to a network. The iFlow model is a

modular modelling framework for a systematic analysis of the

width-averaged water motion and sediment transport in a tidally

dominated estuarine system. Here, the geometry, water motion,

and suspended sediment dynamics will be briefly described and

the key aspects of the model will be stated with the matching

conditions for suspended sediment. The reader is referred to the
Frontiers in Marine Science 03
Supplementary Material for the full governing equations and

boundary conditions within each channel.
2.1 Geometry and water motion

The network considered in this study is shown in Figure 2.

Each channel j (where j=1,2,3) has a length Lj and is represented

by a constant depth Hj. Positions in each channel are specified by

Cartesian coordinate systems xj and zj, where xj is the along-

channel coordinate increasing from the landward boundary

(xj = 0) to the seaward boundary (xj = Lj) and the z-axis points

vertically upward from the bottom zj = –Hj to the free water level

zj = hj with respect to the mean sea z = 0. The depth-independent

width Bj is either constant or has an exponential profile

B(x) = Bo exp  
x − L
Lb

; (1)

where Bo is the channel width at x = L, and Lb is the upstream

width convergence length scale. Here and further in this text, the

channel indices are omitted for legibility if the equation holds for

all channels.

Neglecting the Coriolis effect and horizontal turbulent diffusion,

the water motion in all channels is governed by the Reynolds- and

width-averaged shallow water equations (see Supplementary Eqs.

S1, S3). These determine the horizontal velocity u(x, z, t), the

vertical velocity w(x, z, t), and the level of the free surface h(x, t)
with respect to z = 0 in every channel, where t denotes the time.

Turbulence in the model is determined by a vertical eddy viscosity

Av, which is assumed to be constant in the vertical and in time and

is proportional to themean water depth. This choice is motivated by

studies of Festa and Hansen (1978); Chernetsky et al. (2010), who

successfully simulated ETM dynamics in a single channel. A linear

equation of state is assumed (Supplementary Eq. S2), in which the

water density depends on only a prescribed tidally and depth-

averaged salinity through the haline contraction coefficient bs.
Suspended sediment concentrations are assumed to be relatively
frontiersin.org
FIGURE 2

Sketch of the three-channel estuarine network considered in this study. Numbers in circles indicate channel numbers.
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low so that their effect on the density is ignored.

The water motion is externally forced by a prescribed semi-

diurnal (M2) tidal water level at every seaward boundary and a

tidally averaged river discharge at the landward boundary. The

water motion in different channels is connected by assuming

continuity of dynamic pressure and conservation of mass (see

Supplementary Eq. S5).
2.2 Suspended sediment dynamics

The modelled suspended sediment in all channels is

assumed to consist of one fine sediment fraction. The

sediments form flocs with a certain density, and hence, the

settling velocity ws is constant. In every channel, the width-

averaged sediment mass concentration c(x, z, t) is governed by

the suspended sediment mass balance (see Supplementary Eq.

S6). The erosive flux at the bed is assumed to be proportional to

the magnitude of the bottom stress tb and to the availability f

(Friedrichs et al., 1998) of sediment, which is the model output.

It further contains a given constant erosion parameter M̂.

The availability f measures the subtidal abundance of

sediment available for erosion near the bed. In this study, only

the case 0 ≤ f ≪ 1 is considered, meaning that the values of

suspended sediment concentration are relatively low. The

availability f(x) is determined using the morphodynamic

equilibrium condition (Friedrichs et al., 1998; Chernetsky

et al., 2010). Essentially, the morphodynamic equilibrium

implies that the tidally averaged deposition is balanced by the

tidally averaged erosion near the bed. Consequently, the net

sediment transport F is constant in every channel. Denoting the

averaging over a tidal cycle by ⟨·⟩, it reads

F = 〈B
Z η

−H
uc − Kh

∂ c
∂ x

� �
dz〉; (2)

where Kh is a constant horizontal eddy diffusivity.

A time-mean, depth-averaged sediment concentration csea is

prescribed at the seaward boundary of each sea channel, and a

tidally averaged fluvial sediment mass flux Friver is imposed at

the river head. Sediment concentration in different channels is

matched through mass conservation of the sediment. Moreover,

it is assumed that the depth-averaged subtidal concentration is

continuous at each junction.

Eq. (2) results in an equation for sediment availability f,

which reads

F = BT(x)f + BF(x)
df
dx

, (3)

where the function T is referred to as the subtidal advective

transport capacity per unit (p.u.) width, i.e., the advective

transport p.u. width when the water column is everywhere

saturated during the entire tidal cycle. It contains the most

sediment transport processes such as the transport by residual
Frontiers in Marine Science 04
current and tidal pumping. The quantity F describes dispersive

sediment transport capacity p.u. width. The effect of spatial

settling lag (de Swart and Zimmerman, 2009) is explicitly

contained in both T and F . Assuming the sediment

concentration does not influence the water motion, the

transport capacity p.u. width T is fully determined by the flow

conditions and independent of the actual sediment concentration.

The detailed solution methods can be found in the

Supplementary Material and in Dijkstra et al. (2017). Note

that the model directly solves for the equilibrium solutions

(Supplementary Eqs. S18–S20), and hence, time stepping is

not required.
2.3 Analysis methods

The aim of this section is to present the concepts that are

used for the interpretation of the results. In this study, an ETM

will be referred to as a local maximum in the depth-averaged

subtidal sediment concentration �c, which reads

�c =
1
H
〈Z η

−H
cdz〉 : (4)

The location where availability f attains a local maximum will be

referred to as the location of sediment trapping. The availability

gradient df
dx vanishes at the trapping location, and Eq. (3)

reduces to F = BTf, i.e., the net sediment transport equals the

advective transport. Note that the gradient of transport capacity

is required to be negative( dTdx < 0) for the existence of the

sediment trapping location. The subtidal carrying capacity Ĉ

(kg m-2 is the subtidal maximum amount of sediment that can be

suspended in the water column for maximum erosion, i.e.,

Ĉ =〈Z 0

−H
cjf =1dz〉, (5)

which is a property of the flow and fully determined by local

resuspension. It is a depth-integrated quantity, and hence, it scales

with depth. It is shown in the Supplementary Material that the

carrying capacity is fully determined by local resuspension

(Supplementary Eq. S17). The depth-averaged subtidal

concentration �c can then be written as the product of the

subtidal carrying capacity Ĉ and availability f (Supplementary

Eqs. S16, S17) It follows that d�c
dx = Ĉ df

dx + f d�C
dx : Namely, the

location of ETM is not the same as the location of sediment

trapping, but they are close when the carrying capacity Ĉ is almost

spatially uniform. Therefore, the ETM dynamics will be analysed

using the carrying capacity Ĉ and availability f. Here, it will be

briefly described how the changes in Ĉ and f can be explained. As

the sediment is resuspended by the tidal current, any change in

carrying capacity can be understood by considering the changes in

tidal current amplitudes. The availability f carries the information

of horizontal processes, as it results from the net sediment
frontiersin.org
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transport F and transport capacity p.u. width T. The changes in

the availability will be explained in terms of the net sediment

transport F and transport capacity p.u. width T.

As ETMs often coincide with sediment trapping locations,

the effects of changing net sediment transport F and advective

transport BTf on sediment trapping location are conceptualised

in Figure 3. The intersection ① of F1 and (BTf)1 is the location of

sediment trapping (subscript is the channel index). A reduced

net sediment transport F2 causes the location of sediment

trapping to move seaward to the location of crossing ②.

Keeping the net sediment transport F1 fixed, a reduced

advective transport (BTf)2 leads to the sediment trapping

location shifting landward to the location of crossing ③. The

combination of the two changes leads to the trapping location

crossing ① travelling to crossing ④. Depending on the gradient of

the advective transport, the sediment trapping location may

move in either direction with respect to the location of crossing

①. In Figure 3, it moves slightly landward.

Following the definition for salt water overspill (Wu et al.,

2006), sediment overspill is observed in a channel if the net

sediment transport F is negative (landward) in that channel.
2.4 Design of model experiments

The default parameter values for the reference case of the

idealised three-channel system (Figure 2) are contained in Table 1.

These values are representative for a coastal plain estuarine network.

Channel 3 is made sufficiently long (1,000 km), such that the tidal

influence vanishes at the tidal limit. The area of interest in Channel 3

is themost seaward 40 km. Thewatermotion is forced by a constant

river dischargeǪriver = 1,000m
3 s-1(positive value indicates seaward)
Frontiers in Marine Science 05
from the landward boundary of Channel 3 and M2 water level

amplitude of 1 m at the seaward boundary of both Channels 1 and

2. A subtidal depth-averaged sediment concentration csea = 0.05m
−3

is prescribed at the seaward boundary of Channels 1 and 2 and the

fluvial sediment input isFriver = 50 kg s
−1, imposed at the river head.

The prescribed salinity profile and its gradient are shown in Figure 4.

Note that the three channels share the same along-channel

coordinate, where x=0 is the junction. Using the morphodynamic

equilibrium, the modelled suspended sediment concentration is

insensitive to the erosion parameter (Supplementary Eq. S8), which

only has influence on themagnitude of the availability and hence the

net sediment transport.

In order to address the specific aims, three sets of experiment

will be conducted to show the sensitivity of the ETM dynamics

to different parameters. First, the fluvial sediment input is varied

from 0 to 100 kg s-1 whilst keeping the fresh water discharge

fixed. This is equivalent to varying an imposed sediment

concentration at the landward boundary. Second, the fluvial

sediment input is reset to 50 kg s−1, the mean water depth in all

channels is set to 13 m, and the mean water depth in Channel 1

is varied from 5 to 20 m. Third, the depth of Channel 1 is set to

13 m, and its width at the sea is varied from 500 to 2, 000 m, with

its width at the junction fixed at 500 m, i.e., increasing width

divergence. Its width profile follows Eq. (1).
3 Results

3.1 Reference case

The spatial structure of the subtidal concentration is

determined by the current, the characteristics of which are shown
FIGURE 3

A conceptual figure showing the effects of changing net sediment transport F (grey) and advective transport BTf (black) on the location of
sediment trapping (cross), assuming small influence of net sediment transport on the availability.
frontiersin.org
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in Figure 5. The width and depth-averaged M2 tidal current

amplitudes (Figure 5A, solid) are approximately 0.8 ms-1 and

slightly decrease upstream. It is one order of magnitude larger

than that of the internally generated M4 overtide (dashed line),

which increases upstream. The phase of the M2 tidal current

decreases upstream in all channels, from which it follows an

almost spatially uniform upstream phase velocity of 10 ms-1

(Supplementary Figure S1). The internally generated overtides

(M4) are phase locked to the forcing tide (M2). The phase speed

of the M4 current is also about 10 ms-1. The residual current is
Frontiers in Marine Science 06
seaward everywhere at the surface (dashed line) and is landward

near the bottom (solid line) in Channel 1 for x between 10 and

30 km (Figure 5B). This is due to the density-driven exchange flow

(imposed salinity field), as follows from Supplementary Figure S2,

which shows all components in the residual flow. Recall that the

salinity profile in all channels is shown in Figure 4. The depth-

averaged residual current (dotted line) is seaward in all channels

due to the prescribed river discharge. In Channel 3, it is slightly

larger than the river flow velocity ( Qriver
B3H3

). This is because the latter is

a mass transport velocity, which also accounts for Stokes transport
FIGURE 4

The salinity (solid line) and its gradient magnitude (dashed line) for all experiments.
TABLE 1 Parameter values (representative for a coastal plain estuarine network).

Parameter Unit Default Exp 1 Exp 2 Exp 3

Qriver River discharge m3s−1 1,000

Friver Fluvial sediment input kg s-1 50 0–100 50

L1,2,3 Channel length km 40, 40, 1,000

B1 Channel 1 width m 500 See main text

B2 Channel 2 width m 500

B3 Channel 3 width m 1,000

H1 Channel 1 mean water depth m 15 5–20 13

H2 Channel 2 mean water depth m 11 13

H3 Channel 3 mean water depth m 13

r0 Reference water density kg m-3 1,000

rs Sediment dry density kg m-3 2,650

g Acceleration of gravity m s-2 9.81

sf Slip (roughness) parameter m s-1 0.001

Av Vertical eddy viscosity m 2 s-1 0.0005H

Kv Vertical eddy diffusivity m 2 s-1 0.0005H

Kh Horizontal eddy diffusivity m2 s-1 100

bs Haline contraction coefficient psu−1 7.6×10-4

ws Settling velocity m−1 2×10-3

M̂ Erosion parameter 10-3
fro
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by the tidal wave. This difference vanishes at the river head where

the river discharge is imposed. The depth-averaged residual current

is much larger in Channel 2 than that in Channel 1.

The subtidal suspended sediment concentration in all three

channels for the reference case is shown in Figure 6A, with

the depth-averaged values contained in Figure 6B. Two ETMs

can be observed. One is near x=10 km in Channel 1 and the

other is near x=15 km in Channel 2. The along-channel structure

of the concentration is mainly controlled by the structure of

the availability f (Figure 6C, solid line). In every channel, the

carrying capacity Ĉ (Eq. 5) follows the M2 current amplitude,

and it increases downstream (Figure 6C, dashed line), 10−5 kg m−3.

This results in a small shift of the locations of the ETM towards the

sea with respect to the locations of the sediment trapping

(maximum in f ).

Figure 6D shows the net sediment transport F (solid line)

together with the advective transport BTf (dashed line). Each of

the downward intersections of the net sediment transport F and

advective transport BTf corresponds to a sediment trapping

location and is indicated by a cross, confirming the two

sediment trapping locations near x=10−15 km. The net

sediment transports in Channels 1 and 2 are 3 kg s−1 and 47

kg s−1, respectively, with the sum the same as the imposed net

sediment transport in Channel 3 (F3=50 kg s−1). Sediment

overspill is not observed in the reference case.

In Figure 6E, along-channel profiles of the total transport

capacity per unit width T are shown (black lines), and its various

components. In this particular setting, the most dominant

contributions to T are the residual transports by density-

driven flow (baroclinic, magenta) and river flow (cyan). The

solution for density-driven flow in a single-channel estuary is

given in Geyer and MacCready (2014) and references therein,

and Wang et al. (2022) presents the solution for a channel

network. The density-driven flow imports sediment from the sea

in Channel 1 and exports sediment into the sea through Channel

2. The river flow flushes sediment seaward in all channels. All

other contributions to T, such as the transport of sediment by
Frontiers in Marine Science 07
tidally rectified currents, tidal pumping, sediment dispersion,

and spatial settling lag, are summed in “other” (red).
3.2 Fluvial sediment input

The sensitivity of the net sediment transport in Channels 1

and 2 to the prescribed fluvial sediment input is illustrated in

Figure 7. There is net exchange of sediment from Channel 1 to 2

of 5 kg s−1. This is best seen in Figure 7 in which the fluvial

sediment input is 0, where the net sediment transports in

Channels 1 and 2 are equal in magnitude but have opposite

directions. Additionally, the net sediment transport in both

Channels 1 and 2 are linear in the prescribed fluvial sediment

input, meaning that a fixed fraction of the fluvial sediment is

allocated into each channel. This is explained in Section 3 of the

Supplementary Material.

The sensitivity of ETMs in the system to fluvial sediment

input is summarised in Figure 8. The black curves in the plots

containing the depth-averaged subtidal concentration �c (top

row) and availability f (bottom row) indicate the location of

ETM and zone of sediment trapping, respectively. The black

curve is obtained by connecting the positions of the local

maxima in the associated plotted quantity for every value of

fluvial sediment input. As fluvial sediment input increases,

availability f rises in all channels, which in turn leads to the

increase in sediment concentration �c. Changing fluvial sediment

input has no influence on the carrying capacity Ĉ and transport

capacity p.u. width T. To analyse the locations of trapping and

the associated ETMs, the framework illustrated earlier in

Figure 3 is used. With increasing fluvial sediment input, the

net sediment transports in both channels increase faster than the

advective transport BTf so that the intersections between

advective transport capacity BTf and net sediment transport F,
which indicate the locations of sediment trapping, move

upstream. Furthermore, the upstream shift of the location of

sediment trapping in Channel 2 is much weaker than that in
A B

FIGURE 5

Tidal and subtidal currents for the reference case. (A) Depth-averaged M2 (solid lines) and M4 (dashed lines) current amplitudes. (B) Residual
currents on the bottom (solid lines), near the surface (dashed lines), and depth averaged (dotted lines).
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Channel 1, albeit Channel 2 receives more sediment from the

upstream channel. This is because the magnitude of availability

in Channel 2 increases faster than that of Channel 1 locally near

the ETM location (Figure 3).
3.3 Local deepening

In this experiment, the depths of both Channels 2 and 3

are 13 m, whilst the depth of Channel 1 varied. Figure 9

shows the sensitivity of net sediment transport in both

Channels 1 and 2 to the mean water depth of Channel 1

H1. When H1 is also 13 m, Channels 1 and 2 are identical. In

that case, the fluvial sediment input is equally distributed

into Channels 1 and 2. Net sediment transport in Channel 1

is larger than that in Channel 2 when H1 is between 7.8 and
Frontiers in Marine Science 08
13m. Sediment overspill is observed in Channel 1 for H1

larger than 15.4 m.

To analyse and understand the dependence of the ETM

location on the local deepening of Channel 1, the sensitivities of

along-channel distributions of depth-averaged subtidal

concentration �c (first row), carrying capacity Ĉ (second row),

availability f (third row), and transport capacity p.u. width T

(fourth row) to Channel 1 mean water depth H1 are presented in

Figure 10. For H1 = 5 m, there is an ETM in Channels 2 and 3

(first row). As H1 increases, the ETM in Channel 2 occurs

slightly more upstream, and that in Channel 3 occurs more

downstream towards the junction and eventually (for H1=11 m)

disappears. A third ETM appears in the system in Channel 1

when its depth reaches about 7 m and shifts rapidly downstream

for increasing depth. For H1>11 m, the shift of the ETMs in both

Channels 1 and 2 changes direction. The concentration in the
A

B

D E

C

FIGURE 6

Results for the reference case. (A) Subtidal suspended sediment concentration (SSC) in the three channels. (B) The subtidal depth-averaged SSC
c. (C) Availability f (solid lines) and carrying capacity Ĉ (dashed lines). (D) The net sediment transport F (solid lines) and the advective transport
BTf (dashed lines). (E) Difference contributions to T, the transport capacity per unit of width.
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ETM in Channel 2 gradually increases with the depth of Channel

1, whereas the intensity of the ETM in Channel 1 attains a

maximum when H1≈16 m. The concentration at the sea (x=40

km) in both Channels 1 and 2 is unaffected by the depth of

Channel 1 due to the imposed boundary condition.

The carrying capacity Ĉ (second row) in each channel changes

with little along-channel variation to the depth of Channel 1 H1 .

Recall that the carrying capacity is the depth-integrated and tidally

averaged suspended sediment concentration if there is always

sediment available for erosion on the bed, which is a function of

the along-channel coordinate. The parameter along the vertical
Frontiers in Marine Science 09
axis in this plot is the mean water depth of Channel 1, which has

been varied from 5 to 20 m. Hence, the carrying capacity is larger

in Channel 1 if the mean water depth in Channel 1 is larger. In

Channels 2 and 3, the changes in the carrying capacity are due to

the changing erosion strength caused by the M2 tidal current

amplitudes. Since the carrying capacity scales with depth (Eq. 5),

the changes in Ĉ of Channel 1 characterise the along-channel

uniform effect of increasing depth. As the depth of Channel 1

increases from 5 to 20 m, the relative changes in carrying capacity

are 250% , −44% , and 22% in Channels 1, 2, and 3, respectively.

The carrying capacity in Channel 2 decreases as the depth of
FIGURE 8

Sensitivity of along-channel distributions of depth-averaged subtidal concentration (first row) and availability (second row) to fluvial sediment
input. Black curves indicate the location of local maxima.
FIGURE 7

Sensitivity of net sediment transport in Channels 1 and 2 to fluvial sediment input.
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Channel 1 increases because of the reduction in the M2 tidal

current amplitudes in Channel 2.

The dependence of availability f (third row) on the mean

water depth of Channel 1 H1 in every channel is qualitatively the

same as that of the concentration in the first row of Figure 10

because the carrying capacity is fairly uniform in along-channel

direction (Eq. 5).

To further understand the response of the location of

maximum availability f to increasing H1, the advective

sediment transport capacity p.u. width T (fourth row) is now
Frontiers in Marine Science 10
analysed. The black contour in the plots for the T is the 0 level.

For increasing depth of Channel 1 H1, the changes in T in

Channels 1 and 2 are on averaged opposite. This is because of the

net sediment transport associated with the net water transport.

Since the sum of the net water transports in Channels 1 and 2 is

the prescribed river discharge, an increase in the net water

transport in one of the channels implies a decrease in the net

water transport in the other. Consequently, the advective

transport capacities in Channels 1 and 2 respond oppositely to

increasing H1.
FIGURE 10

Sensitivity of along-channel profiles of depth-averaged subtidal concentration (first row), carrying capacity (second row), availability (third row),
and transport capacity p.u. width (fourth row) to the mean water depth of Channel 1. The white line in the first row is where H1 = 11 m.
FIGURE 9

Sensitivity of net sediment transport in Channels 1 and 2 to the mean water depth of Channel 1.
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The different responses of the ETM locations for H1 smaller

and larger than 11m in both Channels 1 and 2 can be understood

as follows. For increasing H1, the depth of Channel 2 remains

13m. Hence, the sediment transport in Channel 2 is only

influenced by the changing net water transport, primarily due

to river flow and density-driven flow. The net water transport

due to river flow scales with depth, whilst the net water transport

due to density-driven flow scales with depth squared (Wang

et al., 2022). For a relatively small depth of Channel 1 (H1<11

m), the river flow contribution to the sediment transport

capacity T in Channel 2 is more important than the density-

driven flow contribution (Supplementary Figure S3A). The

increasing H1 therefore leads to weaker river flow and less

seaward net sediment transport in Channel 2. The sediment

transport capacity in Channel 2 decreases more rapidly than the

net sediment transport, causing the upstream shift of the ETM in

Channel 2 (Figure 3). For a relatively large depth of Channel 1

(H1>11 m), the density-driven flow contribution to the sediment

transport capacity T in Channel 2 is more important. Hence, a

larger H1 enhances the seaward net water and sediment

transports due to density-driven flow in Channel 2 that leads

to the ETM in Channel 2 occurs further seaward. As increasing

H1 has opposite effects on the sediment transport due to river

flow and density-driven flow, the response of the ETM in

Channel 1 is opposite to that in Channel 2. The shift of the

ETM in Channel 1 is larger in magnitude than that in Channel 2.

This is because the exchange flow pattern in Channel 1 is

intensified by its increasing depth, which is the only difference

between the two channels in terms of the residual flow

contribution to the sediment transport.
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3.4 Channel widening

In this experiment, the mean water depth is 13 m in all

channels. When the width of Channel 1 B1 at the sea is 500 m,

Channels 1 and 2 are geometrically the same, with net sediment

transport being equally distributed over the two channels

(Figure 11). As B1 at the mouth increases (i.e., width

divergence of Channel 1 increases), more river discharge is

allocated to Channel 1. Therefore, the river current increases

in Channel 1 and decreases in Channel 2, which directly causes

the net sediment transport to increase in Channel 1 and to

decrease in Channel 2 by river flushing. When B1 at the sea

reaches 2 km, the density-driven flow contribution to sediment

transport is still dominant in Channel 2. In Channel 1, however,

river and other contributions exceed that of the density-driven

flow near the junction (Supplementary Figure S4). Sediment

overspill is observed in Channel 2 for B1 at the mouth larger than

1.75 km.

The sensitivity of the ETM dynamics to the width divergence

of Channel 1 is summarised in Figure 12. As the width of

Channel 1 B1 increases from 5 to 20 km, the ETM in Channel 1 is

observed gradually further downstream, and it intensifies by a

factor of up to 2 (first row). In Channel 2, the ETM occurs

slightly more upstream, and the concentration increases from

0.04 to 0.065 kg m−3 at the ETM. No ETM is observed in

Channel 3, where the concentration is nearly unaffected by the

width divergence of Channel 1.

The changes in the carrying capacity Ĉ in all channels are

due to the changes in the tidal current amplitudes (second row).

In Channel 1, the carrying capacity Ĉ 1 hardly changes near the
FIGURE 11

Sensitivity of net sediment transport to the width of Channel 1 at sea.
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junction, whilst a noticeable reduction can be observed near the

sea. This is because the tidal current in Channel 1 near the

junction is constrained by that in Channel 2, the upstream tidal

amplification due to stronger upstream width convergence in

Channel 1 results in the reduction in the tidal current

downstream. Consequently, the erosion in Channel 1 are

decreasing downstream for stronger upstream width

convergence, which is reflected in the carrying capacity Ĉ 1.

There is an almost uniform decrease in the carrying capacity

along Channel 2. In Channel 3, little change in the carrying

capacity can be observed.

The availability f in all channels again responds in a

qualitatively similar manner as the concentration to

increasing width of Channel 1 at the sea (third row).

However, the downstream shift of the location of sediment

trapping is much stronger than that of the ETM in Channel 1

as the consequence of the decreasing gradient in the carrying

capacity Ĉ 1. This is because the width variation in Channel 1

leads the tidal currents to vary within the channel, and

hence, the carrying capacity is less spatial uniform, causing

the location of ETM to differ from the location of

sediment trapping.

Although B1 at the sea is being increased, the transport

capacity p.u. width T in Channel 1 hardly changes near the sea,

whilst it significantly increases near the junction (fourth row). In

Channel 2, the transport capacity p.u. width T2 decreases with

increasing B1 at the sea.

As the density-driven flow is hardly affected by the channel

width (Supplementary Figure S4), the ETM dynamics is mostly

due to the changing distribution of the river discharge. With the
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widening of Channel 1, the river discharge in Channel 1

increases but decreases in Channel 2. This directly causes the

ETM shifts downstream in Channel 1 and upstream in Channel

2. In Channel 1, the enhanced tidal amplifications due to

stronger upstream width convergence leads to a higher

resuspension rate near the junction, which alleviates the

downstream shift of the ETM with respect to the sediment

trapping location.
4 Discussion

The goal of this study is to gain more insight into the

sensitivity of ETMs and the methods for analysing the ETM

dynamics in an estuarine network. This study presents a first

step, by choosing a simple network geometry and selecting

model parameters such that the river flow and density-driven

flow are the dominant drivers (i.e., gravitational circulation)

for ETM formation. This means that results can be

qualitatively related to channel network estuaries where

gravitational circulation is also important, including the

Yangtze (Pu et al., 2016) and Amazon (Geyer, 1993) during

the dry season.

Below, these results will be placed into a broader context,

and ETM responses will be compared with those reported in

the literature.

The influence of settling velocity on results is weak

(Supplementary Figure S5), which is consistent with that of

Festa and Hansen (1978).
FIGURE 12

Sensitivity of along-channel distribution of depth-averaged subtidal concentration (first row), transport capacity p.u. width (second row),
availability (third row), and carrying capacity (fourth row) to the width of Channel 1 at the sea.
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4.1 Fluvial sediment input

In this study, the fluvial sediment input is the imposed net

sediment transport at the river head. Figure 7 shows that the net

sediment transport in any channel downstream of a junction is

proportional to fluvial sediment input (see also Supplementary

Eq. S1). One of the key findings is that, for an ETM near the

maximum availability in a channel of an estuarine network, a

larger seaward net sediment transport leads to the upstream shift

of this ETM and vice versa (Figure 3). This implication is not

restricted to the sediment trapping caused by river flow and

density-driven flow but applies in general as long as the

concentration does not significantly alter the water motion.

These findings are similar as the theoretical results found by

Festa and Hansen (1978) using a subtidal model of a single

channel. This study shows that this conclusion can be extended

to the behaviour of ETMs in a network.

It has been observed in several estuarine networks that a

reduced fluvial sediment input causes a downstream shift of

ETMs. The construction of the Three Gorges Dam in the

Yangtze River substantially reduced the fluvial sediment input

into the Yangtze Estuary, with the river discharge almost

unaffected, which causes the reduction in seaward net

sediment transport in all distributary channels (Luo et al.,

2022). By analysing in situ field measurements, combined with

the Landsat images from 1979 to 2008 in the Yangtze Estuary,

Jiang et al. (2013) reported that lower fluvial sediment input

caused ETMs to shift seaward. The Pearl Estuary has also

experienced the reduction in the fluvial sediment input due to

upstream damming over the last two decades. Zhan et al., (2019)

studied the inter-annual variability of the suspended sediment

concentration in the Pearl Estuary from 2002 to 2014, when the

yearly averaged river discharge was constant, but the fluvial

sediment supply decreased. A clear seaward shift of the upstream

boundary of the high concentration region was observed.

Furthermore, due to the reduced fluvial sediment input in

both the Yangtze Estuary and the Pearl Estuary, an overall

decline in the sediment concentration was observed (Zhan

et al., 2019; Luo et al., 2022), which is also captured by our

sensitivity results (Figure 8).
4.2 Local deepening and narrowing

Both deepening and narrowing in one channel may affect

ETMs in multiple channels (Figures 10, 12). The local change in

the channel geometry affects the net sediment transport and

transport capacity, and the shift of the ETMs depends on the

specifics of these changes.

Using a subtidal model that accounts for the influence of

sediment concentration on water density, Talke et al. (2009)

showed that an ETM shifts upstream with increasing depth in a

single channel with a fixed river discharge. A larger water depth
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causes a more intensified exchange flow pattern due to the

salinity-induced density-driven flow, leading to the upstream

shift of the ETM. In a network, however, the response of the

location of an ETM to the deepening is more complex

(Figure 10). The essential difference is that the river discharge

is fixed at the river head in the upstream channel but not in the

channels that are located seaward of the junction. Hence, instead

of the river discharge, one needs to consider the net water

transport in each channel. Focusing on the river and density-

driven flow, the actual response of the ETM location to the

deepening of a channel depends on which process is the

dominant contribution to the net water transport, as explained

in Section 3.3. Hence, deepening may cause either an upstream

or downstream shift of the ETM.

Similarly, keeping the river discharge fixed, the decrease in

upstream width convergence (narrowing) in a single channel

enhances the river current that tends to shift the ETM

downstream. The North Channel of the Yangtze Estuary

experienced narrowing and reduction in width convergence as

the consequence of a land reclamation project. The ETM indeed

shifts downstream, as reported by Teng et al. (2021). To explain this,

by careful analysis of remote sensing date in the North Channel

under various flow conditions, a conceptual model is proposed to

argue that the seaward shift is partly due to the enhanced ebb-

dominance that causes a seaward shift of the convergence in

sediment transport. Also in the Yangtze Estuary, the first stage of

the Deep Waterway Project (DWP) involved only the construction

of the training walls in the North Passage (NP), i.e., narrowing and

reducing upstream width convergence. However, Jiang et al. (2012)

reported that the ETM in the NP slightly shifts upstream after the

first stage of the DWP. The reason is, in a network, the weaker

width convergence locally in a channel also decreases the net water

transport distributed into this channel, causing less seaward

sediment flushing by the net water flow (Figure 11).
4.3 Model limitations

It should be noted that the model is exploratory (Murray,

2003) and is therefore suitable for quick assessment of model

results to certain parameters. In nature, also other mechanisms

can be important for sediment trapping that results in ETMs,

such as tidal pumping in Ems Estuary (Allen et al., 1980) and the

Gironde Estuary (Castaing and Allen, 1981), wind-driven

current in the Mandovi Estuary (Kessarkar et al., 2009), and

topographic trapping in the Columbia River Estuary (Hudson

et al., 2017). Although beyond the scope of this study, it is

possible to explore the effects of these mechanisms on ETMs in a

network by extending the presented modelling framework to a

different configuration.

In the application of the results, some important limitations

should be recalled. First, the attention has been restricted to

availability-limited conditions (0<f≪1) and low concentrations
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that do not affect the water motion. For a system with a higher

concentration, even in equilibrium, there can be net deposition

over one tidal cycle that contributes to a bottom pool of easily

erodible sediment on the bed, where the concentration is limited

by erosion. Examples are the Weser estuary (Geyer, 1993), the

South Passage in the Yangtze Estuary (Li et al., 2022), and San

Francisco Bay (Schoellhamer, 2011). Second, the salt intrusion

length depends, amongst other parameters, on the channel depth

(Geyer and MacCready, 2014, and references therein), which also

has influence on the turbulence model. The effect of depth on

salinity profile and the influence of salinity on turbulence are not

considered in this study, which would further complicate the

dependence of the ETM locations on the channel depth.
5 Conclusions

The overall aim of this study was to understand ETM

dynamics in a network. For this, we have developed and

analysed an exploratory model of a three-channel network. Its

results show that, first, ETM dynamics is more complicated in a

network than that in a single channel because dynamics are

coupled, resulting in sediment overspill. Second, a sediment

trapping location is the location at which the net sediment

transport equals the advective sediment transport capacity.

Third, an ETM location, i.e., where the depth-averaged subtidal

suspended sediment concentration attains a maximum, follows

from the sediment trapping location. However, the ETM location

can be shifted, with respect to the sediment trapping location, or

even suppressed by a spatially non-uniform subtidal carrying

capacity. Fourth, any local change alters the hydrodynamic

conditions and, hence, the net water transport and net sediment

transport distributions in the network. They all have impacts on

the locations and magnitudes of ETMs in the network.

Sensitivity results show that, keeping the river discharge fixed,

a reduced fluvial sediment input reduces the global concentration

and causes the downstream shift of the location of sediment

trapping and the associated ETM location. The net sediment

transport due to river flow and density-driven flow, which are

both important for the location of the ETM, respond differently to

local deepening. It is shown that, when the net sediment transport

caused by the river flow dominates over that of the density-driven

flow, the ETM shifts downstream in the deepened channel and

upstream in the other seaward channel. Conversely, if the net

sediment transport caused by the density-driven flow dominates

over that of the river flow, the ETM shifts upstream in the

deepened channel and downstream in the other seaward

channel. Hence, the actual response of the ETMs in the network

due to deepening of one of the channels depends on which

sediment transport processes is more dominant. If an ETM is

formed in each of the seaward channels due to density-driven flow

and river flow, then the local narrowing of the channel causes the

upstream shift of the ETM in the narrowed channel and
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downstream shift of the ETM in the other channel as the

consequence of the redistribution of the water transport. These

results have been compared to the ETM dynamics in real-world

estuarine channel networks. The conclusions from the case used

in this study generally hold for estuarine channel networks where

the same processes are dominant. We argue that the observed

changing ETM dynamics in a real estuarine network in response

to deepening and narrowing can only be explained by considering

the specific processes in a network mentioned above.
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