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Abstract The mechanisms controlling the formation of an estuarine turbidity maximum (ETM) in estuaries
have been extensively investigated, but one aspect that has received much less scientific attention is the role of
high suspended sediment concentrations in combination with tidal asymmetry in ETM formation. Particularly
in highly turbid estuaries, sediment suspensions influence ETM development through a combination of
horizontal sediment-induced density currents, a reduction in turbulent mixing, and water-bed exchange
processes. In this study, we developed a schematic model resembling the Yangtze Estuary where the ETM

is controlled by tidal pumping, estuarine circulation, and advection operating simultaneously. Model results
suggest that high water slack tide asymmetry with Sediment-induced density effects (SedDE) favors landward
migration of the ETM. In addition, without SedDE, stronger flood tidal dominance leads to more pronounced
sediment trapping through tidal pumping. Depending on the type of tidal asymmetry, SedDE strengthen ETM
growth by increasing estuarine circulation but may also lead to increased or reduced sediment concentration

in the ETM due to enhanced or weakened landward tidal pumping, respectively. Higher near-bed sediment
concentrations as a result of water-bed exchange processes, in turn, strengthen the effect of estuarine circulation
but simultaneously strengthen the divergence of sediment by tidal pumping. Overall, the SedDE and higher
near-bed sediment concentration, in combination with tidal asymmetry, play an important role in ETM
formation and should be properly accounted for in studies on ETM dynamics in turbid estuaries.

Plain Language Summary In (highly) turbid estuaries, an estuarine turbidity maximum (ETM)
with high suspended sediment concentrations (SSC) influences the water quality and the ecological system.
These sediment suspensions interact with hydrodynamics, which in turn shapes the ETM, influencing the
siltation of navigation channels, freshwater resources, and estuarine ecology. In this study, we developed

a schematic model to investigate the role of sediment-induced density effects in combination with tidal
asymmetry and water-bed exchange processes. Their combined effects affect the contribution of tidal
pumping and estuarine circulation to landward sediment transport, leading to changes in ETM strength and
location. These findings have implications for the management of sediment and freshwater resources in turbid
estuaries.

1. Introduction

Many estuaries trap sediments in regions called the Estuarine Turbidity Maximum (ETM), resulting in locally
elevated suspended sediment concentrations (SSC) (Schubel, 1968). ETM dynamics have been extensively stud-
ied through in-situ measurements (e.g., Fettweis et al., 1998; Jalon-Rojas et al., 2015, 2016; Mitchell et al., 2017)
and numerical modeling (e.g., Brenon & Le Hir, 1999; Festa & Hansen, 1978; Geyer, 1993; Grasso et al., 2018;
Kumaretal.,2017; Yuetal., 2014). ETMs are often associated with sediment trapping (e.g., Burchard et al., 2018)
although they are not necessarily the same. ETMs are the result of converging sediment transport, where the
seaward-directed transport in the upper estuary (predominantly driven by fluvial processes) is balanced by land-
ward-directed transport components of marine origin. The most important landward transport components are (a)
tidal asymmetry, commonly characterized by a stronger but shorter flood velocity and a weaker but longer ebb
velocity (Brenon & Le Hir, 1999; Dyer, 1988; Friedrichs & Aubrey, 1988; Uncles et al., 1985; Yu et al., 2014)
and (b) gravitational circulation, with longitudinal salinity gradients generating a landward residual flow close to
the bed (Dyer, 1988; Festa & Hansen, 1978). Other mechanisms, for example, internal tidal asymmetry and tidal
straining, strengthen sediment trapping as well (Jay & Musiak, 1994, 1996; Simpson et al., 1990).
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The ETM location may greatly vary in space and time in different estuaries (Burchard et al., 2018). Spatially,
ETMs may exist near the landward limit of the salt wedge, far into the freshwater zone, and within the estua-
rine salinity gradient (Burchard et al., 2018) and an estuary may even have multiple ETMs (Zhu, van Maren,
et al., 2021). Temporally, the ETM location shows seasonal, spring-neap, and tidal variations (e.g., Grasso
et al., 2018; Jalon-Rojas et al., 2015; Mitchell et al., 2017). It also varies over years due to human-induced forc-
ing, for example, stronger flood dominance and reduced hydraulic drag due to deepening play an important role in
the landward movement of ETM in the Ems estuary (Chernetsky et al., 2010). These variations of ETM location
are closely related to the relative roles of major forcing driving sediment transport, which is more complex in
combined river-and tide-dominated estuaries. For instance, the dominant up-estuary sediment transport mecha-
nisms remain disputed in the upper Chesapeake Bay (Sanford et al., 2001; Schubel, 1968) and Yangtze Estuary
(Liet al., 2018; Li & Zhang, 1998; Liu et al., 2011; Song et al., 2013).

Moreover, sediments, together with tidal asymmetry, influence the efficiency and location of sediment trapping.
Numerical model results suggest that low settling velocities favor a downstream movement of the ETM (Brenon
& Le Hir, 1999; Cheng et al., 2013; de Jonge et al., 2014; Dijkstra et al., 2019a; Yu et al., 2014). Asymmetries in
sediment settling velocity and critical shear stress for erosion generate settling and scour lags (Friedrichs, 2011;
Postma, 1961; van Straaten & Kuenen, 1957), which in combination with spatial or temporal hydrodynamic
asymmetries contribute to estuarine sediment trapping (Chernetsky et al., 2010). Sediment-induced density
effects (SedDE) may also play a role in ETM migration through horizontal sediment-induced density gradients
(Talke et al., 2009; Zhu, van Maren, et al., 2021), vertical mixing (Lin et al., 2021; van Maren et al., 2020; Zhu,
van Maren, et al., 2021) or modified bed roughness (Dijkstra et al., 2019b; Dijkstra, Schuttelaars, Schramkowski,
Brouwer, 2019; Gabioux et al., 2005; Jal6n-Rojas et al., 2018; van Maren et al., 2015; Zhu, Guo, et al., 2021).
These sediment-induced density effects introduce a positive feedback between sediment trapping and tidal asym-
metry: smoothening of the bed leads to tidal amplification in estuaries and therefore enhanced flood-dominated
tidal flow (Gabioux et al., 2005; Jaloén-Rojas et al., 2016, 2018; Wang et al., 2014; Zhu, Guo, et al., 2021),
resulting in progressively more sediment trapping and potentially a regime shift toward hyper-turbid conditions
(Dijkstra et al., 2019b; Dijkstra, Schuttelaars, Schramkowski, Brouwer, 2019; Lin et al., 2021; Winterwerp, 2011;
Winterwerp & Wang, 2013; van Maren et al., 2015). Especially for relatively high SSC, the SedDE is essential for
suppression of turbulence, promoting sediment settling (Winterwerp, 2001), and resulting in sediment trapping
(van Maren et al., 2020; Winterwerp & van Kessel, 2003).

Recently, the strengthening effect of the near-bed sediment concentration on sediment trapping through the
SedDE has been stressed (van Maren et al., 2020). The near-bed sediment concentration is influenced by water-
bed exchange processes related to (a) the settling flux of sediment onto the bed by suppression of turbulence
(increased settling velocity as elaborated above) and the settling velocity of particles, and (b) resuspension
processes related to the critical shear stress for erosion of freshly deposited sediments. The near-bed sediment
concentration is larger due to the reduced deposition flux and stronger resuspension processes in sediment-laden
flows for the following reasons (see van Maren et al., 2020 for more details). The deposition flux is determined by
the settling velocity and the sediment concentration. At high SSC, flocs break up in the highly sheared near-bed
region, and therefore the settling velocity decreases close to the bed (Hill et al., 2001). Hindered settling leads to
an overall reduction in the settling velocity and therefore less deposition at high SSC (Richardson & Zaki, 1954).
In addition, consolidation scales quadratically with the thickness of the consolidating layer, and therefore the
consolidation time increases with SSC (Gibson et al., 1967). Consequently, the critical shear stress for erosion is
attained slowly and particles transported at high concentrations in a decelerating tidal flow are kept in suspen-
sion (close to the bed) for a longer time. On top of that, high near-bed SSC may also reduce the bed shear stress.
These water-bed exchange processes lead to relatively high near-bed sediment concentrations, which influence
hydrodynamics but also directly influence the relative role of residual flows (as in estuarine circulation) or resus-
pension processes (such as tidal pumping) on residual transport. However, these high near-bed SSC layers and the
associated SedDE on ETM dynamics have not yet been explored in detail.

This study aims to understand ETM formation in terms of its location and growth due to the SedDE and high
near-bed sediment concentrations for various types of tidal asymmetry in a systematic way. For this purpose, we
developed a schematized model reflecting the hydrodynamics and sediment dynamics of the Yangtze Estuary,
providing a well-studied example of an estuary where all the above-mentioned hydrodynamic and sedimentary
processes play a role. Our goal here is not to provide a realistic simulation for this particular estuary, but rather
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Figure 1. The planform and bathymetry of the schematic model. The x-axis is
defined in the longitudinal seaward direction starting from the river boundary
(km-0).
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Figure 2. Tidal propagation in the scenarios with the symmetric tide (no

M, and MS,), asymmetric tides with phase differences of 90° and 180°,
respectively: (a) Water level amplitude of M, (a¢a2), (b) amplitude ratio of M,
to M, (a¢m2/agms), (c) phase difference between M, and M, for water levels
(2dem2 — Pema), and (d) phase difference between M, and M, for depth-
averaged flow velocity 2¢,pa — Puma)-

to gain insights into the roles of tidal asymmetries, sediment-induced density
effects, and higher near-bed SSCs on ETM dynamics. The model setup,
effects of sediments, and the methods for decomposing the net sediment
transport flux are described in Section 2. Model results in terms of the effect
of sediment settling velocity and critical bed shear stress, ETM formation,
and sediment transport mechanisms are presented in Section 3. The effects
of high sediment concentrations on ETM formation and sediment transport
mechanisms are discussed in Section 4. Conclusions are drawn in Section 5.

2. Methods
2.1. Basic Model Setup

We construct a schematized three-dimensional (3D) estuarine model based
on the open-source Delft3D code (Lesser et al., 2004). This modeling system
simulates hydrodynamics and sediment transport and has been widely vali-
dated and used in varying estuarine and coastal environments. The genera-
tion, transport, and dissipation of turbulence are resolved with a k- model,
in which turbulent mixing is modified by sediment-induced buoyancy effects
through the equation of state.

The model has dimensions inspired by the Yangtze Estuary in which the
origin of the axis is defined at the river boundary (km-0) (Figure 1). The
width at km-560 represents multiple combined branches of the Yangtze
Estuary except for the North Branch where a subtidal flow partition is <5%
(Yun, 2004). It consists of a 560 km long basin with a width diverging from
3 km at the landward limit to 50 km at the mouth. The basin has a deep chan-
nel and shallow areas with a width that accounts for one-third and two-thirds
of each cross-sectional width, respectively. The channel depth increases line-
arly from 20 m at the landward head (km-0) to 25 m at the mouth, after which
the depth increases more rapidly to 50 m at the seaward boundary (710 km).
The depth of the shallow areas increases linearly from 5 m at the origin to
10 m at the mouth. The banks of the estuary are non-erodible.

The model is forced with a simplified river discharge and tidal elevation.
River discharge is prescribed with a constant value of 30,000 m3/s, which
is the approximate annual mean river discharge of the Yangtze River. Tidal
water level constituents (M,, S,, M, and MS,) are prescribed at the seaward
boundary (amplitudes of 1.5, 1, 0.15, and 0.15 m, respectively) with differ-
ent water level phase relations to explore the effect of tidal asymmetry:
(a) Symmetric tides (no M, and MS, component); (b) asymmetric tides
with water level phase differences of 90° (with 2¢s a2 — pema = 90° and
2¢es2 — Pemsa = 90°); (c) asymmetric tides with water level phase differ-
ences of 180° (with 2¢pepm2 — pema = 180°, 2¢prs2 — pemsa = 180°). Note
that the type of tidal asymmetry varies throughout the estuary due to tidal
deformation (Figure 2). The type of tidal asymmetry is determined by the
phase lag in the velocity of M, and M, components (0, = 2¢ur2 — Pums4)-
For 6, = —90° ~ 90°, the peak flood flow velocity is larger than the peak ebb
flow velocity (with maximum flood-dominance at 6, = 0°), see Friedrichs
& Aubrey, 1988), which leads to landward transport due to peak flood tidal
dominance. For 6, = 0° ~ 180°(maximal flood-dominance at 6, = 90°), the
duration of high water (HW) slack is longer than that of low water (LW)
slack, leading to landward sediment transport due to HW slack tide domi-
nance. Sediment transported landward during flood therefore has a longer
period to settle at HW slack tide than at LW slack tide, resulting in net land-
ward transport (Dronkers, 1986). The computed velocity phase difference 6,
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for offshore water level phase differences of 90° is approximately —30° at km-560, and therefore the tide at the
mouth is mainly flood dominant due to peak flow asymmetry but slightly ebb dominant due to LW slack tide
asymmetry. Similarly, for an offshore water level phase difference of 180°, §, = 45° at the mouth and therefore
the tide is flood dominant because of peak flow asymmetry and HW slack tide asymmetry.

The sediment dynamics are computed using the Partheniades equation (Partheniades, 1965) for erosion E, and a
permanent deposition flux D (Sanford & Halka, 1993):

E=M(1i_1> (1)
D = awyc 2

where M is the erosion rate (kg/m?%s), 7 is the bed shear stress, 7, the critical bed shear stress for erosion, w, the
settling velocity (m/s), ¢ the SSC (kg/m?), and « is a reduced deposition factor introduced by van Kessel and
Vanlede (2010) to approximate complex and poorly understood water-bed exchange processes which are not
explicitly modeled (see more details hereafter). The settling velocity is composed of a clear water settling velocity
w,, which is reduced by hindered settling effects using a simple power law equation based on Richardson and

Zaki (1954):
g = w.\'()(l - C/Cref)5 (3)

where ¢, is the gelling concentration when a space-filling network of sediment particles develops at or above
which the suspension starts to behave more like a solid. In the Yangtze Estuary, the near-bed SSC varies from
several 1's to 10's of kg/m*® as concentrated benthic suspensions and from several tens to a few hundred as
fluid mud (Lin et al., 2019, 2021; Wan, Roelvink, et al., 2014). Here, we prescribe the gelling concentration as
200 kg/m? which is larger than its typical value for clay-dominated suspensions (30-180 kg/m?) because of the
relatively high silt content (van Maren, Winterwerp, Wang et al., 2009; van Maren, Winterwerp, Wu et al., 2009).

Finally, the model is initialized without sediment on the bed and with no morphological changes. All sediment
enters the domain through the upstream river boundary (a constant SSC of 0.2 kg/m?, approximately the yearly
mean SSC at the river boundary of the Yangtze Estuary), and the model is run until the computed SSC reaches
dynamic equilibrium (i.e., a condition where the SSC only varies over the tidal and spring-neap tidal cycles but
no longer displays a trend). For more details on model setup, parameter settlings, and behavior, we refer to the
Supporting Information S1.

2.2. Effects of Sediments

Sediments influence the hydrodynamics by damping of turbulence (computed with a k- model) and through
horizontal density gradients driving longitudinal and lateral flows. Both result from the contribution of sediment
to the water density which is computed as:

p=pw+(l—p—w>c “4)

Ps

where p, is the clear sea-water density (see SM), and p, is the sediment density (2,650 kg/m?). The effect of
sediment on density is evaluated by comparing model simulations with (scenario “Full”) and without (scenario
“Sal”) the sediment density coupling.

The sediment concentration itself also introduces several feedback mechanisms related to the settling and erosion
of sediments, influencing the exchange of sediments between the water column and bed. At high sediment
concentrations with sufficiently strong sediment trapping, water-bed exchange processes (Section 1, see also van
Maren et al., 2020 for details) lead to higher near-bed SSC at high sediment concentrations. However, they are
either not sufficiently understood from a physical point of view (floc destruction in the near-bed boundary layer,
strength development of soils at short time scales) or cannot be represented in large-scale numerical models from
a computational point of view (a sufficiently high vertical resolution to account for the hindered settling effects,
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floc destruction in the near-bed boundary layer). The combined effect of these processes is parameterized by the
reduced deposition factor o introduced earlier (van Kessel & Vanlede, 2010; van Maren et al., 2020).

With the current state of knowledge, it is not clear which water-bed exchange process is more important. However,
their combined effect is a reduced sediment flux into the bed and/or increased resuspension. This leads to higher
near-bed sediment concentrations which are more pronounced in high SSC environments, for example, ETMs.
The combined effect of these water-bed exchange processes is evaluated through scenarios in which the depo-
sition efficiency is varied (using a = 1, 0.5, 0.3, and 0.1 representing conditions without reduced deposition to
strongly reduced deposition).

2.3. Net Sediment Transport

To explore the relative importance of various mechanisms contributing to residual sediment transport, the net
sediment transport flux per unit width over a spring-neap tidal cycle F (kg/m/s) can be decomposed as follows
(Dyer, 1988, 1997):

1 17,1
szfo /0 hucdzdt

= hotioCo + Colhitir) + o(hicr) + ho(urcr) + (heitic) + houlcl) + ho(ulc]) ®)
M N Y Y Y~ —
F1 F2 F3 F4 F5 F6 F7

where £ is the water depth; z is relative depth, 0 < z < 1; c is the SSC, u is the current velocity, and T is the spring-
neap tidal period. The subscript 0 means tidally averaged, the subscript ¢ denotes tidally fluctuating and the
quotation marks denote a depth-depending term. Angled brackets ({ )) and overbars (7) signify the means over the
tidal cycles and the depth, respectively. Each decomposed term represents a particular mechanism contributing to
sediment transport. The first term (F1) is the non-tidal drift known as the Eulerian flux whereas the second term
(F2) is the flux induced by the Stokes' drift. The two terms (F1 + F2) combined provide the advective sediment
flux (the Lagrangian flux, F). Terms F3, F4, and F5 are generated by the tidal phase differences between the
depth-averaged SSC, the depth-averaged velocity, and the tidal elevation. Term F6 represents the tidally averaged
vertical circulation, which can be interpreted as estuarine circulation (F,); Term F7 arises from the non-uniform
vertical distribution of velocity and SSC. Typically, terms F3, F4, and F5 are tidal pumping terms (Dyer, 1988)
although term F7 is also regarded as tidal pumping in some studies (Burchard et al., 2018; Dijkstra et al., 2019b).
Burchard et al. (2018) described tidal pumping as tidal covariance transport due to the correlation between SSC
and current velocities, for example, up-estuarine transport due to higher depth-mean SSC during flood than
during ebb. Term F7 represents the combined vertical and temporal covariance transport which may result from
internal asymmetries in mixing and settling velocity (Burchard et al., 2018). In this study, we adopt the tidal
pumping terms (F,) as the sum of the terms F3, F4, F5, and F7. We also compute the decomposed longitudinally
averaged sediment transport flux per unit width F, (kg/m/s) in the thalweg of the deep channel between 380
and 560 km, including the transport by advection (F, ,), tidal pumping (F, ;), and estuarine circulation (F, ;).
This decomposition method has been widely applied to the study of sediment flux patterns in estuaries (e.g., Li
et al., 2018; Li & Zhang, 1998; Liu et al., 2011; Uncles et al., 1985; Uncles & Stephens, 1993). Analysis of the
decomposed terms reveals the relative importance of different transport processes, which is important for under-
standing the formation mechanisms of ETMs.

3. Results
3.1. Sensitivity to Sediment Properties

We evaluate the effects of the sediment settling velocity and critical bed shear stress for erosion for three types
of tidal asymmetry, and for various sediment-induced density effects (Figure 3). For all types of tidal asymmetry,
the strongest sediment trapping occurred with the smallest critical bed shear stress (t., = 0.1 Pa). However, the
impact of tidal asymmetry was more complex for the sediment settling velocity. Settling velocities of 0.5 mm/s,
2 mm/s, and 0.5 mm/s lead to the strongest sediment trapping (respectively) for the symmetric tides and asymmet-
ric tides with phase differences of 90° and 180°. The model with tidal phase differences of 180° shows the most
pronounced influence of the sediment settling velocity on sediment trapping.
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Figure 3. Modeled longitudinal distribution of averaged bottom (solid line) and surface (dotted line) suspended sediment concentration (SSC) and salinity (blue, only
7., of 0.1 Pa is shown) in the thalweg over a spring-neap tidal cycle with settling velocity o of (a—c) 0.1 mm/s; (d—f) 0.5 mm/s; (g-i) 2 mm/s and bed sediment with
critical shear stress for erosion 7, of 0.1 Pa (red), 0.5 Pa (yellow) and 1 Pa (green). The models are prescribed with (a, d and g) symmetric tides, asymmetric tides with
phase differences of (b, e and h) 90° and (c, f and i) 180° with sediment-induced density gradient.

For all types of tidal asymmetry, the location of the maximum SSC of the ETM strongly depends on the sediment
settling velocity, particularly for tidal asymmetry with phase differences of 180°. Sediment with a large settling
velocity (2 mm/s) is more efficiently transported up-estuary just landward of the tip of the salt wedge, whereas
the ETM remains further seaward for sediment with a smaller settling velocity (0.5 mm/s and 0.1 mm/s). The
critical bed shear stress slightly influences the location of the maximum SSC of the ETM for the smallest settling
velocity of 0.1 mm/s. Tidal asymmetry leads to landward movement of the location, which is most pronounced
when the settling velocity is 2 mm/s.

The ETM of the Yangtze Estuary is located at the tip of the salt wedge (as for o, = 2 mm/s) with a peak SSC
of several kg/m? (as for t_, = 0.1 Pa) for river discharges in both dry and wet seasons varying from 10,000 to
50,000 m?/s (e.g., Lin et al., 2019; Liu et al., 2011; Wan, Gu, et al., 2014). To reproduce the basic ETM dynamics
in the Yangtze Estuary, we will therefore prescribe sediment with .. = 0.1 Pa and o, = 2 mm/s for further analysis
of sediment-induced density effects and tidal asymmetry.

3.2. ETM Formation

The ETM location and growth is not only influenced by tidal asymmetry and sediment properties (as in Figure 3)
but also by complex transport processes operating close to the bed (parameterized with reduced deposition o, as
explained in Section 2.2). The sediment concentrations in Figure 3 are SSC levels averaged over a spring-neap
tidal cycle, computed without initial sediment on the bed but only by erosion and settling parameters and the open
boundary sediment influx. SSC trapping is a delicate balance between settling and resuspension, with the equilib-
rium SSC depending on sediment properties (settling, erosion). Higher SSC levels (resulting from the sediment
properties) in turn impact hydrodynamics and therefore overall sediment dynamics.

Reduced deposition and sediment-induced density effects (SedDE) both lead to a pronounced increase in SSC,
especially in combination with tidal asymmetry (both types of asymmetry, see Figure 4). Without SedDE and
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Figure 4. Comparison between the modeled longitudinal distribution of depth-averaged (solid line), surface (lower bounded dotted line) and bottom (up bounded
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Figure 5. Modeled spring-neap averaged estuarine turbidity maximum
(ETM) location (see Figure 4) influenced by the reduced deposition with the
symmetric tides (no M, and MS,)) and asymmetric tides with phase differences
of 90° and 180°, and with (Full, solid line)/without (Sal, dashed line)

sediment-induced density effect (SedDE).

a reduction of water-bed exchange, a stronger flood dominance leads to
progressively more sediment trapping (most pronounced for asymmetric
tides with a phase difference of 180°: flood dominance due to peak flow
asymmetry and HW slack tide asymmetry) (Figures 4a—4c). Sediment trap-
ping is further enhanced with SedDE, except for asymmetric tides with phase
differences of 180° (Figure 4c). This suggests that the SedDE in combina-
tion with tidal asymmetry, is important for trapping sediment. A reduction
in water-bed exchange leads to a higher near-bed SSC (for all cases), which
enhances stratification (see MS) and in turn influences the sediment trapping
efficiency. Particularly for asymmetric tides with phase differences of 90°,
the SSC may increase by a factor of 10 when the deposition flux is reduced
by a factor of 10 as well (Figure 4k). We will elaborate on the relevance of
these findings in more detail in the discussion.

The location of the ETM is therefore not only determined by the type of tidal
asymmetry, but also by the high near-bed SSC resulting from reduced depo-
sition and the SedDE (Figure 5). Here we define the spring-neap averaged
ETM location as the mean position within the channel thalweg where the
SSC exceeds the 90th percentile of the averaged near-bed SSC. For symmet-
ric tides without the SedDE, reduced deposition leads to landward movement
of the ETM. However, accounting for the SedDE, the ETM moves 10 km
seaward without reduced deposition (o« = 1) and another 14 km seaward with
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Figure 6. Decomposed longitudinally averaged sediment transport flux per unit width F, (kg/m/s) in scenarios without
reduced deposition (a0 = 1) on the shallow shoals (a and b) and in the thalweg of the deep channel (c and d) without (Sal:
a and c) and with (Full: b and d) the sediment-induced density effect (SedDE) induced by advective transport (F, ), tidal
pumping (F, ;), and estuarine circulation (F, ;). Positive values indicate the ebb direction and negative values indicate the
flood direction.

the strongest reduced deposition (« = 0.1). For asymmetric tides, both landward and seaward migration of the
ETM could occur without the SedDE due to stronger reduced deposition. With the SedDE and no reduced deposi-
tion (o = 1), the ETM significantly moves landward by 20 and 45 km for asymmetric tides with phase differences
of 90° and 180°, respectively. Although seaward migration of the ETM may occur with reduced deposition of
0.3 and 0.5 with the SedDE, the strongest reduced deposition of 0.1 also enhances landward migration by 13 and
7 km compared to that without reduced deposition for asymmetric tides with phase differences of 90° and 180°,
respectively.

3.3. Decomposition of Sediment Transport Terms

To explain the computed ETM dynamics in the main channel and shallow areas, the residual sediment transport is
decomposed into the contributions of advection, tidal pumping, and estuarine circulation (Figure 6, following the
procedure described in Section 2.3). Note that even though the simulations are in dynamic equilibrium, residual
sediment transport may exist due to sediment supply from the landward boundary and net sinks within the estuary
(see SM). We first focus on the effect of tidal asymmetry and the SedDE on these transport terms, followed by an
analysis of the contribution of reduced deposition.

In shallow areas, landward sediment transport is mainly caused by tidal pumping rather than estuarine circula-
tion (Figures 6a and 6b). In addition, both with and without the SedDE, seaward advective transport overcomes
landward sediment transport by tidal pumping for symmetric tides. For asymmetric tides with phase differences
of 90°, the seaward advective transport is relatively larger than the landward sediment transport by tidal pumping
without the SedDE, whereas tidal pumping is larger than advective transport. For asymmetric tides with a phase
difference of 180°, landward sediment transport due to tidal pumping is larger than seaward advective transport
without the SedDE, while with the SedDE, the contributions of both tidal pumping and advection are reduced.
Although tidal pumping plays an important role in the channel and over the shoal, the advective sediment flux is
much larger in the channel than shoal. Therefore, unless explicitly mentioned otherwise, in the following section
we elaborate on the effects of tidal asymmetry, SedDE, and reduced deposition in the deep channel.

In the channel, both tidal pumping and estuarine circulation play an important role in landward sediment transport
(Figures 6¢ and 6d). Without the SedDE, the contribution of the tidal pumping term varies with the type of tidal
asymmetry: symmetric tides lead to seaward sediment transport but asymmetric tides with phase differences
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Figure 7. Modeled longitudinal distribution of (a, b and c) near-bed suspended sediment concentration (SSC) and
decomposed sediment flux per unit width F (kg/m/s) for cases with (Full, solid red line) and without (Sal, blue dotted blue
line) sediment-induced density effect (SedDE) with no reduced deposition (a0 = 1). The residual sediment flux is decomposed
into (d, e and f) advective transport F,, (g, h and i) tidal pumping F,, and (j-1) estuarine circulation in the deep channel F,.
Left, middle and right panels refer to scenarios with the symmetric tides (no M, and MS,), asymmetric tides with water level
phase differences of 90° and 180°, respectively. Positive values indicate the ebb direction and negative values indicate the
flood direction. The sum of the different transport terms deviates from 0 because of the lateral variation of residual transport.

of 90° and 180° lead to landward sediment transport, especially for asymmetric tides with phase differences of
180°. The effects of estuarine circulation are similar for all types of tidal asymmetry. With the SedDE, both tidal
pumping and estuarine circulation are enhanced for symmetric tides and asymmetric tides with phase differences
of 90° whereas estuarine circulation is mainly strengthened for asymmetric tides with phase differences of 180°.
Therefore, the largest impact of adding sediment-induced effects in the channel is the much stronger landward
sediment transport due to tidal pumping and estuarine circulation, with their relative contributions depending on

the tidal asymmetry.

In this study, we further elaborate on density effects through their interaction with tidal asymmetry (Figure 7).
With salinity-induced density gradients only (Sal scenario), an ETM is formed at around km-500 for all types of
tidal asymmetry (Figures 7a—7c¢). Tidal asymmetry with stronger flood dominance shows larger sediment trap-
ping, corresponding to the stronger seaward advective transport and landward sediment transport by tidal pump-
ing (Figures 7d—7i). Note that tidal pumping may also lead to seaward sediment transport when flood dominance
is weak (for asymmetric simulations, see Figure 6c¢). Estuarine circulation is slightly stronger for asymmetric
tides with phase differences of 90° than for symmetric tides and for asymmetric tides with phase differences of
180° (Figures 7j—71).
The combined effect of salinity- and sediment-induced density effects (Full scenario) leads to 50% higher SSC for
symmetric tides and asymmetric tides with phase differences of 90° but slightly lower SSC for asymmetric tides
with phase differences of 180° (Figures 7a—7c). The changes in the magnitude of the maximum SSC of the ETM
are consistent with the changes in the contribution of advection and tidal pumping. Specifically, advection and
tidal pumping are enhanced for symmetric tide and asymmetric tides with phase differences of 90°, but weakened
for asymmetric tides with phase differences of 180° (Figures 7d—7i). Estuarine circulation is enhanced for all
types of tidal asymmetry, particularly for asymmetric tides with phase differences of 90° (Figures 7j—71). In addi-
tion, tidal asymmetry with stronger flood dominance leads to more pronounced landward migration of the ETM
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Figure 8. Decomposed sediment transport flux per unit width F (kg/m/s) in scenarios with the sediment-induced density
effect (SedDE) induced by advective transport (F,), tidal pumping (F,), and estuarine circulation (F,) in scenarios for sediment
settling velocity of 2 m/s and critical bed shear stress of 0.1 Pa. Left, middle and right panels refer to scenarios with the
symmetric tides (no M, and MS,)), asymmetric tides with water level phase differences of 90° and 180°, respectively. Top to
bottom panels are scenarios with reduced deposition « of 1, 0.5, 0.3, and 0.1, respectively. The vertical dashed lines indicate
the location of the estuarine turbidity maximum (ETM) (see Figure 4). Positive values indicate the ebb direction and negative
values indicate the flood direction. The relative contributions of the mechanisms in panel j are not visible to keep scaling
consistent with panels k and 1, but the longitudinal patterns are comparable with panels k and 1. The sum of the different
transport terms deviates from 0 because of the lateral variation of residual transport.

(Figures 7a—7c), corresponding to the enhanced landward movement resulting from advection, tidal pumping,
and estuarine circulation (Figures 7d-71).

As a next step, we evaluate the impact of reduced deposition on advection, tidal pumping, and estuarine circula-
tion. Stronger reduced deposition with higher near-bed SSC influences the relative importance of advection, tidal
pumping, and estuarine circulation (Figures 8 and 9). Stronger reduced deposition results in a shift of the location
of the maximum sediment transport contribution, depending on tidal asymmetry and corresponding to the ETM
migration (see Figure 5). Specifically, for the symmetric tide, the maximum sediment transport contributed by
estuarine circulation migrates seaward due to stronger reduced deposition. The maximum sediment transport
driven by tidal pumping and estuarine circulation migrates landward for asymmetric tides with strongest reduced
deposition (x = 0.1) compared to weaker reduced deposition (o = 0.3, 0.5, and 1). In addition, the contribution
of tidal pumping to up-estuary transport is comparable to (for symmetric tides and asymmetric tides with phase
differences of 90°) or exceeds (for asymmetric tides with phase differences of 180°) that of estuarine circulation
without reduced deposition (a = 1) (Figures 8a—8c). With stronger reduced deposition, the effect of estuarine
circulation becomes progressively larger (for all types of tidal asymmetry). On the other hand, tidal pumping may
result in longitudinal spreading of the concentration peaks in the ETM, both for symmetric tides and asymmetric
tides with phase differences of 90° (evident as a transport flux changing direction in the along-estuary direction,

see Figure 8).

The longitudinally averaged sediment transport fluxes in the deep channel (F,) are also evaluated (Figure 9).
For all simulations, symmetric tides and asymmetric tides with phase differences of 90° lead to a relatively
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4.1. Effect of High Concentrations on ETM Formation

1 ETM migration and growth is strongly related to the SedDE, tidal asymmetry,
and reduced deposition. Typically, stronger flood dominance imports more

sediment and leads to further landward migration of the ETM. Vertical SSC
gradients suppress turbulence, increase vertical and longitudinal salinity-in-
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Figure 9. Decomposed longitudinally averaged sediment transport flux per
unit width F, (kg/m/s) in scenarios with the sediment-induced density effect
(SedDE) induced by advective transport (F, ,), tidal pumping (F, ,), and
estuarine circulation (F, ) in scenarios for sediment settling velocity of 2 m/s
and critical bed shear stress of 0.1 Pa. Top to bottom panels are scenarios
with reduced deposition (a) a = 1; (b) ® = 0.5; (¢) x = 0.3 and (d) a = 0.1,
respectively. Positive values indicate the ebb direction and negative values
indicate the flood direction. The sum of the different transport terms deviates
from 0 because of the lateral variation of residual transport.

duced density gradients and gravitational circulation, which further increases
vertical SSC gradients and provides a positive feedback for trapping sediment
(Dijkstra et al., 2019b; Winterwerp et al., 2009; Zhu, van Maren, et al., 2021).
Reduced deposition parameterizes the effect of poorly understood near-bed
processes such as consolidation, flocculation, and hindered settling on the
vertical sediment concentration gradient (van Maren et al., 2020; Winterw-
erp et al., 2021). The SedDE accounts for the impact of turbulence suppres-
sion by sediment-induced density gradients higher up in the water column
on vertical concentration gradients, which is a much better understood and
quantified mechanism (Winterwerp, 2001). Despite the relatively weak theo-
retical foundation of reduced deposition, its effect (near bed SSC of several
tens of kg/m?) is a realistic phenomenon and essential for modeling sediment
dynamics in systems such as the Yangtze Estuary.

For symmetric tides, the internally generated tidal asymmetry at the mouth (560 km) is flood dominant (8, = 20°)
but weaker than for asymmetric tides (see Figure 2) and therefore not able to trap and transport sediment land-
ward. Moreover, our model results suggest a higher near-bed SSC for asymmetric tides with phase differences of
180° than for 90° without the SedDE (Figures 4 and 7). With the SedDE, sediment trapping is weaker for asym-
metric tides with phase differences of 180° than without, which is probably caused by the effects of longitudinal
SSC gradients on decreasing the magnitude of the SSC in the ETM (Zhu, vanMaren, et al., 2021). However,
stronger reduced deposition leads to stronger sediment trapping with the SedDE for all types of tidal asymmetry,
including asymmetric tides with phase differences of 180°.

Whether slack tide asymmetry or peak flow asymmetry contributes more to transport also depends on the type
of transported sediment. Rapidly settling sediment with a large critical shear stress for erosion (sand), especially
when available in great quantities, is very susceptible to peak flow asymmetry (Friedrichs, 2011). We prescribe
sediments with a low critical shear stress for erosion, and with o, = 2 mm/s (typically for a grain size of 50 pm,
corresponding to 7.2 m/hr) in our Yangtze prototype. This means that for a short slack tidal period (~0.5 hr),
only a small amount of sediment settles, whereas the majority of sediment settles for a long slack tidal period
(~1.5 hr). The conditions in the deep channel therefore favor a pronounced landward sediment transport for the
asymmetric tides with phase differences of 180° (minor HW slack tide dominance). Moreover, asymmetric tides
with phase differences of 90° (limitedly LW slack tide dominant) in combination with the SedDE may lead to
seaward sediment transport due to higher near-bed sediment concentrations despite peak flood tidal dominance
(Figures 4 and 5). Therefore, although residual sediment transport is driven by many subtle processes, we believe
that for easily erodible sediment, the large difference in the available time for particles to settle during slack tide,
as a result of slack tide asymmetry, is the key mechanism driving maximum residual transport.
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4.2. Effect of High Concentrations on Sediment Transport

ETMs are the result of various trapping mechanisms working simultaneously, as introduced earlier. We evaluated
the contributions of tidal pumping and estuarine circulation to up-estuary sediment transport and observed that
the SedDE, in combination with tidal asymmetry and reduced deposition, is important for understanding their
relative roles (especially with estuarine circulation becoming more important at stronger SedDE).

Tidal pumping, primarily driven by tidal asymmetry, may be strengthened or weakened by the SedDE for asym-
metric tides with phase differences of 90° and 180°, respectively, correspondingly leading to higher and lower
near-bed SSC. This effect is especially important when tidal pumping dominates landward sediment transport
with no or weak reduced deposition (Figure 4). Stronger reduced deposition leads to a progressively larger contri-
bution of a landward transport component driven by estuarine circulation (Figures 8 and 9). The large contribution
of estuarine circulation is the result of high near-bed concentrations, which are (a) most sensitive to the landward
current near the bed generated by the longitudinal salinity gradients (Dyer, 1988; Festa & Hansen, 1978) but (b)
also strengthen salinity-driven flows. This positive feedback between sediment and salinity was identified by
Zhu, vanMaren, et al. (2021): The SedDE enhances along-channel salinity-induced density gradients and stratifi-
cation, strengthening estuarine circulation.

4.3. Implications for ETM Dynamics: A Synthesis

Despite its geometric simplicity, our model provides a useful instrument to analyze ETM formation processes
in response to tidal asymmetries in combination with sediment-induced effects (related to turbulent mixing,
horizontal density gradients, and near-bed effects). Our results are partly generic and partly site-specific. Our
site-specific results contribute to the understanding of the Yangtze Estuary. For instance, the water level phase
difference 2¢¢p2 — ¢pema at the mouth of the Yangtze is ~80° (Guo et al., 2015; Lu et al., 2015; Zhu, Guo,
et al., 2021). Our results suggest that for such an asymmetry, sediment-induced effects lead to an increasing SSC
within the ETM rather than an upstream migration of the ETM (Figure 4). This may be the reason that siltation
rates in the Yangtze Estuary navigation channel are so strong and the ETM remains stationary (Jiang et al., 2013;
Liu et al., 2011). Our results also suggest that a change in sediment supply to the Yangtze Estuary (due to, e.g., a
reduction in upstream sediment supply) may have a stronger impact than just a lowering of SSC in the ETM. The
established relationships between sediment effects, tidal pumping, and estuarine circulation could also hold for
other estuaries. For instance, in the Ems estuary, the ETM was observed to migrate in a landward direction into
the freshwater zone (Talke et al., 2009). At the mouth of the upper Ems estuary, the water level phase difference
2¢em2 — Pema is ~170° (Chernetsky et al., 2010; van Maren et al., 2015), corresponding to the dominance of
HW slack tide asymmetry. Figures 4 and 5 suggest that sediment-induced effects under such conditions lead to
a landward migration of the ETM (even though the influence of salinity-driven flow is much weaker in the Ems
than in the Yangtze Estuary). Within the ETM of the Ems estuary, 2¢¢ym2 — ¢p¢ w4 becomes ~90° for which our
results suggest sediment-induced effects lead to an increasing SSC within the ETM.

Our results also constitute generic findings on the relationship between tidal asymmetry, sediment effects, and
ETM dynamics. We observe that the position of the ETM is strongly influenced by the settling velocity (as
observed earlier by e.g., de Jonge et al., 2014 and Dijkstra et al., 2019a) but also by sediment-induced effects. We
also demonstrate how an estuarine sediment load influences ETM dynamics through sediment-induced turbu-
lence damping (the SedDE). The impact of the SedDE on vertical sediment dynamics has been extensively
demonstrated since the work of Winterwerp (2001) and on horizontal transport by Talke et al. (2009); both
aspects were integrated by Zhu, van Maren, et al. (2021). However, this work also investigates the contribution
of highly concentrated benthic suspensions to ETM dynamics. Although this has been done before for a coastal
ETM (van Maren et al., 2020), this study additionally reveals how these highly concentrated near-bed layers
influence ETM dynamics for various types of tidal asymmetry.

Another generic result is that our model suggests that higher near-bed SSC achieved by decreasing o leads to a
change in the relative role of tidal pumping and estuarine circulation, particularly increasing the contribution of
estuarine circulation to landward sediment transport. This effect may be important in understanding sediment
transport mechanisms in highly turbid estuaries with strong river and tidal forcing. In these estuaries, the predom-
inance of estuarine circulation or tidal pumping as the main up-estuary transport component is often considered
to be related to the magnitude of the tidal range compared to the freshwater flow (Dyer, 1986). Our results
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additionally emphasize the important role of sediments in regulating these sediment transport mechanisms, which
is important to understand the responses of sediment concentrations to external natural and human-induced forc-
ing (e.g., channel deepening or a change in sediment supply).

It should be highlighted that the methodology to generate the highly concentrated near-bed layer (a reduced
deposition factor parameterizing the contribution of consolidation and resuspension, flocculation, and hindered
settling) is strongly simplified and needs to be further investigated as part of future research. Our findings should
therefore be interpreted in a qualitative sense (in terms of relevant mechanisms such as a landward shift of the
ETM by sediment-induced effects) rather than in absolute terms (e.g., the relative importance of reduced depo-
sition vs. tidal asymmetry). Also, the role of the near-bed, highly concentrated suspensions on ETM dynamics
should be investigated in more detail for other turbid estuaries as well to validate the concepts presented here.

5. Conclusions

Using a schematized model reflecting the dynamics of the Yangtze Estuary, we explored the roles of tidal asym-
metries, sediment properties (critical shear stress and settling velocity), sediment-induced density effects, and
high near-bed SSC due to water-bed exchange processes on ETM dynamics. Our model results suggest that the
critical shear stress for erosion mainly influences the magnitude of the maximum SSC of the ETM and slightly
influences its location, whereas the settling velocity influences the location and strength of the ETM. For fine
sediment with a settling velocity of 2 mm/s, the landward migration of the ETM is strongly enhanced by sedi-
ment-induced density effects, and more for asymmetric tides with HW slack tide asymmetry than for peak flood
tidal asymmetry.

Without sediment-induced density effects, estuarine circulation leads to up-estuary sediment transport for all
types of tidal asymmetry, whereas the net landward sediment transport due to tidal pumping is controlled by
the type of tidal asymmetry. With sediment-induced density effects, the contribution of estuarine circulation is
always strengthened but tidal pumping may be enhanced or weakened depending on the type of tidal asymme-
try. Higher near-bed SSC due to water-bed exchange processes additionally strengthens the sediment-induced
density gradients due to the enhanced vertical SSC gradients. This effect strongly increases the contribution of
estuarine circulation relative to tidal pumping on landward sediment transport, leading to significant landward
ETM migration. The enhanced estuarine circulation is closely related to the positive feedback between sediments
and salinity. Therefore, our study suggests that sediment-induced effects (density effects and water-bed exchange
processes) interacting with tidal asymmetries strongly influence ETM strength and location, which is essential
for understanding and interpreting ETM formation mechanisms in future studies.

Data Availability Statement
Data in this study are publicly available at https://figshare.com/s/71ee46896a66131309cc.
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