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Key Points:

o Estuarine dams reduce tidal currents and cause unsteady freshwater dis-
charge

o Post-dam estuaries tend to be salt wedge estuaries during discharge and
bays during no discharge

o Estuarine dams reduce exchange flow and Stokes transport sediment fluxes
and increase river runoff and tidal pumping sediment fluxes

1. Abstract

Estuarine dams can result in profound changes to estuarine environments. How-
ever, their impact on estuarine currents, stratification, and sediment fluxes is
not well understood. To develop a general understanding, an idealized model-
ing study was carried out using the Coupled-Ocean-Atmosphere-Wave-Sediment
Transport Modeling System. Idealized estuarine geometry was based on 10 es-
tuaries with estuarine dams. Tide and river forcing were varied to produce
strongly stratified, partially mixed, periodically stratified, and well-mixed es-
tuaries. Each model ran for one year. Next, the models were subject to the
construction of an estuarine dam and run for another year. Then, the pre-
and post-dam conditions were compared. Results showed that estuarine dams
amplify the tidal range and reduce the tidal currents. The post-dam estuaries
tended to be salt wedge and strongly stratified types during freshwater dis-
charge, but during no freshwater discharge they became fjord, bay, or periodi-
cally stratified types based on the estuarine parameter space. For all estuaries,
the estuarine turbidity maximum moved seaward, and the suspended sediment
concentrations tended to decrease. While the depth changes depended on the es-
tuary type, the surficial sediment texture shifted to being muddier for all types.
In terms of sediment flux mechanisms, the estuarine dam reduced the exchange
flow and Stokes transport. The estuarine dam also increased the seaward river
runoff for cases with strong river, and increased the landward tidal pumping for
cases with strong tides. This study is one of the first to generalize the effect of
estuarine dams to a range of estuarine types.

Plain-language summary
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Estuaries are where rivers flow into the sea. Recently, humans have built dams
on estuaries to block salt water from traveling upstream. This secures freshwater
resources. However, it can cause significant changes to estuaries. To better
understand how estuarine dams affect estuaries this study used a simplified
computer model of an estuary. We changed the strength of their tides and
river currents to look at different types of estuaries ranging from an estuary
with a strong river to an estuary with strong tides. After putting an estuarine
dam in the models, we compared the estuaries before and after the estuarine
dam. It was found that estuarine dams made the tidal currents weaker in all
the estuaries. They also changed the freshwater discharge from being steady
to alternating between periods of high discharge and periods of no discharge.
These changes overall resulted in the estuaries being stratified during discharge
and being like a bay during no discharge. Also, the reduced tidal currents
resulted in less sediment in the water column and the deposition of mud on the
bed. These findings show that estuarine dams can cause significant changes to
estuaries, which has important implications for estuarine fisheries and shipping.

Index Terms: 4235 Estuarine processes; 4255 Numerical modeling; 4323 Hu-
man impact; 4558 Sediment transport

Keywords: Idealized estuary, Estuarine dam, Estuarine parameter space, Sed-
iment flux decomposition

1. Introduction

Estuaries are regions where rivers flow into the coastal ocean. The physical
functioning of estuaries varies greatly and depends on the estuary size, shape,
sedimentary characteristics, and external physical forcing by the river, tides,
waves and wind (Wolanski & Elliot, 2016). The net result of these features
gives the overall water circulation patterns. Sediments are important in estuaries
because sediment flux gradients contribute to the depth and texture of the bed
and the overall turbidity of the water column which in turn affects estuarine
fisheries and navigability. At present, sediment fluxes are changing in estuaries,
as humans have modified the shape of estuaries worldwide through activities
such as land reclamation, dredging, and the construction of hard engineering
structures (Jung et al., 2021; Wang et al., 2015). Land reclamation and dredging
are often carried out to create space and improve navigability (Winterwerp &
Wang, 2013), while hard engineering structures such as breakwaters, riprap,
jetties, and seawalls have been designed to absorb wave energy and stabilize the
coast (Davis Jr. & Fitzgerald, 2019). In addition to these modifications, several
across-channel structures have been built in the channels near river mouths such
as tidal power plants, storm surge barriers, and estuarine dams for purposes of
electricity generation, flood protection, and blocking the salt intrusion to secure
freshwater resources, respectively (Morris, 2013).

Estuarine dams are defined here as dams constructed within either the salt or
tidal intrusion limits of an estuary. As salt and tidal intrusions in estuaries
are commonly on the order of 1 - 100 km (Prandle, 2009), estuarine dams are



typically located within this distance from the coast. Estuarine dams were con-
structed primarily during the latter half of the 1900s, resulting in the shortening
of estuaries. Estuarine dams are both numerous and globally distributed. For
example, there are around 320 estuarine dams along the coast of China (Tilai
et al., 2019; Zhu et al., 2017) and about half of the estuaries along the coast of
South Korea are closed by estuarine dams (Lee et al., 2011). Estuarine dams
can also be found at the mouths of well-known rivers including the Murray-
Darling rivers (Webster, 2005), the Senegal River (Barusseau et al., 1998), and
the Rhine Meuse rivers (Ténis et al., 2002).

Although constructed worldwide in the past century, only a handful of estuaries
with an estuarine dam have been analyzed regarding the effects of the estuarine
dam on the hydrodynamic and sedimentary environments. Available case stud-
ies indicate that estuarine dams can result in tidal amplification due to reflection
of the tidal wave (Diez-Minguito et al., 2012; Kang, 1999; Kwon and Lee, 1999),
reduction of tidal currents due to loss of the tidal prism, and change in the mag-
nitude of tidal asymmetry due to altered tidal and river forcing (Kang, 1999;
Kim et al., 2006; Traini et al., 2015). In turn, altered tidal and river forcing
has been inferred to change the salinity structure and estuarine type (Shin et
al., 2019), including the potential to develop periodic stratification (Figueroa et
al., 2019, 2020a). Furthermore, the reduced tidal currents and estuarine dam
discharge have been observed to result in lower suspended sediment concentra-
tion (SSC; Kim et al., 2006; Traini et al., 2015), increasing fluvial sediment
abundance (Williams et al., 2014), and enhanced deposition of fine sediment in
the remnant estuary (Kim et al., 2006; Lee and Lee, 2007; Tilai et al., 2019;
van Proosdij et al., 2009; Williams et al., 2013, 2014; Zhu et al., 2017). Such
deposition may depend on the tidal range and river discharge, as suggested by
available sediment flux studies. For example, in a microtidal estuary with rela-
tively large freshwater discharge, sediment flux convergence can occur due to a
negative gradient in the seaward advective sediment flux driven by river runoff
(Williams et al., 2015; Chang et al., 2020). In contrast, in a macrotidal estuary
with moderate freshwater discharge, sediment flux convergence can occur due
to a negative gradient in the landward tidal pumping sediment flux driven by
tidal asymmetry (Figueroa et al., 2020a, 2020b; Zhu et al., 2017).

Limited field observations together with the diversity of estuary types and their
complex physical processes has hampered a general understanding of the effect
of estuarine dams on estuarine sedimentary environments. While field measure-
ments are essential, numerical sediment transport models can complement field
observations and have several advantages. First, they provide the opportunity
to investigate the estuaries under different forcing conditions as well as before
and after dam construction. Second, they provide greater data coverage for
analysis compared to field measurements. And third, investigation of simplified,
idealized estuaries can provide insight into the basic physical processes which
can be obscured in complex, real estuaries (e.g., Burchard & Baumert, 1998;
Chen & Sanford, 2009; Hetland & Geyer, 2004; Huijts et al., 2006; Tarpley et
al., 2019).



Therefore, the objective of this study is to clarify the effect of estuarine dams on
a range of estuarine types via simplified, idealized estuaries. To understand the
effect of an estuarine dam on different estuarine types, scenarios with different
tidal range and river discharge were implemented, and the results before and
after the estuarine dam were compared. With the greater data availability pro-
vided by the idealized models, attention was given to changes in estuarine type
and sediment flux mechanisms due to the estuarine dam which has previously
not been analyzed for a range of estuarine types. For a range of estuarine types,
the research questions of this study are: 1) how does an estuarine dam affect the
tidal currents, stratification, and estuarine type?; 2) how does an estuarine dam
affect the estuarine SSC, bed level, surficial grain size, and abundance of fluvial
sediment?; and 3) how does an estuarine dam affect the estuarine sediment flux
mechanisms?

This paper is organized as follows. Section 2.1 described the model, model
settings, and model scenarios. Section 2.2 presents the method to quantify the
impact of the estuarine dams on estuarine type and estuarine sediment flux
mechanisms. Then, Section 3 compares the pre- and post-dam results. Section
4 discusses the significance and implications of this study and compares this
study with other studies. Finally, Section 5 summarizes the main conclusions.

2. Materials and methods
2.1. Data collection
2.1.1. Model description

The Coupled-Ocean-Atmosphere-Wave-Sediment Transport (COAWST) mod-
eling system is comprised of several components that include models for the
ocean, atmosphere, surface waves, and sediment transport (Warner et al., 2010).
This study utilized only the ocean and sediment transport models. The ocean
model is the Regional Ocean Modeling System (ROMS). ROMS is a free surface,
terrain-following numerical model that solves the three-dimensional Reynolds-
averaged Navier-Stokes equations using the hydrostatic and Boussinesq approx-
imations (Haidvogel et al., 2008). The sediment transport model is the Com-
munity Sediment Transport Modeling System (CSTMS), which computes sus-
pended sediment transport using the advection-diffusion algorithm applied to
all passive tracers together with an additional algorithm for vertical settling
(Warner et al., 2008, 2010). The sediment transport algorithms are implemented
for an unlimited number of user-defined sediment classes. CSTMS may be im-
plemented with noncohesive, cohesive, and mixed sediments (Sherwood et al.,
2018). However, at present, modeling mixed and cohesive sediment transport
adds significant computational expense (Tarpley et al., 2019), therefore this
study did not include these processes.

2.1.2. Model domain and setup

Figure 1 illustrates the model domain for both the pre- and post-dam conditions.
The idealized estuary was funnel shaped with a curved ocean boundary. The



origin at £ = 0 km was located at the widest point of the domain. The domain
extended to z = -15 km on the seaward side, and to z = 250 km on the landward
side. The width of the estuary decreased exponentially from 30 km to 1 km wide
from z = 0 km to x = 30 km. Beyond z = 30 km the width stayed uniform.
From z = -15 km to z = 100 km, the thalweg depth decreased linearly from 10
m to 5 m. Then, from z = 100 km to z = 250 km the thalweg depth was a
constant 5 m. The across-channel shape was Gaussian such that there were 0.1
km wide intertidal areas at each bank.

To determine the position of the estuarine dam in the model, historical and
geometric data for 10 real estuaries with estuarine dams was compiled (Figure
2, Table 1). It was found based on these estuaries that the pre- and post-dam
estuarine lengths were nominally 100 km and 20 km, respectively. At the same
time the mean estuarine mouth width was found to be 2 km. Therefore, the
mouth of the estuary was located where the width was 2 km. The location of the
estuarine dam was then defined to be 20 km upstream from the mouth and the
nominal length of the pre-dam estuary was defined to be 100 km upstream from
the mouth. This divided the domain conceptually into three different regions:
the shelf, the estuary, and the (tidal) river (Figure 1). Of these regions, the
portion of the estuary that remained after implementing an estuarine dam was
focused on as the region of interest (ROI) in this study.

With respect to domain discretization, the horizontal size of the domain grid
was 242 x 62 points, and the model was implemented with 20 vertical layers.
After implementing the estuarine dam, the horizontal grid size was reduced to
66 x 62 points. The along-channel, across-channel, and vertical resolutions were
nominally 0.5 km, 0.02 km, and 0.5 m, respectively. The model was run with a
10 second baroclinic time step, which was divided into 20 barotropic time steps,
and the output was saved at 30-minute intervals.

Table 2 lists the sediment size classes used in this study and their properties. Six
size classes were used, and these were divided into two groups: a marine sediment
group (sand_ 1, mud_ 1, and mud_2) and a fluvial sediment group (sand_ 2,
mud_ 3, and mud_4). Although these two groups shared the same properties,
the model was initialized with only marine sediments in the domain. The fluvial
sediments were discharged from the river and estuarine dam to investigate the
mixing of marine and fluvial sediments. The sediment sizes for each group were
heuristically chosen to be 0.125 mm, 0.062 mm, and 0.031 mm corresponding
to very fine sand, coarse silt, and medium silt, respectively, with the latter two
size classes representing muds. The critical bed shear stress for erosion and
the settling velocity for each size class were computed following Soulsby (1997).
Porosity was based on data in Whitehouse et al. (2000). The COAWST default
erosion rate was used, and it lies within typical measured values (Whitehouse
et al., 2000). With respect to the sediment bed, the total bed thickness was 100
m. A thick bed was used to ensure effectively unlimited sediment supply from
the bottom. Initially, the marine sediments were mixed evenly in the sediment
bed.



The model settings of this study utilized the third-order upstream horizontal
advection of 3D momentum, fourth-order centered vertical advection of momen-
tum, and tracer advection using the higher-order spatial interpolation at the
middle temporal level (HSIMT; Wu & Zhu, 2010). To parameterize turbulence,
this study used the two-equation k- turbulence closure implemented using the
generic length-scale equation (Umlauf & Burchard, 2003; Warner et al., 2005).
For simplicity, a logarithmic drag formulation with a constant hydraulic bottom
roughness of z; = 5 x 10 m was utilized (cf. Tarpley et al., 2019). This study
included a scheme for wetting and drying. During calculations, the water level
of each cell was compared with the critical minimum depth of 0.1 m to represent
emerging tidal flats. During the pre- and post-dam model runs, the bed model
was allowed to evolve, resulting in modeled morphodynamic change. And the
SSC was included in the equation of state.

The boundary conditions were closed on the channel banks and river end. The
ocean boundary was open and featured a Chapman implicit boundary condition
for the free surface and a Flather condition for the 2D momentum. The free
surface and 2D momentum boundary conditions in the ocean boundary were
chosen such that tidal currents were calculated from the free surface using re-
duced physics. On the shelf a weak along-shore flow (0.05 m s!) was set to
prevent the formation of a bulge of freshwater at the estuary mouth following
Hetland and Geyer (2004). Radiation and nudging conditions were applied to
the tracers such that they can radiate from the domain at the ocean boundary.
On the river boundary, river discharge was imposed. For the pre-dam case, the
discharge was constant. For the post-dam case, the discharge points were relo-
cated to the estuarine dam, the new river boundary. There, the discharge was
episodic. The discharge duration and timing were set to 3 hours during mid-ebb,
and the discharge frequency was set to once every 3 days. Both the discharge
duration and frequency were based on mean values from Geum River estuary,
South Korea (Figueroa et al., 2020b), where data on estuarine dam operation
was available. The discharges were limited to ebb in order to prevent the salt
intrusion. For the post-dam case, there was no discharge when the dam was
closed. When the dam was open, the discharged volume was the same as the
pre-dam case, however, it was discharged on a much shorter timescale. For both
pre- and post-dam cases, the SSC from the river was constant for simplicity at
a value of 0.15 kg m™® which was based on data in Milliman and Farnsworth
(2013).

Table 1. Statistics of 10 estuaries with estuarine dams.



River Longitudlatitud€onstruCtinatruPtien Post- Mouth Construction
estu- (DD) (DD) start end dam dam  width dates,
ary length length (km) pre-
(km) (km) dam
length
data
source

East
Fitzroy
Geum
Haringvliet-
Maas
Murray-
Darling
Nagara-
Kiso
Nakdong
Petitcodiac
Senegal
Tees
Vilaine
mean -

Construction dates and pre-dam estuarine length data sources: 1 = Connell et al.
(1981); 2 = Kim et al. (2006); 3 = Tonis et al. (2002); 4 = Murray-Darling Basin
Authority (www.mdba.gov.au); 5 = Kamada et al. (2004); Takahashi (1997); 6
= Ryu and Chang (1979); 7 = van Proosdij et al. (2009); 8 = Barusseau et al.
(1998); 9 = Kidd et al. (2017); 10 = Traini et al. (2015). Post-dam length and
mouth width based on Landsat views (earthexplorer.usgs.gov).

Table 2. Sediment properties.

sand__1/sand_2 mud_1/mud_3 mud_2/mud_4

Grain size (mm) 0.125 0.062 0.031
Density (kg m™3) 2650 2650 2650
Porosity (%) 70 70 70
Critical bed shear stress (N m™2) 0.13 0.11 0.08
Erosion rate (kg m2 s'1) 5.0 x 10 5.0 x 107 5.0 x 10
Settling velocity (mm s™1) 11.9 3.11 0.80

Marine sediments (sand_ 1, mud_ 1, and mud_ 2) were initially present in the
estuary. Fluvial sediments (sand 2, mud_3, and mud_4) were discharge by
the river or estuarine dam.
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Figure 1. Pre-dam (a) and post-dam (b) model domain. Salinity and
bathymetry are the model initial conditions. ROI is region of interest. Point is
the ROI center, and is the location of the inset across-channel transect and the
time series in Figure 4.
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Figure 2. Location of selected estuaries with estuarine dams referred to in
Table 1. Estuary IDs are: 1) East Fitzroy, 2) Geum, 3) Haringvliet-Maas, 4)
Murray-Darling, 5) Nagara-Kiso, 6) Nakdong, 7) Petitcodiac, 8) Senegal, 9)
Tees, 10) Vilaine.

2.1.3. Model scenarios

The model was run for four scenarios, each corresponding to a different estu-
arine type: 1) strongly stratified, 2) partially mixed, 3) periodically stratified,
and 4) well-mixed estuaries. Each scenario consisted of three consecutive runs:
a salinity initialization run, a pre-dam run, and a post-dam run. The salinity
initialization run was initialized with a still water free surface, zero initial mo-
mentum, and an along channel salinity gradient (Figure 1). During the salinity
initialization run, no sediment modules were activated. The run was forced by
spring tides until it reached a periodic steady state. Subsequently, the pre-dam
run was carried out using the output salinity field. With the appropriate initial
salinity, the pre-dam runs were then carried out with the sediment modules
activated. The sediment initial conditions were marine sediments well mixed
in the bed and zero SSC in the water column. The pre-dam runs were forced
by spring-neap cycles which lasted for 365 days. The spring-neap cycles were
produced using two tidal constituents, the M, and S, constituents, and the am-
plitudes were weighted three to one as was done in Mellor (1996). A spring-neap
cycle at the end of the pre-dam run was then used to represent the pre-dam es-
tuary condition. Then, the salinity, bed morphology, SSC, and so forth were
used as the initial condition for the post-dam runs. In these runs, the estuarine
dam was placed. These runs were carried out for an additional 365 days, and
a spring-neap cycle at the end of the post-dam run was used to represent the
post-dam estuary condition.



The four scenarios were achieved by specifying the tidal range and the river
freshwater volume discharge. To obtain the appropriate values needed to de-
termine the estuary type, the estuarine parameter space (Geyer & MacCready,
2014) was utilized (Figure 3a). The estuarine parameter space is based on the
Freshwater Froude number, Fry, and the mixing number, M, defined as (Geyer
& MacCready, 2014):

Fr,=—Y (1,
L (8SucemnH) (12)

2
M? = SpUL (1b)

[N

where Up = V/A is the cross-sectionally averaged river discharge velocity (m
s1), V is the river volume flux (m® s!), A is the channel cross-sectional area
(m?), H is the cross-sectionally averaged depth (m), Uy is the amplitude of
the cross-sectionally averaged tidal velocity (m s™), Ny = ( S, uean/H)"/? is the
buoyancy frequency for maximum bottom-to-top salinity variation in an estuary
(s1), = 7.7 x 10 psu! is the coefficient of haline contraction, S,,.,, = 35
psu is the ocean salinity, g = 9.8 m s is the acceleration due to gravity, Cp,
(taken here for simplicity as Cp, = 2.5 x 103) is the drag coefficient, and
= 1.4 x 10* s is the tidal frequency. In Geyer and MacCready (2014), H
and Up are defined as a depth and the amplitude of the depth-averaged tidal
velocity, respectively. These parameters can be defined using cross-sectional
values (P. MacCready, personal communication). Therefore, in this study, H
and Uy are defined as cross-sectionally averaged values, not their value at the
channel thalweg. Physically, Fr; is the net velocity of the river flow scaled by
the maximum possible frontal propagation speed, and M is the ratio of tidal
timescale to the mixing timescale (Geyer & MacCready, 2014).

To model the four different estuary types (i.e., strongly stratified, partially
mixed, periodically stratified, and well-mixed), the factors other than Up and
Ur were taken as constant. Then, the types were defined based on Up and
Ur. Ug and Uy were set by specifying the river volume flux, V, and the ampli-
tude of the tides on the shelf, respectively. Uy was directly proportional to the
tidal amplitude on the shelf, and the appropriate tidal amplitude to generate
the sought U; was achieved by trial and error. The four model scenarios with
their tidal range and their river and estuarine dam freshwater volume fluxes are
summarized in Table 3.

Table 3. Model scenarios.

Scenario Estuarine Estuarine Tidal range River/Estuarine
type dam (m) dam
freshwater
volume flux
(m? s71)
Strongly Pre-dam (steady)
stratified

10



Scenario Estuarine Estuarine Tidal range River/Estuarine

type dam (m) dam
freshwater
volume flux
(m? s71)

Post-dam (dam closed),

7200 (dam
open)

Partially Pre-dam (steady)

mixed

Post-dam (dam closed),
960 (dam
open)
Periodically Pre-dam (steady)
stratified
Post-dam (dam closed),
720 (dam
open)
Well-mixed Pre-dam (steady)
Post-dam (dam closed),
48 (dam
open)

Note: tidal range is at the shelf boundary.
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Figure 3. The estuarine parameter space for (a) pre-dam and (b) post-dam.
Data points correspond to the region of interest (ROI) for each scenario. For
data corresponding to no dam discharge, Fr; was set to the minimum value of
Frp =15 x 10%. To avoid overlap for these points, the scenarios were offset
vertically from each other by Fry = 0.5 x 10 for clarity. Here SIPS is strain-
induced periodically stratified estuary, also referred to simply as a periodically
stratified estuary.

2.2. Data processing and analysis
2.2.1. Estuarine parameter space

The estuarine parameter space was used to analyze shifts in currents, stratifica-
tion, and estuarine type due to the construction of an estuarine dam. For pre-
and post-dam comparison, only points in the ROI over the representative spring-
neap cycles were analyzed. Individual points were plotted to show the dynamic
character of variation in the estuarine parameter space. Each point represents
a classification based on cross-sectionally averaged depth, cross-sectional area,
cross-sectionally averaged tidal current amplitude, and river volume flux from
a tidal cycle at an across-channel transect. It occurred in some cases that the
estuarine dam caused the tidal currents, and therefore the mixing number to
be very low. At the same time, when the dam is closed, the river volume flux
is V =0 m? s!. In these cases, minimum values were heuristically specified in
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order to keep the points within the estuarine parameter space, a log-log space
where points with a zero coordinate are not typically plotted. The minimum
values used in this study were M = 0.22, and Fr; = 1.5 x 10%. Physically, these
represent very low currents and very low freshwater discharge, respectively.

2.2.2. Change in bed level and surficial sediment grain size

The impact of the estuarine dam on the estuarine depth and surficial sediment
grain size was of interest for understanding changes in the sedimentary envi-
ronment. To quantify these, their spring-neap average values for the pre- and
post-dam cases were computed in the ROI. For depth change, the differences
in pre- and post-dam bed level were computed, and a spatial average of this
change over the ROI was also taken. In this way, areas that underwent erosion
or deposition were visualized and the net impact could be seen. A similar proce-
dure was carried out to quantify the change in the surficial sediment grain size.
However, instead of comparing depths, the percent mud of the surface layer
was computed by summing the marine and fluvial muds (i.e., mud_ 1, mud_ 2,
mud_ 3, and mud_ 4), and it was this percent mud that was compared. In this
way, areas that became sandier or muddier were visualized, and the net impact
could be seen by spatially averaging over the ROI.

2.2.3. Sediment flux decomposition

This study aims at understanding the impact of an estuarine dam on the sed-
iment accumulation and the estuarine turbidity maximum (ETM). Sediment
accumulation and ETM formation are due to the convergence of tidally aver-
aged, cross-sectionally integrated suspended sediment transport, (A [uc] A> (kg
s1). To highlight the relevant underlying processes, the sediment fluxes were
decomposed following Burchard et al. (2018) to gain insight into the processes:

W(D)([u]" ) ,)]
T, T,

= v+
T T,

a

w D[uc]z WD (). )c].
<A [uC]A> _ [ >]y _ WD) {[u].)(c].)]

wlo@a),],  w[{p'mel’)],
I, + . 2)

e

+

where v is the along-channel current velocity (m s™), ¢ is the suspended sediment
concentration (sum of concentrations of all sediment size classes; kg m™), D is
the depth (m), W is the width (m), and A is the cross-sectional area (m?).
Here, [ -]y, [],, and [ -], denote lateral, vertical, and cross-sectional averages,
respectively, and (e) denotes a tidal average. The prime (‘) denotes the deviation
from a tidal average and a tilde (~) denotes the deviation from a vertical mean.
In this way the temporally averaged, cross-sectionally integrated transport was
decomposed into five terms, T, - T,. Each term is associated with a different
sediment transport mechanism. 7', is the transport by averages due to down-
estuary river runoff. 7 is the tidal covariance transport due to tidal pumping.
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T, is the vertical covariance of tidal averages transport due to the estuarine
exchange flow. T is the combined vertical and temporal covariance transport
due to tidal straining. And T, is the temporal depth covariance transport due

to Stokes transport.

The terms were quantified along-channel in both the pre- and post-dam cases
to understand the impact of the estuarine dam on the sediment flux mecha-
nisms. As Equation 2 is exact only for constant depth or averaging in depth-
proportional sigma coordinates (Burchard et al., 2018), averaging was done in
sigma coordinates. The operations (e) for a tidal average and (*) for a deviation
from a tidal average were computed using Lanczos 36-hour low-pass and high-
pass filters, respectively. All the five sediment flux mechanisms have lateral
and temporal variations due to channel-shoal bathymetry and the spring-neap
cycle, respectively. These variations are beyond the scope of the present study,
and therefore, T, - T, were averaged over the representative pre- and post-dam
spring-neap cycles. This turned them into a function of only along-channel
position.

3. Results

3.1. Pre- and post-dam time series of tide, current velocity, salinity,
and SSC

Figure 4 shows time series at the center of the ROI for the strongly stratified
(hereinafter SS; Figure 4a), partially mixed (hereinafter PM; Figure 4b), periodi-
cally stratified (hereinafter PS; Figure 4c), and well-mixed estuaries (hereinafter
WM; Figure 4d). Pre- and post-dam tide (m), surface and bottom current ve-
locity (m s7!), surface and bottom salinity (psu), and bottom SSC (kg m™3) are
shown for each scenario. In terms of tide, the pre-dam tides of the spring-neap
cycle increased from SS to WM cases. For the post-dam estuaries, the tides
behaved differently. The SS estuary exhibited notable water level fluctuations
after freshwater discharges. In other estuaries, the tides were amplified, most
notably in the PS and WM estuaries.

The tidal currents varied in character and response to the estuarine dam. In the
pre-dam estuaries, the current velocities increased from SS to WM similar to the
tides. In the pre-dam SS estuary, there was a significant difference in the bottom
and surface layers because it was a two layered system. The bottom layer tended
to be landward and the surface layer seaward, but both fluctuated due to the
tides, with the surface layer maintaining a unidirectional seaward flow while the
bottom layer was bidirectional. In comparison, the PM, PS, and WM estuaries
had bidirectional currents in both the bottom and surface layers. Vertical shear
was indicated by differences in the bottom and surface currents. Both the PM
and notably the PS estuaries showed stronger shear during ebbs. The post-dam
SS estuary exhibited pulses of unidirectional flow > 2 m s! seaward. The initial
pulse then exhibited oscillations and a strong vertical two-layer circulation until
the discharge effect subsided and the currents became very weak until the next
discharge pulse. The post-dam PM estuary showed reduced currents and a brief
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two-layer circulation with each discharge. The post-dam PS and WM estuaries
had significantly reduced currents compared to the pre-dam case. These cases
did not exhibit the seaward pulses. For the PS estuary, however, the discharges
were associated with irregular variations of vertical current shear.

The salinities also varied in character and response to the estuarine dam. As
expected, the vertical stratification decreased from the SS to the WM case.
The SS estuary bottom layer was always of marine salinity with the surface
showing tidal variations and a water column stratification of about 25 psu. The
PM estuary showed more tidal variations of bottom and surface salinity. The
stratification was about 10 psu, and the stratification showed a spring-neap
cycle with the least stratification after the spring tides. The PS estuary was
periodically stratified during the neap tides but became more well mixed during
the spring tides. During neap tide, the flood stratification was less at nominally 3
psu, whereas ebb stratification was more at nominally 8 psu. The pre-dam WM
estuary showed negligible stratification and a water column salinity of about 32
psu.

The post-dam salinities were significantly different than the pre-dam salinities
for all scenarios. The typical feature of post-dam salinities was an abrupt drop
in salinity due to the freshwater discharge followed by a salinity recovery due
to mixing. The SS and PM estuaries no longer showed significant spring-neap
cycles in salinity. The PS estuary continued to show the spring-neap cycle
in salinity. However, the semidiurnal tidal signal, particularly in the bottom
layer was muted. The WM estuary indicated a slight reduction of salinity and
periodic stratification of about 1 — 2 psu. A notable feature was that the SS
case salinity became fully fresh in the surface and the discharge affected even
the bottom salinity at the center of the ROI. Another notable feature was the
periodic stratification that occurred after the dam discharge in the PS estuary
and to a lesser extent in the WM estuary. The post-dam periodic stratification
occurred during spring tides but not neaps. Even though the pre- and post-
dam PS estuary showed periodic stratification, the character of these two were
different, particularly because in the post-dam case, the bottom salinity varied
minimally in contrast to the pre-dam case bottom salinity.

The SSCs varied over orders of magnitude depending on the scenario, and there
was a clear trend in the behavior of the pre- and post-dam SSC. The pre-dam
spring tide bottom SSCs increased from 102 kg m™ in the SS estuary to 10°
kg m™ in the WM estuary. The pre-dam SSCs followed the spring-neap cycle.
At the central point in the ROI, the SSC was due entirely to marine sediment
(sand__1, mud_1, mud_2) in all scenarios. The post-dam estuaries showed
different responses to the estuarine dam. The post-dam SSC increased for the
SS estuary and decreased for the PM, PS, and WM estuaries. The signal of
the spring-neap cycle in the SSC was eliminated from the SS and PM estuaries.
And at the central point in the ROI in the post-dam SS estuary, SSC due to
fluvial sediment (sand_ 2, mud_ 3, mud_ 4) occurred.
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Figure 4. Pre- and post-dam time series for (a) strongly stratified, (b) partially
mixed, (c) periodically stratified, and (d) well-mixed estuaries. For each is
shown tide (m), bottom and surface along-channel velocity (m s™), bottom and
surface salinity (psu), and suspended sediment concentration (SSC; kg m™).
Time is day since initialization, with the estuarine dam placed on day 365.
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Positive velocity is landward, negative velocity is seaward.

3.2. Change in along-channel profiles of tide, current velocity, salinity,
and SSC

Figure 5 depicts the along-channel variation of the max tide (m), max current
velocity (m s7!), bottom and surface salinity (psu), and depth-averaged SSC (kg
m™3) averaged over the spring-neap cycle. The tide in the pre-dam estuaries
was overall decreasing landward. In contrast, the tide in the post-dam estuaries
increased toward the estuarine dam. The along-channel max depth-averaged
current velocities were relatively constant at around 0.5 m s in the pre-dam
SS and PM estuaries, but showed peaks at around z = 25 km of 2.0 m s™' and
2.5 m s! in the pre-dam PS and WM estuaries, respectively. The post-dam
SS estuary showed an increase in currents up to 2.0 m s adjacent to the dam.
In contrast, the post-dam PM, PS, and WM estuaries exhibited a significant
decrease in currents.

The pre-dam bottom and surface along-channel salinities increased with distance
from the river with the maximum stratification in the middle of the fresh and
marine salinity end members. The salt intrusion increased from z = 80 km in
the pre-dam SS estuary, to £ = 200 km in the pre-dam WM estuary. In the
post-dam SS, PM and WM estuaries, the spring-neap averaged salinities were
similar despite showing considerable differences in steadiness (Figure 4a and 4b
salinity). The post-dam PS estuary showed a notable increase in the vertical
salinity stratification.

The pre-dam SSC increased in magnitude from the SS to the WM scenario. In
the SS and PM scenarios, there was a peak around x = 100 km because the
model initial bathymetry had a depth transition there (Figure 1). The SSC was
low in the pre-dam SS and PM estuaries at around 1072 kg m™3. In contrast, the
pre-dam PS and WM estuaries reached depth-averaged SSCs on the order of 107!
kg m3. No distinct ETM occurred in the SS and PM estuaries except at z =
100 km. In the PS and WM estuaries, there was an ETM around z = 50 km. In
all pre-dam cases, the SSC in the estuary was associated with marine sediments
except for the areas adjacent to the river source at x = 250 km, where SSC was
due to fluvial sediments. In the post-dam estuaries, the SSC increased in the SS
estuary to 102 kg m™. In the post-dam PM, PS, and WM estuaries the SSC
decreased. In the post-dam PM case, the SSC reduced significantly after the
dam. In the post-dam PS and WM cases, the ETM shifted to seaward of the
dam and the SSC adjacent to the dam was characterized by lower concentration.
In the PM, PS, and WM estuaries, SSC due to fluvial sediment was found only
adjacent to the estuarine dam and appeared to quickly reduce with distance. In
contrast to the pre-dam estuaries, the post-dam estuaries exhibited an increase
in fluvial sediments in the ROIL.
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Figure 5. Pre- and post-dam along-channel profiles for (a) strongly stratified,
(b) partially mixed, (c) periodically stratified, and (d) well-mixed estuaries. For
each is shown the maximum tide (m), the maximum absolute along-channel
velocity (m s), spring-neap averaged bottom and surface salinity (psu), and
spring-neap and depth averaged suspended sediment concentration (SSC; kg
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m3). Along-channel distance is distance from the widest point in the domain.
Positive is landward and goes through the shelf, estuary, and (tidal) river.

3.3. Shifts in the estuarine parameter space

Figure 3 shows the shift in estuarine type from the pre- to post-dam estuaries.
For a given scenario, variation of M corresponded to changes in the current mag-
nitude due to the spring-neap cycle, while variation of the Fr; corresponded to
changes in along-channel position, where deeper sections (larger cross-sectional
areas) had smaller Fry. Figure 3a shows that after approximately one year, the
estuaries remained in the part of the parameter space for which they were de-
signed. It can be noted that the PM estuary fell into the strongly stratified
estuary type during neap tides but was partially mixed during spring tides. Fig-
ure 4 supports that the scenarios’ pre-dam estuary conditions matched their
intended estuarine types.

The post-dam estuarine types were significantly different from the pre-dam es-
tuarine types for all scenarios (Figure 3b). In this figure, while the ROI points
occupied a relatively small space for the pre-dam cases, the post-dam points were
spread out over the estuarine parameter space. The post-dam points formed two
clusters. The first cluster was at relatively low mixing numbers (predominantly
M < 1) and relatively high freshwater Froude numbers (Fr; 10 10 ). These
corresponded to the times of estuarine dam freshwater discharge with a large Fry.
At the same time, M was relatively small due to the weaker tidal currents in the
post-dam estuaries. The second cluster was at relatively low mixing numbers
(predominantly M < 1) and low freshwater Froude numbers (Fry < 107). These
corresponded to the times of no freshwater discharge. Fry therefore was set to
the minimum value of Fry = 1.5 x 10%. Yet it should be noted that for the
second cluster, the scenarios were offset vertically from each other by Fry = 0.5
x 107 for clarity. Overall, post-dam estuaries were shifted to more stratified
types during dam discharge (salt wedge, strongly stratified, or partially mixed).
During no dam discharge, the post-dam estuaries shifted to types with weak
river forcing (fjord, bay, or periodically stratified/SIPS).

3.4. Bathymetric and surficial mud content maps

Figure 6 shows the pre- and post-dam depths after approximately 1 year of
morphodynamic evolution from the initial bathymetry (for the pre-dam cases)
or from the pre-dam cases’ bathymetry (for the post-dam cases). The initial
bathymetry relative to mean sea level in the ROI had a depth of 8.50 m in
the channel thalweg and an elevation of 1.50 m on the channel banks. At the
end of the pre-dam runs, the thalweg depths ranged from 8.50 — 12.42 m, and
the elevation of the banks ranged from 1.50 — 1.64 m. This indicated that
the thalweg tended to deepen, and the banks tended to aggrade. Overall, the
pre-dam SS and PM estuaries showed the least morphodynamic change (Figure
6a and 6b, pre-dam), while the pre-dam PS and WM estuaries showed more
morphodynamic change (Figure 6¢ and 6d, pre-dam). In addition to deposition
on the banks, a mouth bar deposit and channel bifurcation developed in the
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pre-dam WM estuary. The post-dam estuarine depths were similar to those of
the pre-dam estuaries. An exception was the post-dam SS estuary (Figure 6a,
post-dam), where the estuary dam discharge generated a scour hole. The scour
resulted in a depth change from a pre-dam depth of 8.09 m to a post-dam depth
of 11.06 m for the area adjacent to the estuarine dam. These scoured sediments
were then deposited further seaward.

The bed level changes (post-dam bed level minus pre-dam bed level) are also
shown in Figure 6, with the color bar limited to £+ 1 m of bed level change for
clarity. The greatest morphological change due to the estuarine dam occurred
for the strong river forcing (SS estuary) and strong tide forcing (WM estuary)
scenarios. For the SS estuary, the greatest bed level change was 2.97 m of erosion
due to bed scour adjacent to the estuarine dam (Figure 6a, bed level change).
For the WM estuary, the greatest depth change was 1.08 m of deposition in the
channel of the post-dam WM estuary (Figure 6d, bed level). The PM and PS
bed level changes were intermediate between the SS and WM scenarios. The PM
estuary bed level changes were characterized by deposition of sediment directly
adjacent to the estuarine dam (Figure 6b, bed level change). This amounted to
0.75 m of deposition of fluvial sediments (Figure 4b, SSC). The bed level change
in the PS estuary mainly featured erosion along the thalweg. Overall, the SS
and PS estuaries showed erosion of 0.007 m and 0.019 m, respectively, and the
PM and WM estuaries showed deposition of 0.017 m and 0.003 m, respectively.
The absolute bed level change affected by the estuarine dam increased from the
SS estuary to the PS estuary, and then decreased for the WM estuary.

Figure 7 shows the pre- and post-dam surface mud content and surface mud
content change after approximately one year of hydrodynamic sorting from the
initial poorly sorted bed (for the pre-dam cases) or from the pre-dam cases’
bed (for the post-dam cases). In contrast to the depth and bed level changes,
the surface mud content showed less variation between the scenarios. The beds
of the pre-dam estuaries were hydrodynamically sorted such that there was
almost no mud (0%) in the channel but the adjacent banks tended to have
higher surface mud contents. The surface mud content of the banks increased
up to 100% for the pre-dam WM scenario (Figure 7d). The shelf areas also
became hydrodynamically sorted with higher mud contents in the PS and WM
scenarios (Figure 7c and 7d). The post-dam estuaries responded to the estuarine
dam generally by shifting to higher surface mud contents (Figure 7, post-dam).
For the post-dam PS and WM estuaries, the increase in the mud content of the
ROI was accompanied by a decrease in the mud content of the shelf (Figure
7c and 7d, surface mud change). On the other hand, the surface mud content
increased on the shelf to 100% in the post-dam SS estuary (Figure 7a, post-dam
and surface mud % change). Overall, all scenarios showed a positive surface
mud change in the ROI, ranging over a 12.2 — 22.4% increase, indicating the
post-dam estuaries were muddier than their pre-dam counterparts.
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Figure 6. Pre- and post-dam depth and bed level change maps for (a) strongly
stratified, (b) partially mixed, (c) periodically stratified, and (d) well-mixed
estuaries. For each is shown the pre- and post-dam depth (m) and the bed level
change (post-dam bed level minus pre-dam bed level; m). ROIT is the region of
interest. Positive bed level change is deposition, and negative bed level change
is erosion. The areal mean bed level change for the ROI is written for each

scenario.
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Figure 7. Pre- and post-dam surface mud content and surface mud content
change maps for (a) strongly stratified, (b) partially mixed, (c) periodically
stratified, and (d) well-mixed estuaries. For each is shown the pre- and post-
dam surface mud content (%) and the surface mud content change (post-dam
surface mud content minus pre-dam surface mud content; %). ROI is the region
of interest. Positive surface mud content change is becoming muddier, and
negative surface mud content change is becoming sandier. The surface mud
content change of -100% denotes an area of pure mud converted to pure sand,
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and a change of 100% denotes an area of pure sand converted to pure mud. The
areal mean surface mud content change for the ROI is written for each scenario.

3.5. Along-channel decomposed sediment fluxes

Figure 8 presents the spring-neap averaged, cross-sectionally integrated sedi-
ment flux (kg s7!) along-channel profiles for each scenario. Both the pre- and
post-dam cases are decomposed into the five sediment flux mechanisms. The
pre-dam cases differed amongst the scenarios in terms of the sediment flux mag-
nitudes, the spatial along-channel structure of the sediment flux mechanisms,
and the relative importance of the sediment flux mechanisms (Figure 8, pre-
dam decomposed). The magnitude of the sediment flux increased from the
pre-dam SS estuary (order of 102 kg s7!) to the pre-dam WM estuary (order of
10% kg s71). In general, there was a peak in sediment fluxes in the estuary. This
peak tended to move seaward from the SS to the WM estuary.

For the pre-dam estuaries, the river runoff, T, increased in relative importance
from the SS to the WM estuary. The river runoff was always directed seaward.
Tidal pumping, T}, was of primary importance in all pre-dam estuaries. While
it was directed landward in the pre-dam SS and PM estuaries, it was directed
seaward in the pre-dam PS and WM estuaries. The estuarine exchange flow,
T., was of primary importance in the SS and PM estuaries. It was always posi-
tive and reached a maximum magnitude in the PM estuary. T, was negligible
in the pre-dam PS and WM estuaries. Tidal straining, T, was of secondary
importance in the SS and PM estuaries and was negligible in the PS and WM
estuaries. In the pre-dam SS and PM estuaries, T; was directed seaward. The
Stokes transport, T, which was negligible in the pre-dam SS estuary, became
increasingly important from the PM to the WM estuary. The Stokes transport
was always directed landward.

For the post-dam estuaries (Figure 8, post-dam, decomposed), each scenario
showed changes in the sediment flux magnitudes, the spatial along-channel struc-
ture of the sediment flux mechanisms, and the relative importance of the sed-
iment flux mechanisms. For the post-dam SS estuary, the post-dam sediment
flux magnitude increased, while the sediment flux magnitudes decreased for the
post-dam PM, PS, and WM estuaries. The spatial along-channel structure of
the sediment flux mechanisms depended on each scenario. For the post-dam
SS estuary, the sediment flux mechanisms shifted seaward to the shelf. For
the post-dam PM estuary, the sediment fluxes were greatest adjacent to the
estuarine dam and decreased rapidly seaward.

For the post-dam estuaries, T, increased in relative importance in the post-
dam SS estuary, but decreased for the post-dam PM, PS, and WM estuaries.
Remaining of primary importance, T} changed in direction from landward to
seaward for the post-dam SS and PM estuaries, and from seaward to landward
for the post-dam PS and WM estuaries. T, tended to decrease for the post-
dam SS and PM estuaries but increased for the post-dam PS and WM estuaries.

T, remained a small sediment flux mechanism and negligible in the post-dam
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estuaries. T, decreased for all post-dam estuaries. Only in the post-dam WM
estuary did this mechanism remain non-negligible.

Figure 8 also depicts the pre- and post-dam total sediment fluxes (7)), 44, and

Typost-dams Pre- & post-dam, total). In the pre-dam SS and PM estuaries, the
total sediment fluxes were directed landward, whereas in the pre-dam PS and
WM estuaries, they were directed seaward. The absolute value of the total
sediment flux gradients increased from the pre-dam SS estuary to the pre-dam
WM estuary. The gradients, or slopes, of the sediment flux were predominately
negative in the ROI for the pre-dam SS and PM estuaries (denoting flux con-
vergence), whereas they were positive in the pre-dam PS and WM estuaries
(denoting flux divergence). The sediment fluxes switched direction in the post-
dam estuaries. The absolute value of the gradients of the total sediment flux
increased for the post-dam SS and PM estuaries and decreased for the post-dam
PS and WM estuaries. For the post-dam SS estuary, there was a switch to a
more complex along-channel sediment flux convergence-divergence-convergence.
For the post-dam WM estuary, however, there was a switch from divergence to
convergence.
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Figure 8. Pre- and post-dam spring-neap averaged, cross-sectionally integrated
sediment fluxes profiles for (a) strongly stratified, (b) partially mixed, (c) peri-
odically stratified, and (d) well-mixed estuaries. For each is shown the pre- and
post-dam decomposed sediment fluxes (T,, Ty, T., Ty, T,; kg s'*) and the pre-

and post-dam total sediment fluxes (T, gam> Tpost-dam 3 K& s7). T, is river
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runoff, T is tidal pumping, T, is estuarine exchange flow, T is tidal straining,
and T, is Stokes transport. Along-channel distance is distance from the widest
point in the domain. Positive is landward and goes through the shelf to the
estuary, including the region of interest (ROI, location of post-dam estuary).
Note the y-axis limits vary orders of magnitude amongst a, b, ¢, and d.

4. Discussion

4.1. Impact of estuarine dams on estuarine hydrodynamics and sedi-
mentary environment

This study has provided new insight into how estuarine dams affect tidal cur-
rents, stratification, estuarine type, SSC, bed level, surficial grain size, the abun-
dance of fluvial sediment, and the sediment flux mechanisms for a range of
estuarine types. This section will discuss changes which were common to all
estuarine types as well as changes which depended on the estuarine type.

All scenarios investigated in this study were affected by two main changes in-
duced by the estuarine dam. First was the physical shortening of the estuarine
geometry. This relocated the tidal limit and ETM, reduced salt intrusion length,
and resulted in a dead-end channel where currents vanished during no discharge
periods (Figure 5). Second was the alteration of the estuarine tide and river
forcing. Tidal currents were reduced due to the loss of the tidal prism, and
the freshwater discharge switched from steady to unsteady (Figure 4). Reduc-
tion of the tidal currents resulted in a uniform decrease in the mixing number,
M, while unsteady discharge resulted in alternating large and zero freshwater
Froude number, Fry (Figure 3). Consequently, the post-dam estuaries tended
to salt wedge and strongly stratified types during freshwater discharge, but dur-
ing no freshwater discharge they became fjord, bay, or periodically stratified
types based on the estuarine parameter space. Moreover, the reduction of tidal
currents permitted the deposition of suspended sediment in addition to inputs
of mud from the river and shelf. This resulted in an increase in surficial mud
content in all scenarios (Figure 8). At the same time, all scenarios also exhibited
an increase in fluvial sediment abundance due to the direct discharge of fluvial
sediments to the ROI in the post-dam estuaries (Figure 5).

Comparison of the range of post-estuaries revealed that some responses of an
estuary to an estuarine dam depended on the estuarine type. This study sug-
gested the existence of two end members; one end member was the strong river
case (SS estuary), and the other end member was the strong tide case (WM
estuary). For the post-dam SS estuary, the water levels, currents, salinity, and
SSC were dominated by the freshwater discharge from the estuarine dam (Figure
4). This was because the input of large volumes of freshwater rapidly generated
significant barotropic pressure gradients, salinity fronts, and bed shear stresses.
On the other hand, for the post-dam WM estuary, the water levels, currents,
and SSC were dominated by changes in the tide due to tidal reflection, loss of
tidal prism, and reduced bed shear stresses. The salinity indicated the potential
to develop periodic stratification, but overall exhibited relatively minor changes
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in magnitude (Figure 4). The development of periodic stratification was due to
the relatively strong along-channel salinity gradient as the freshwater discharge
from the estuarine dam interacts with the strong vertical shear of the tidal
currents in the post-dam WM estuary.

Another difference from these end members was that the post-dam SS estuary
indicated scour adjacent to the estuarine dam and a muddier shelf, whereas the
post-dam WM estuary indicated reworking of a mouth bar deposit and a sandier
shelf (Figures 7 and 8). For the post-dam SS estuary, bed scour in front of the
estuarine dam occurred due to a shift in the river forcing to brief, high discharge
events, resulting in significant bottom stress. At the same time, the freshwater
river plume transported muddy fluvial sediments to the shelf, resulting in a
muddier shelf. For the post-dam WM estuary, this was due to changes in the
tidal characteristics induced by the estuarine dam, particularly the shift toward
landward tidal asymmetry and bed shear stresses, which reworked shelf deposits
and preferentially transported muds with a smaller critical bed shear stress for
erosion into the post-dam estuary.

Analysis of the pre- and post-dam sediment fluxes revealed that the post-dam SS
estuary exhibited an increase in the total sediment flux magnitude and the total
sediment flux direction shifted from landward to seaward (Figure 9). This was
due to the shift from a relatively low energy, stratified environment to a high
energy environment characterized by seaward pulses, which extended through
the entire water column. The change in the freshwater discharge decreased the
steady horizontal salinity gradient and the associated landward sediment flux
due to exchange flow, while it increased the seaward sediment flux due to river
runoff. At the same time, the episodic, intratidal nature of the seaward runoff
led to an increase in the seaward tidal covariance transport (tidal pumping).
On the other hand, the post-dam WM estuary exhibited a decrease in the to-
tal sediment flux magnitude and the total sediment flux direction shifted from
seaward to landward (Figure 9). In this case, the reduced tidal currents were
responsible for the decrease in the total sediment flux magnitude. The seaward
river runoff, which was a primary mechanism transporting sediment seaward
in the pre-dam WM estuary, became negligible for the post-dam WM estuary.
Although relatively small, the seaward river runoff of the pre-dam estuary ex-
tended throughout the well-mixed water column and could transport the high
SSC steadily seaward. This steady, single layer river runoff was changed to an
unsteady two-layer system in the post-dam WM estuary, which became negligi-
ble as a seaward sediment flux mechanism. At the same time, tides in shortened
post-dam estuary behaved more like a standing wave due to reflection, resulting
in the weakening of the landward Stokes transport and the change in the tidal
asymmetry leading to landward tidal pumping.

4.2. Reliability of idealized estuary model

The idealized estuary model in this study agrees in several respects with existing
field observations providing evidence that the model is reliable in capturing the
main impacts of estuarine dams on estuaries. This includes tidal amplification of
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several centimeters such as has been observed in the Guadalquivir estuary, Spain
(Diez-Minguito et al., 2012), and Geum estuary, South Korea (Kwon and Lee,
1999). The idealized model also reproduced several cm s7! reduction in the tidal
currents such as has been observed in the Vilaine estuary, France (Traini et al.,
2015). In addition, the model was able to capture the rapid shifts in estuarine
type during discharge which has been observed by field observations in three
estuaries with estuarine dams by Shin et al. (2019). Also the model agreed
with the increase in surficial mud content which has been observed in sediment
cores acquired in the Nakdong estuary, South Korea, where a sharp boundary
between pre-dam sand facies and post-dam mud facies was identified (Williams
et al.,, 2013). And, another point of agreement between the idealized model
and field observations was the increased fluvial sediment abundance which has
been recorded in the Yeongsan estuary, South Korea, based on organic matter
stable isotope ratios and short-lived radioisotope geochronology (Williams et al.,
2014).

The idealized estuary model was also able to reproduce sediment flux mech-
anisms in the pre-dam estuaries in accordance with field observations. This
includes features such as that the river runoff is generally being directed sea-
ward (Burchard et al., 2018), the exchange flow is important in partially mixed
estuaries (Sommerfield and Wong, 2011), and tidal pumping (Geyer et al., 2001;
Uncles et al., 1985) and Stokes transport (Moskalski et al., 2020) are generally
more important in estuaries with moderate or strong tides. However, while pre-
vious studies have shown that tidal straining can be an important sediment flux
mechanism in PS estuaries (Burchard et al., 2013; Scully and Friedrichs, 2007),
it is noted that tidal straining was never a primary sediment flux mechanism in
this study. This may have been due to the intricacy of specifying the relative
freshwater discharge and tidal forcing while modeling a PS estuary.

The idealized estuary model also captured the main features of sediment flux
mechanisms in post-dam estuaries, including the two end members. For example,
the post-dam SS estuary in this study showed similarity with the microtidal
Nakdong estuary, South Korea, during a strong discharge event (Chang et al.,
2020; Williams et al., 2015). For both cases, the seaward river runoff sediment
flux was a primary sediment flux mechanism. It can be noted that in this
study the intratidal freshwater discharges also contributed to the seaward tidal
covariance (tidal pumping) sediment flux mechanism. As another example, the
post-dam WM estuary in this study showed similarity with the macrotidal Geum
estuary, South Korea (Figueroa et al., 2020a, 2020b; Kim et al., 2006). For both
cases, landward tidal pumping was the primary sediment flux mechanism.

4.3. Future issues regarding estuarine dams

This study is one of the first to investigate the effect of estuarine dams on a
range of estuarine types. It provides evidence that estuarine dams are typically
located relatively near the estuarine mouths (Table 1). At this distance, the
tidal excursion can act as an important length scale for the sediment transport
because the seaward sediment fluxes induced by episodic discharge are limited
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to approximately a tidal excursion since freshwater discharge occurs during ebb
tides to prevent salt intrusion (Figueroa et al., 2020b). Future research may
further investigate the case where the estuarine dam location extends upstream
and approaches the length scale of the tidal wave. In this case tidal barriers
placed near the head may reduce tidal amplitudes. Generally, increases in tidal
amplitudes are expected if a tidal barrier is located at nodes along the channel
and decreases in tidal amplitudes are expected if a tidal barrier is located at
the antinodes along the channel (Prandle and Rahman, 1980), and this has
implications for the along channel sediment transport (e.g., Diez-Minguito et
al., 2012).

Future research may also investigate the effect waves as well as the effect of
discharge frequency, which depends on the climate of an estuary’s watershed
and the volume available for freshwater storage in the reservoir upstream of the
estuarine dam. Field studies have clearly indicated that estuarine dams and
their discharge frequency can impact the mouths of wave-dominated estuaries
due to reducing bidirectional tidal currents and seaward river flushing. For
example, estuarine dams constructed in wave-dominated estuaries have been
observed to result in the formation of barrier islands (Williams et al., 2013),
river mouth migration (Barusseau et al., 1998), and an increased likelihood of
tidal inlet closure and the propensity for higher salinities in the adjacent lagoons
(Webster, 2005).

5. Conclusions

The research questions for this study were, for a range of estuarine types: 1)
how does an estuarine dam affect the tidal currents, stratification, and estuarine
type?; 2) how does an estuarine dam affect the estuarine SSC, bed level, surficial
grain size, and abundance of fluvial sediment?; and 3) how does an estuarine
dam affect the estuarine sediment flux mechanisms? To address these questions,
a hydrodynamic and sediment transport numerical model was applied to an
idealized estuarine geometry over a range of estuarine types. These estuarine
types formed four scenarios which included SS, PM, PS, and WM estuaries.

It was found that the estuarine dam physically shifted the tidal limit, salt intru-
sion, and ETM seaward. The estuarine dam caused several changes including
tidal amplification, reduced tidal currents, changes in water column stratifica-
tion, changes in SSC, muddier surficial grain sizes, and a greater presence of
fluvial sediments. The key shifts in forcing were the uniformly reduced tidal
currents and the switch from steady to unsteady river forcing. This led to a
shift toward salt wedge and strongly stratified estuarine types during estuarine
dam discharge and toward fjord, bay, and periodically stratified estuarine types
during no discharge.

The shift in sediment flux mechanisms followed two end members, the SS es-
tuary with strong river forcing and the WM estuary with strong tidal forcing.
For the SS end member, there was a shift from landward estuarine exchange
flow and tidal pumping to seaward river runoff and seaward tidal pumping
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sediment flux mechanisms. For the WM end member, there was a shift from
seaward river runoff and tidal pumping and landward Stokes transport to land-
ward tidal pumping and Stokes transport sediment flux mechanisms. Therefore,
the estuarine dam increased the seaward river runoff for cases with strong river
and increased the landward tidal pumping for cases with strong tides.
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