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Effect of estuarine dam
location and discharge interval
on estuarine hydrodynamics,
sediment dynamics,
and morphodynamics

Steven M. Figueroa1, Minwoo Son1* and Guan-hong Lee2

1Department of Civil Engineering, Chungnam National University, Daejeon, South Korea,
2Department of Oceanography, Inha University, Incheon, South Korea
The effect of an estuarine dam located near the mouth for a range of estuarine

types (strongly stratified, partially mixed, periodically stratified, and well-mixed)

has been studied using a numerical model of an idealized estuary. However, the

effect of different dam locations and freshwater discharge intervals has not yet

been studied. Here, models were run for each estuary type with dam locations

specified at x = 20, 55, and 90 km upstream from the mouth, and discharge

intervals specified as once every Dt = 0.5, 3, and 7 days. The hydrodynamic,

sediment dynamic, and morphodynamic results for the pre- and post-dam

estuaries were analyzed to understand changes in estuarine processes. It was

found that the estuarine dam altered the tide and river forcing in turn altering the

stratification, circulation, sediment fluxes, and depths. The estuarine dam

location primarily affected the tide-dominated estuaries, and the resonance

length was an important length scale affecting the tidal currents and Stokes

return flow. When the location was less than the resonance length, the tidal

currents and Stokes return flowweremost reduced due to the loss of tidal prism,

the dead-end channel, and the shift frommixed to standing tides. The discharge

interval primarily affected the river-dominated estuaries, and the tidal cycle

period was an important time scale. When the interval was greater than the

tidal cycle period, notable seaward discharge pulses and freshwater fronts

occurred. Dams located near the mouth with large discharge interval differed

the most from their pre-dam condition based on the estuarine parameter space.

Greater discharge intervals, associated with large dischargemagnitudes, resulted

in scour and seaward sediment flux in the river-dominated estuaries, and the

dam located near the resonance length resulted in the greatest landward tidal

pumping sediment flux and deposition in the tide-dominated estuaries.

KEYWORDS

estuarine dam, resonance, stokes return flow, tidal asymmetry, discharge pulse,
estuarine classification, sediment flux mechanisms
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1 Introduction

Dams and weirs are barriers that stop or restrict the flow of

surface water and are constructed for water supply, flood

control, navigability, and hydroelectric power. In this study,

dams are defined as structures where freshwater discharge

occurs by sluice gates that can be opened and closed and weirs

are defined as structures were freshwater discharge occurs by

flow over a weir crest. In addition to rivers, dams and weirs are

also found in estuaries. Estuarine dams and weirs are similar to

their river counterparts, but they also block upstream salt and

tide intrusion. This converts a previously saline and tidal body of

water into a freshwater body with a controlled water level. This

study is primarily concerned with estuarine dams, however

estuarine weirs are also considered due to their similar effect

on tides.

The prevalence of river dams has increased rapidly since the

1940s (Syvitski and Kettner, 2011), and there has been a similar

increase in estuarine dams. Both dams can impact downstream

coastal deltas and estuaries. For example, river dams trap

sediment in their reservoirs and can result in delta erosion,

while estuarine dams alter estuarine processes and can trap

sediment in the remnant estuaries (Syvitski et al., 2005; van

Proosdij et al., 2009; Milliman and Farnsworth, 2013; Williams

et al., 2013; Williams et al., 2014; Figueroa et al., 2020b; van der

Spek and Elias, 2021). In terms of hydrodynamics, sediment

dynamics, and morphodynamics, changes to deltas and estuaries

due to estuarine dams has not been studied as much as river

dams and are not well understood.

Understanding the effects of estuarine dams on estuarine

hydrodynamics, sediment dynamics, and morphodynamics is

difficult due to the wide array of estuarine types and their

complex physical processes. This motivated Figueroa et al.

(2022) to investigate idealized estuaries via numerical

modeling. This approach has the benefit of providing high

resolution pre- and post-dam data throughout the estuaries

which is often not available from field observations. Four

estuarine types (strongly stratified, partially mixed, periodically

stratified, and well-mixed) were investigated. It was established

that estuarine dams can alter the tide and river forcing and in

turn change the estuarine classification and sediment flux

mechanisms. Also, the pattern of response to the estuarine

dam was found to depend on the estuarine type (i.e. strongly

stratified vs. well-mixed).

In Figueroa et al. (2022), the model geometry was based on

10 real estuaries with estuarine dams obtained from the

literature. Based on these estuaries, an estuarine dam was

placed relatively near the mouth at 20 km from the mouth.

Further investigation by Figueroa et al. (2022) using an analytical

tidal model (Cai et al., 2016) suggested that the results would be

sensitive to the distance of the dam from the mouth. At the same

time, Figueroa et al. (2022) had prescribed a discharge interval of
Frontiers in Marine Science 02
one discharge per 3 days based on Geum estuary, Korea

(Figueroa et al., 2020a, b), where estuarine dam discharge data

was available. What effect the estuarine dam discharge interval

had on the result was not clear, although it was suggested to

be important.

Therefore, two important parameters were identified for

further research. These are the distance of the estuarine dam

from the estuary mouth (i.e., dam location) and the interval

between freshwater discharges (i.e., discharge interval). With

respect to dam location, an estuarine dam can be located at the

estuarine mouth at x = 0 km, in which the entire estuary is

eliminated, up to about x = 1000 km which corresponds to one of

the longest tidal limits known (the Amazon; Hoitink and Jay,

2016). Examples from the literature of estuarine dams and weirs at

different locations include in the Sekiya Diversion Channel of the

Shinano River, Japan (x = 0 km; Tabata and Fukuoka, 2014), Bang

Nara, Thailand (x = 6 km; Vongvisessomjai et al., 2003), the

Loukkos and Sebou, Morroco (x = 20 and 62 km, respectively;

Haddout and Maslouhi, 2019), the Guadalquivir, Spain (x =

110 km; Dıéz-Minguito et al., 2012), the Elbe, Germany (x =

142 km; Li et al., 2014), and the Columbia, USA (x = 234 km; Jay

et al., 2015). With respect to discharge interval, the interval

conceptually can vary from Dt = 0 days to 365 days or more.

These limiting cases correspond to continuous discharge to

practically the elimination of discharge to the estuary,

respectively. Relatively little information is available about the

discharge intervals of estuarine dams. The Columbia estuary

receives continuous discharge, but the post-dam estuary has

reduced spring freshets and increased winter flows (Kukulka

and Jay, 2003). A 20 year record of estuarine dam discharge at

Geum estuary, Korea, indicates that the mean summer and winter

discharge intervals are Dt = 1.4 and 3.4 days, respectively

(Figure 1A), and the discharge interval can range overall from

about Dt = 0 – 26 days (Figure 1B). On the side of longer discharge

intervals, in the Cochin estuary, India, the estuarine dam is closed

during the dry season (January – April) and subsequently opened

when the river flow increases (Shivaprasad et al., 2013).

There is little existing research on the effect of dam location

and discharge interval on estuaries. Zhu et al. (2017) analyzed

depositional patterns in the Xinyanggang estuary, China (dam at

x = 10 km), using a numerical model. Dam locations at x = 1 and

6 km and discharge intervals of Dt = 1 – 7 days were investigated.

It was found that longer channels favored enhanced siltation due

greater flood-dominance, and more frequent discharge reduced

siltation. Schuttelaars et al. (2013) analyzed sediment trapping in

the Ems estuary, Germany (weir at x = 60 km), using an idealized

analytical model. Weir locations between x = 20 – 100 km were

investigated. It was found that the weir was near resonance and

relocating the weir landward away from resonance could reduce

the tidal asymmetry and shift the sediment trapping location

seaward. Together these two papers established that the

estuarine dam location can strongly affect the tidal asymmetry
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and sediment trapping. With respect to the discharge interval,

Azevedo et al. (2010) analyzed the effect of river discharge

patterns in the Douro estuary, Portugal (dam at x = 22 km). It

was found that variable discharges were less effective at flushing

salt and dispersing contaminants compared to steady discharge.

This indicates that the discharge interval can control the

estuarine salinity and contaminants in addition to sediment

transport reported by Zhu et al. (2017).

As these research studies focused primarily on strongly tidal

systems, less research has been conducted on the effect of

estuarine dam location in different estuarine types, such as

partially mixed or strongly stratified estuaries. Furthermore,

the effect of the discharge interval doesn’t appear to have been

studied for estuarine dams located further than about x = 20 km

from the mouth. Therefore, this study was carried out to extend

the results of Figueroa et al. (2022), which investigated the effect

of an estuarine dam on estuarine types, to include the effect of

the estuarine dam location and discharge interval. The overall

objective of this study is to understand the effect of estuarine

dam location and discharge interval on estuarine processes.

Specific research questions are: 1) how does the estuarine dam

location affect the tidal processes?, 2) how does the discharge

interval affect the river processes?, 3) how do changes in tidal

and river processes affect the salinity and estuarine

classification?, and 4) how do changes in tidal and river

processes affect the sediment transport and estuarine morphology?

To address these research questions, an idealized numerical

model of strongly stratified, partially mixed, periodically

stratified, and well-mixed estuaries was used. Estuarine dams

were placed in the region of the salt intrusion at x = 20, 55, and

90 km, and the discharge interval was varied from the tidal to the

spring-neap cycle timescales at Dt = 0.5, 3, and 7 days. After

evolving for one year, both the pre- and post-dam results were

compared based on changes in hydrodynamic, sediment
Frontiers in Marine Science 03
dynamic, and morphodynamic processes. Then trends in the

response to the estuarine dam for each estuarine type, dam

location, and discharge interval were analyzed.

This paper is organized as follows. Section 2 describes data

collection and processing. Section 3 presents the results in order

of changes to tide and river processes, salinity related processes

and estuarine classification, and sediment flux mechanisms and

depth change. Section 4 discusses the interaction of the estuarine

dam location and discharge interval with estuarine spatial and

temporal scales, the implications of this study for coastal

hazards, and the reliability of the idealized estuary model.

Finally, Section 5 summarizes the key findings.

2 Materials and methods

2.1 Data collection

2.1.1 Model description
This studyused theocean and sediment transportmodelsof the

Coupled-Ocean-Atmosphere-Wave-Sediment Transport

(COAWST) modeling system (Warner et al., 2010). The ocean

model is the Regional Ocean Modeling System (ROMS) which is a

free surface, terrain-following numerical model that solves the

three-dimensional Reynolds averaged Navier-Stokes equations

using the hydrostatic and Boussinesq approximations (Haidvogel

et al., 2008). The sediment transport model is the Community

Sediment Transport Modeling System (CSTMS) which computes

suspended sediment transport using the advection-diffusion

algorithm together with an additional algorithm for vertical

settling (Warner et al., 2008; Warner et al., 2010).

2.1.2 Model domain
Figure 2 shows the model domain used for scenarios with no

estuarine dam and for scenarios with an estuarine dam at x = 20,
FIGURE 1

Interval between freshwater discharges from Geum River estuarine dam during 1994-2016. (A) Long term average discharge interval by month,
(B) discharge interval probability distribution. Winter is December – February and summer is July – September. Data provided by the Korea
Rural Community Corporation.
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55, and 90 km. From the estuary mouth, the pre-dam domain

extends 25 km seaward representing a shelf and 250 km

landward representing an estuary and tidal river. The idealized

estuary is funnel shaped near the mouth but becomes straight

5 km landward of the mouth. The depth decreases linearly and is

constant after 90 km from the mouth. The dam location at x =

20 km was based on statistics of real estuaries with estuarine

dams (Figueroa et al., 2022). The dam location at x = 90 km was

selected as it is the location furthest inland before the depth

transition (Figure 2D). The location at x = 55 km was chosen as

it is the midpoint between these. The across-channel shape is

Gaussian. The pre-dam domain had an along-channel, across-

channel, and vertical discretization of 242 × 62 × 20 points. The

model was run with a 5 s baroclinic time step, which was divided

into 20 barotropic time steps. For each post-dam scenario, the

portion of the domain upstream of the estuarine dam

was removed.

2.1.3 Model setup and boundary conditions
Table 1 lists the sediment properties for the six non-cohesive

size classes used. 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), which had the

same properties. The model was initialized with only marine
Frontiers in Marine Science 04
sediments well-mixed in the domain bed. Fluvial sediments were

discharged from the river and estuarine dam to investigate the

mixing of marine and fluvial sediments. During the runs the bed

was allowed to evolve, resulting in morphodynamic change. This

included intertidal areas which were included by a wetting and

drying scheme.

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 on the ocean boundary

were chosen such that tidal currents were calculated from the

free surface using reduced physics. Radiation and nudging

conditions were applied to the salinity and sediment tracers

such that they could radiate from the domain at the ocean

boundary. The salinity and suspended sediment concentration

(SSC) at the ocean boundary were defined as 35 psu and 0 kg

m-3, respectively.

On the river boundary, a constant river discharge was

imposed for the pre-dam cases. For the post-dam cases, the

discharge points were relocated to the estuarine dam, and the

discharge became episodic to simulate estuarine dam operation.

Discharge events from the estuarine dam were limited to 3 hours

around mid-ebb tide, when the flow is seaward. During flood
FIGURE 2

Model domain for (A, B) no dam, (C, D) dam at x = 90 km, (E, F) dam at x = 55 km, and (G, H) dam at x = 20 km scenarios. Left plots are top-
view, right plots are side-view. Salinity and bathymetry are the model initial conditions. An example of a region of interest (ROI) for a post-dam
estuary shown in (G). Point is the ROI center and is the location of the across-channel transect shown as an inset in (H) and the Figure 6
time series.
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tides, the sluice gates are closed to block upstream salt intrusion.

While dam operation may vary between estuaries with estuarine

dams, this operation of discharges only during ebbs or low tides

is known to occur in several estuaries including Dutch (Ye, 2006;

Nauw, 2014), French (Laffaille et al., 2007; Traini et al., 2015),

Chinese (Zhu et al., 2017), and Korean (Shin et al.,

2019) estuaries.

2.1.4 Model scenarios
Table 2 lists the model scenarios which are organized based on

estuarine type, dam location, and discharge interval. The estuarine

types are the strongly stratified (hereinafter SS), partially mixed

(hereinafter PM), periodically stratified (hereinafter PS), and well-

mixed (hereinafterWM) estuaries. The freshwater discharge varied

from continuous (no dam) to discrete discharge intervals of Dt =
0.5, 3, and 7 days. These discharge intervals were selected to

examine the interaction of the freshwater discharge with the tidal

and spring-neap cycles. The post-dam freshwater discharge was

scaled with the discharge interval to ensure the volume of

discharged water over a spring-neap cycle was same for the pre-

and post-dam estuaries. This assumes that the reservoir of the

estuarine dam is not limited and thus the discharge interval is

determined a priori (i.e., by a dam operator).

For each estuarine type and discharge interval, the dam

location was varied as x = 20, 55, and 90 km. For convenience,

hereinafter a scenario is denoted as, for example, PM0:5
90 , where

the subscript denotes the dam location and the superscript

denotes the discharge interval. The set of scenarios for the

partially mixed estuary can then be written as PM, PM0:5
20 ,
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20, PM

7
20, PM

0:5
55 , PM

3
55, PM

7
55, PM

0:5
90 , PM

3
90, PM

7
90, where no

super or subscript denotes the pre-dam estuary. Thus, 10

scenarios were implemented for each estuarine type resulting

in a total of 40 simulations (4 pre-dam and 36 post-dam). To

refer to a group of results, the super and subscripts are written

using variables. For example, PM0:5
x denotes all partially mixed

estuaries with a discharge interval of Dt = 0.5 days, and PMDt
90

denotes all partially mixed estuaries with a dam location of x =

90 km. For convenience, the SS and PM estuaries are also

referred to as “river-dominated” end members and the PS and

WM estuaries are also referred to as “tide-dominated” end

members based on their dominant forcing.

For the pre-dam scenarios, a salinity initialization was

implemented followed by a 365-day pre-dam model run. For

the post-dam scenarios, the salinity, bed morphology, SSC, and

so forth of the pre-dam run were used as the initial condition for

the post-dam run and the model was run for an additional 365

days. Data in the estuarine region of the domain and for a

selected spring-neap cycle at the end of the runs constitute the

dataset of this study. For more information on the model setup

and workflow the reader is referred to Figueroa et al. (2022).
2.2 Data processing

To understand the effect of dam location and discharge

interval on estuarine hydrodynamics, sediment dynamics, and

morphodynamics several analysis methods were employed and

are described here. Note, for the purpose of this study, key trends
TABLE 2 Model scenarios.

Estuarine type Tidal amplitude (m) River/estuarine dam freshwater discharge (m3 s-1)

pre-dam post-dam (x = 20, 55, and 90 km)

M2 S2 continuous Dt = 0.5 day/discharge Dt = 3 day/discharge Dt = 7 day/discharge

strongly stratified (SS) 0.19 0.06 300 1,200 7,200 16,800

partially mixed (PM) 0.30 0.10 40 160 960 2,240

periodically stratified (PS) 1.50 0.50 30 120 720 1,680

well-mixed (WM) 2.25 0.75 2 8 48 112
TABLE 1 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 m-2 s-1) 5.0 × 10-4 5.0 × 10-4 5.0 × 10-4

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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from these analyses are highlighted using selected model

scenarios. For processed data from all model scenarios, the

reader is referred to the Supplementary Material.

2.2.1 Tide and current amplitude and phase
Tide and current amplitude and phase were extracted along-

channel for the principal lunar semidiurnal constituent (M2) for

all scenarios using classical tidal harmonic analysis (Pawlowicz

et al., 2002). This allowed the analysis of amplification or

damping of tides and currents as well as change in the relative

phase between current and tide. When interpreting the phase

difference, a phase difference of 0° of denotes a progressive wave,

a phase difference of 90° of denotes a standing wave, and an

intermediate phase difference denotes a mixed wave.

To check the numerical results of change in tidal dynamics, an

analytical model of tidal propagation in estuaries with and without

an estuarine dam (Cai et al., 2016)was implemented and compared

with the numerical results. The analytical model is essentially a

function which takes inputs of channel characteristics and tides at

the mouth and outputs the along-channel variation of the tidal

amplitude, velocity amplitude, and the phase difference between

velocity and tide. For simplicity, a straight channelwithno tidalflats

was specified.Thebest calibrationof thedatawas found tooccur for

a Manning-Strickler friction coefficient of K = 65 m1/3 s-1 and was

applied equally to all scenarios.

2.2.2 Mean sea level and Eulerian
residual current

In addition to higher frequency tidal hydrodynamics, lower

frequency sea level and Eulerian residual current were analyzed. In

particular the Eulerian residual current has important implications

for sediment and morphodynamics. The along-channel variation of

mean sea level andEulerian residual currentswere obtained from the

model by spring-neap averaging. To better understand the driving

processes, two processes were considered. First is thewater setup due

to freshwater input and the seaward river runoff. The cross-

sectionally averaged runoff, UR, was calculated from the model as:

UR = V=A (1)

whereV is the freshwater discharge andA is the channel cross-

sectional area. Second was the landward Stokes drift (a Lagrangian

current), Stokeswater setup, and the seawardStokes returnflow (an

Eulerian current). In strongly tidal estuaries with progressive or

mixed tides, a landward Stokes drift is generated due to correlations

between the vertical and horizontal tides. The Stokes drift can be

approximated by (Uncles and Jordan, 1980; Guo et al., 2014;

Moftakhari et al., 2016):

Ustokes =
1
2
av cos jð Þ=h (2)

where a is the tidal amplitude, v is the velocity amplitude, f is the
relative phase, and h is the water depth. Over the spring-neap

cycle, the landward Stokes drift and seaward Stokes return flow
Frontiers in Marine Science 06
are balanced, and Eq. 2 can be used to estimate the seaward

Stokes return flow (Eulerian residual current). The output of a, v,

and f from the tidal harmonic analysis for the M2 tidal

constituent was used to evaluate Eq. 2 for each scenario.

2.2.3 Tidal asymmetry
In addition to the Eulerian residual currents, tidal

asymmetry is also an important factor for estuarine sediment

and morphodynamics. Guo et al. (2019) reviewed two methods

of quantifying tidal asymmetry, namely the harmonic and

statistical methods. The harmonic method follows Friedrichs

and Aubrey (1988) quantifying the tidal asymmetry via:

M4=M2   = vM4=vM2 (3a)

2M2 −M4 = 2qM2 − qM4 (3b)

where M4 is the shallow water overtide of the M2 tidal

constituent. Eq. 3a is the ratio of the M4 and M2 velocity

amplitudes, and its magnitude denotes the magnitude of the

tidal asymmetry. Eq. 3b is the phase difference between the M2

and M4 velocity constituents, and it determines the direction of

the tidal asymmetry. For −90°< 2qM2−qM4<90° , the tide is flood-

dominant, and for 90°<2qM2−qM4<270° , the tide is ebb-

dominant. For scenarios of this study, the amplitude ratios

(Eq. 3a) were averaged over the remnant estuaries and

normalized by the corresponding pre-dam values to detect

global changes in asymmetry magnitude. The phase difference

(Eq. 3b) was also averaged over the remnant estuaries to detect

global changes in asymmetry direction. To facilitate comparison

between scenarios, the value of the phase difference was set to a

binary -1 or +1 to denote either ebb-dominance or flood-

dominance, respectively.

The harmonic method works well to understand tidal

asymmetry due to distortion of the tidal wave due to frictional

interaction with the bottom and intertidal storage. Another form

of tidal asymmetry can occur when a tidal current is

superimposed on an Eulerian residual current, known as

Euler-induced asymmetry (Guo et al., 2014). The harmonic

method does not include the Eulerian residual, however the

statistical method to quantify tidal asymmetry can. The

statistical method follows Nidzieko (2010) and Nidzieko and

Ralston (2012) quantifying the tidal asymmetry via a velocity

skewness parameter, g1, as:

g1 =
m3

s 3 =
1

t−1ot
t=1 vbð Þ3

1
t−1ot

t=1 vbð Þ2 � �3
2

(4)

where μ3 is the third sample moment, s is the standard

deviation, vb is the bottom current. To investigate the Euler-

induced asymmetry, μ3 and s were taken about zero and not the

mean. The bottom current was used as it is important for the

sediment transport. The summation is for t observations from

time t = 1 to t = t. The magnitude of the velocity skewness
frontiersin.org

https://doi.org/10.3389/fmars.2022.1035501
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Figueroa et al. 10.3389/fmars.2022.1035501
indicates the magnitude of tidal asymmetry and the sign

indicates the direction (g1< 0 is ebb-dominant and g1 > 0 is

flood-dominant) To facilitate comparison between scenarios, the

value of the velocity skewness was also set to a binary -1 or +1 to

denote either ebb-dominance or flood-dominance, respectively.

2.2.4 Discharge pulse, baroclinic processes,
and exchange flow

Discharge of freshwater from an estuarine dam into an

estuary results in a seaward propagating pulse of freshwater

which decreases in magnitude with distance (Figueroa et al.,

2020a; Figueroa et al., 2020b). The pulse speed and range of

influence are important factors relevant to salinity and sediment

transport. To quantify the high frequency freshwater discharge

forcing along-channel (in contrast to low frequency, Section

2.2.2.), time series were selected along-channel, and height of

jumps in water level and velocity, associated with the pulse front,

were manually extracted.

To better understand the effect of the estuarine dams on the

baroclinic hydrodynamics and associated sediment dynamics,

spring-neap averaged along-channel salinity and stratification

data were collected for each scenario. For the same reason, the

following measure for the intensity of the estuarine exchange

flow was used based on a similar measure used by Burchard and

Hetland (2010):

m 〈 u 〉ð Þ =
Z 1

0
〈 u sð Þ 〉j jds (5)

where m is referred to here as an exchange flow parameter, u is a

spring-neap average velocity profile, and s is the nondimensional

sigma depth (s = z/h, z is vertical coordinate, h, is water depth)

ranging from zero at the bed to one at the surface. The parameter m
calculates the average absolute value of a residual velocity profile. If

there was not a residual two-layered circulation, m was set to zero.

2.2.5 Estuarine parameter space
Previous analyses were directed at understanding changes in

tide and river processes caused by an estuarine dam. Such

changes in turn may affect the estuarine type which has

implications for both the post-dam hydrodynamics and

sediment dynamics. To quantify changes in the estuarine type,

the estuarine parameter space was used based on the freshwater

Froude number, Frf, and the mixing number, M, defined as

(Geyer and MacCready, 2014):

Frf =
UR

bgSoceanHð Þ12
(6a)

M2 =
CDU

2
T

wN0H2 (6b)

where UR is the cross-sectionally averaged river discharge

velocity, H is the cross-sectionally averaged depth, UT is the
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amplitude of the cross-sectionally averaged tidal velocity, N0 =

(bgSocean/H)1/2 is the buoyancy frequency for maximum bottom-

to-top salinity variation in an estuary, b = 7.7 × 10-4 psu-1 is the

coefficient of haline contraction, Socean = 35 psu is the ocean

salinity, g = 9.8 m s-2 is the acceleration due to gravity, CD (taken

here as CD = 2.5 × 10-3) is the drag coefficient, and w = 1.4 × 10-4

s-1 is the tidal frequency.

Physically, Frf 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 and

MacCready, 2014). To keep the points within the parameter

space for the post-dam estuaries, minimum values of M = 0.22

and Frf = 1.5 × 10-4 and a maximum value of Frf = 0.9 were

specified. Physically, these represent very low currents, very low

freshwater discharge, and very high freshwater discharge

approaching the maximum baroclinic frontal propagation

speed, respectively. It is noted that, in contrast to Figueroa

et al. (2022), this study allows UT to include currents due to

the discharge pulse from the estuarine dam, thus permitting the

dam discharge to affect M.

2.2.6 Sediment flux decomposition and
bathymetric and surficial sediment change

Changes in hydrodynamics can induce changes in sediment

and morphodynamics. Several processes affect both the sediment

and morphodynamics. Sediment accumulation and estuarine

turbidity maximum (ETM) formation are due to the

convergence of tidally averaged, cross-sectionally integrated

suspended sediment transport, A[uc]A. To highlight the

relevant underlying processes, the sediment fluxes were

decomposed following Burchard et al. (2018):

〈A uc½ �A〉 = W 〈D uc½ �z〉½ �y|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}
T

= W 〈D 〉 〈 u½ �z〉 〈 c½ �z〉½ �y|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
Ta

+W 〈D 〉 〈 u½ � 0z c½ � 0z 〉
� �

y|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
Tb

+W 〈D 〉 〈 ~u 〉 〈~c 〉½ �z½ �y|fflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
Tc

+W 〈D 〉 〈 ~u 0 ~c 0 〉
� �

z

� �
y|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

Td

+W 〈D0 uc½ � 0z 〉
� �

y|fflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflffl}
Te

(7)

where u is the along-channel current velocity, c is the

suspended sediment concentration, D is the depth, W is the

width, and A is the cross-sectional area. Here, [·]y, [·]z, and [·]A
denote lateral, vertical, and cross-sectional averages,

respectively, and 〈·〉 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, Ta - Te. Each term is associated

with a different sediment transport mechanism. Ta is the
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transport by averages often due to down-estuary river runoff.

Tb is the tidal covariance transport due to tidal pumping. Tc is

the vertical covariance of tidal averages transport due to the

estuarine exchange flow. Td is the combined vertical and

temporal covariance transport, e.g. suspended sediment is

mixed higher up into the water during flood than during ebb

by tidal straining. And Te 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 mechanisms. As Eq. 7 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 〈·〉 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. To

facilitate identifying changes between scenarios, Ta - Te were

averaged over representative pre- and post-dam spring-neap

cycles, turning them into a function of only along-channel

position. To quantify associated changes in the SSC,

morphology, bed mud fraction, and bed fluvial sediment

fraction, representative width-averaged along-channel transects

were obtained from the model for all scenarios.
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3 Results

3.1 Effect of estuarine dam location on
tidal processes

The effect of the discharge interval on tidal processes was

found to be minor in comparison with the location of the

estuarine dam. Therefore, this section uses the post-dam

scenarios with the discharge interval Dt = 3 days and focuses

on the effect of estuarine dam location.
3.1.1 Tide and current amplitude and phase
Figure 3 presents numerical and analytical pre- and post-

dam along-channel profiles of M2 tidal amplitude, current

amplitude, and phase difference between current and tide

depending on the estuarine dam location. Considering first the

numerical result, the tidal amplitude (Figures 3A1-D1) increased

for all post-dam estuaries. In the pre-dam estuaries, the tidal

amplitude was constant along-channel for the river-dominated

estuaries and decreased landward in the tide-dominated

estuaries due to friction. In the post-dam estuaries, the tides

increased landward for dam locations x = 20 and 55 km due to

reflection of the tidal wave. For dam location x = 90 km, the tidal
FIGURE 3

Pre- and post-dam along-channel profiles of (A1-D1) M2 tidal amplitude (m), (A2-D2) M2 current amplitude (m s-1), and (A3-D3) phase
difference between current and tide (°) depending on estuarine dam location (dam at x = 20, 55, and 90 km). Along-channel is distance is from
the estuary mouth, positive landward. n. is numerical, a. is analytical, pre is pre-dam, post is post-dam, and 6.5 m and 8.0 m represent the depth
at the estuary mouth used in the analytical model. Most analytical models used 6.5 m. All results correspond to scenarios with discharge
intervals Dt = 3 days.
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amplitude near the mouth decreased landward due to friction

before increasing near the dam due to reflection. The analytical

and numerical results generally matched well. However, it was

noted that for the tide-dominated estuaries, post-dam changes in

the bathymetry needed to be considered. Thus, without

accounting for the post-dam deepening of the mouth from

about 6.5 m to 8 m (Section 3.4. below), the post-dam tidal

amplitudes were underestimated (Figures 3C1-D1).

Figures 3A1-D1 support numerically that for a given tidal

constituent (here M2) a particular dam location can cause

maximum tidal amplification due to resonance. For a

frictionless, non-convergent estuary, the resonance length is

well known to occur when the channel length is a quarter of

the tidal wavelength. A simple estimate of the tidal wavelength,

L, using L = T
ffiffiffiffiffi
gh

p
with tidal period T = 12.4 hr, acceleration

due to gravity g = 9.8 m s-2, and water depth h = 6.5 m gives L =

360 km and thus a resonance length of L/4 = 90 km. This is

greater than the resonance length evident in Figure 3D1 where

maximum amplification based on the available data occurs near

x = 55 km. This is because friction acts to reduce the resonance

length. Unfortunately, in the frictional case an explicit analytical

solution for the resonance length cannot be found because it

requires an iterative procedure (Cai et al., 2016). However, based

on the iterative procedure, (Cai et al. 2016; their Figure 7) plotted

the resonance length for the frictional case in the estuary shape

number (g, representing the effect of cross-sectional area

convergence) – friction number (x, describing the role of the

frictional dissipation) space. Using the WM estuary as an

example, g = 0 (straight channel) and x = 2.5 (moderate to

strong friction) and the resonance length is estimated

approximately as L/8 = 45 km, which is similar to the

numerical result. It is noted that the resonance length depends

on the tidal amplitude through the friction number, and

therefore for a straight channel, smaller tidal amplitudes will

have smaller friction numbers, and their resonance lengths will

approach the classical L/4. This is the case in Figure 3A1 where

the resonance length in the microtidal SS estuary is likely closer

to L/4 = 90 km.

The along-channel current amplitude decreased for the post-

dam estuaries (Figures 3A2-D2). All post-dam estuaries

exhibited currents vanishing at the estuarine dam due to the

dead-end channel. The dam location at x = 90 km caused the

least change compared to pre-dam conditions, and the dam

location at x = 20 km caused the greatest reduction in tidal

currents. This was due to the loss of tidal prism near the mouth.

For dam locations at x = 55 km in the region of the resonance

length, the analytical model predicted larger currents at the

mouth. The numerical model did not show these large currents

likely due to morphological adjustment (i.e., deepening of the

mouth, Section 3.4.).

The pre-dam estuaries had phase differences ranging from

j = 0 - 30°, indicating a progressive and mixed wave character.

Considering the WM estuary as an example, this estuary can be
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classified following Friedrichs (2010) as a long, intermediate

depth, nonconvergent estuary. For this case, the e-folding length

of the along-channel tidal amplitude, La, can be used to

analytically estimate the phase difference as j = arctan(L−1a =k),

where k is the tidal wavenumber. Using data from the WM

estuary yields a phase difference estimated analytically as j =

40°. This is similar to the numerical result and indicates that the

pre-dam estuaries lie between progressive (j = 0°) and diffusive

tides (j = 45°).

The post-dam estuaries show a shift to standing wave phase

difference (j = 90°) due to wave reflection. Dams located near

the mouth (x = 20 km) changed the entire remnant estuary to

have a standing wave character. Dams located near the

resonance length and landward of the resonance length had

progressive or mixed tides at the mouth and standing waves near

the estuarine dam (x = 55 and 90 km). The analytical result

agreed well with the numerical result. For dam locations beyond

the resonance length, the distance from the reflecting end where

the reflected wave influences the estuary was given by Friedrichs

(2010). The reflected wave should be included for distances less

than about |La|/2, where |La| is the absolute value of La as

predicted by:

L−1a
k

=
w
r
−

w2

r2
+ 1

� �1=2

(8)

where r = 8cDU/3ph is the friction factor, cD is the drag

coefficient, U is the tidal amplitude, and h is the tidally

averaged depth. Taking the WM estuary as an example, the

distance from the estuarine dam where the reflected wave

influences the estuary is found to be about 40 km, which

agrees with the model result where the tides transition from a

mixed to standing wave character (Figure 3D3).
3.1.2 Mean sea level and Eulerian residual current
The pre- and post-dam mean sea levels and Eulerian residual

currents were different for the river-dominated estuaries

(particularly the SS estuary) and the tide-dominated estuaries

(PS and WM; Figure 4). For the river-dominated estuaries, the

pre-dammean sea levels increased landward due to the freshwater

discharge (Figures 4A1-B1). For the PM estuary, the post-dam

mean sea levels were similar, but they increased considerably for

the post-dam SS estuary because it had the largest input of

freshwater volume during a discharge event which was enough

to increase the spring-neap averaged sea level. The Eulerian

residual currents were seaward (Figures 4A2-B2) and due to

river runoff with negligible Stokes return flow (Figures 4A3-B3).

The estuarine dam resulted in partially reduced seaward Eulerian

currents due to scour of the channel adjacent to the dam (Section

3.4.) and the change from continuous to episodic freshwater

discharge. The dam location did not change the overall trend in

post-dam mean sea level and Eulerian residual current in the

river-dominated estuaries.
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For the tide-dominated estuaries, the pre-dam mean sea

levels increased landward due to the mixed tides generating a

landward Stokes drift and water level setup (Figures 4C1-D1). As

the dam location moves toward the mouth, a greater proportion

of the estuary experiences standing wave tides, and the landward

Stokes drift, Stokes setup (Figures 4C1-D1), and Stokes return

flow (Figures 4C2-D2) are reduced. Analytic expressions

supported that the Stokes return flow was the main process

contributing to the Eulerian residual current and river runoff

was negligible (Figures 4C3-D3). Thus, the dam location was

found to have a strong effect on the mean sea level and Eulerian

residual currents in the tide-dominated estuaries. Furthermore,

the effect was greatest for the estuarine dam location near the

mouth (x = 20 km). This has important ramifications for the

transport of sediment by the Eulerian residual current as well as

the Euler-induced tidal asymmetry.

3.1.3 Tidal asymmetry
Change in tidal asymmetry for different estuarine types and

dam locations is shown in Figure 5. Based on the harmonic

method, the magnitude of tidal asymmetry stayed the same or

increased for almost all post-dam estuaries (Figure 5A). Relative

to the pre-dam tidal asymmetry, the magnitude of the post-dam

tidal asymmetry increased the most for the river-dominated

estuaries likely due to their pre-dam tides being relatively small,
Frontiers in Marine Science 10
and thus small changes have a relatively larger effect. The dam

location near resonance (x = 55 km) caused the least change in

tidal asymmetry magnitude whereas the dam location near the

mouth (x = 20 km) changed the most. These changes were likely

because of differential amplification of the M2 and M4

constituent, changes in mean sea level, and morphologic

change. Based on the harmonic method, the tidal asymmetry

direction for the river-dominated estuaries was mostly ebb-

dominant and for the tide-dominated estuaries was mostly

flood-dominant (Figure 5B). This agrees with Friedrichs and

Aubrey (1988) who identified that increasing tidal range

promotes flood-dominance.

To discuss the tidal asymmetry based on the statistical

method and the Euler-induced tidal asymmetry, the bottom

Eulerian residual current is shown for reference in Figure 5C.

For the pre-dam river-dominated estuaries, the estuarine

exchange flow was the main process, and it drove an upstream

bottom Eulerian residual current. For the pre-dam tide-

dominated estuaries, the Stokes return flow was the main

process, and it drove a seaward bottom Eulerian residual

current. The post-dam river-dominated estuaries maintained

an upstream Eulerian residual current. In the post-dam tide-

dominated estuaries, the switch from mixed to more standing

wave tides caused the Stokes return flow to be reduced (PS390,

WM3
55, WM3

90) or replaced by landward exchange flow (PS320, P
FIGURE 4

Pre-dam and post-dam along-channel profiles of (A1-D1) mean sea level (m), (A2-D2) cross-sectionally averaged Eulerian residual currents (m
s-1), and (A3-D3) river runoff (m s-1) and Stokes return flow (m s-1) depending on estuarine dam location (dam at x = 20, 55, and 90 km). Along-
channel distance is distance from the estuarine mouth, positive landward. Negative current is seaward. All results correspond to scenarios with
discharge intervals Dt = 3 days.
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S355,WM3
20). Based on the velocity skewness, the tidal asymmetry

direction tended to match the bottom Eulerian residual current

(indicating Euler-induced asymmetry) with two exceptions. First

were SS320, SS
3
55, and SS390 where the velocity skew was dominated

by the high frequency freshwater discharge events rather than

the low frequency Eulerian residual currents. Second were PS390,

WM3
55, and WM3

90 where the effect of tidal distortion and

interaction of the M2 and M4 constituents was greater than the

Euler-induced tidal asymmetry caused by the Stokes return flow.

Overall, these results highlight the importance of Euler-induced

tidal asymmetry and also the dam episodic discharge in the post-

dam SS estuary and interaction of the M2 and M4 constituents in

the post-dam tide-dominated estuaries.
3.2 Effect of estuarine dam discharge
interval on river processes

3.2.1 Sea surface elevation, current, salinity,
and SSC time series

As freshwater discharges are events, time series comparing

river- and tide-dominated end members under different
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discharge intervals is shown in Figure 6. Here, data of SSDt20
andWMDt

20 from the center of the post-dam estuary were selected

(center of region of interest, ROI, see Figure 2G).

In the pre-dam SS estuary, the discharge was continuous, the

tidal range was small, a distinct two-layer circulation occurred, the

estuary was strongly stratified, and sediment was resuspended

during the spring tides (Figures 6A1-A5). The SS0:520 estuary was

overall similar with some change in the surface salinity and bottom

resuspension due to discharges during ebb (Figures 6B1-B5). Once

the discharge interval exceeded the tidal cycle period, the response

was different. The SS320 estuary had increasingly spaced discharge

periods (Figure 6C1). The greater freshwater volume per discharge

resulted in a noticeable water level set up, seaward current pulse,

freshwater frontal propagation, and greater resuspension of bottom

marine sediment and advection of fluvial sediment (Figures 6C2-

C5). The SS720 estuary was similar to the SS320, but the magnitude of

the setup, discharge pulse, freshwater front, and resuspension and

advection of marine and fluvial sediment was greater (Figures 6D1-

D5). Therefore it can be seen that the discharge interval strongly

affects the estuarine dynamics in the river-dominated estuary,

particularly if the discharge interval exceeds the tidal cycle period

(Dt > 0.5 days).
FIGURE 5

Pre- and post-dam tidal asymmetry for different dam locations and estuarine types. (A) Ratio of M4 to M2 tidal constituent velocity amplitude
(vM4/vM2, -) with values normalized to each type’s pre-dam case, (B) M2 and M4 tidal constituent velocity relative phase difference (2qM2 – qM4, °)
binned based on dominance, (C) bottom residual currents (m s-1), and (D) bottom velocity skewness parameter (g1, -) with values binned based
on dominance. The no dam case is denoted nd. All results correspond to scenarios with discharge intervals Dt = 3 days.
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In the pre-damWM estuary, the dischargewas continuous, the

tidal range was large, the currents were strong, the water column

was well-mixed, and the sediment concentrations were relatively

high (Figures 6E1-E5). TheWM0:5
20 estuarywith discrete discharges

showed little change due to the estuarine damdischarge andmostly

showed tidal amplification, reduced currents due to the dead-end

channel, and reducedSSCdue to the reducedcurrents (Figures 6F1-

F5). The WM3
20 (Figures 6G1-G5) and WM7

20 (Figures 6H1-H5)

similarly did not show the water level setup, discharge pulse,

resuspension of bottom marine sediments or advection of fluvial

sediments. The primary effect was a relatively weak salinity front

followedbyperiodic stratificationof a fewpsu (not shown indetail).

In macrotidal estuaries receiving estuarine dam freshwater

discharge, periodic stratification is due to tidal straining of the

longitudinal salinity gradient (Figueroa et al., 2019; Figueroa et al.,

2020a). Overall, based on both sets of time series, it is found that

river-dominated estuaries respond to variations in discharge

interval more than tide-dominated estuaries, particularly when

the discharge interval exceeds the tidal cycle period.

3.2.2 Discharge setup and velocity along-
channel profiles

To understand how the discharge forcing varies along

channel with dam location and discharge interval, along-

channel profiles of discharge setup and velocity are shown in
Frontiers in Marine Science 12
Figure 7. Overall, the discharge setup and velocities were found

to depend on dam location, discharge interval, and estuarine

type. Due to having the largest freshwater discharge, the post-

dam SS estuary had the greatest discharge setups and velocities.

The longer discharge intervals had greater discharge setup and

velocity. The discharge setup ranged from 0.1 m for SS0:590 to

4.5 m for SS790 (Figure 7A1). The velocity magnitude ranged from

1 m s-1 for SS0:590 to 3 m s-1 for SS790 (Figure 7A2). Dams located

further landward (i.e., SS790 vs SS
7
20) had the overall greatest setup

due to freshwater discharge into the shallower, landward portion

of the channel. On the other hand, dams located further seaward

(SS720 vs SS790) generated faster discharge currents due to

discharging into deeper water and experienced less dissipation

compared to discharges originating further landward.

A similar pattern was observed in the post-dam PM estuary.

The discharge setup was less, reaching up to 0.5 m (PM7
90), as

was the magnitude of the discharge velocity, reached nearly 1 m

s-1 (PM7
90). In the tide-dominated, post-dam PS estuary, a

significant discharge pulse was generated only for the long

discharge interval of Dt = 7 days. Also, the pulse dissipated

completely before reaching the mouth. In the tide-dominated,

post-dam WM estuary, the freshwater discharge was the least,

and no significant pulse was observed. These results indicate that

the river-dominated estuaries are particularly susceptible to

discharge pulses, which are greater with increasing discharge
FIGURE 6

Representative time series comparing strongly stratified and well-mixed estuaries under different discharge intervals. (A1-H1) Freshwater discharge (Q,
m3 s-1), (A2-H2) sea surface elevation (z, m), (A3-H3) bottom and surface along-channel current velocity (u, m s-1); (A4-H4) bottom and surface salinity
(s, psu), and (A5-H5) suspended sediment concentration (c, kg m-3) versus time (t, days). Data are from the center of the region of interest (ROI) for
cases with an estuarine dam at x = 20 km. Time is day since initialization with estuarine dam placed on day 365. Positive velocity is landward.
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interval, and are able to reach the mouth. For tide-dominated

estuaries, only the longest discharge interval made a pulse, and it

fully dissipated before reaching the mouth.
3.3 Effect of tide and river change on
salinity, exchange flow, and
estuarine classification

3.3.1 Salinity, stratification, and the estuarine
exchange flow

This section considers changes in salt and baroclinic

processes which result from the combined changes to the tide

and river forcing. These processes are of interest to gain insight

into the effect of the estuarine dam on salt and sediment

transport. As data for different discharge intervals were

similar, the effect of the dam location is primarily considered.

Along-channel profiles of salinity, stratification, and the

estuarine exchange flow parameter for the discharge interval Dt
= 3 days are shown in Figure 8. For the pre-dam estuaries the salt

intrusion increased from the SS toWM estuary (Figures 8A1-D1).

The stratification increased from the WM to SS estuary

(Figures 8A2-D2) as did the exchange flow parameter

(Figures 8A3-D3). The exchange flow was greater in the pre-

dam SS compared to the PM estuary because of strong freshwater

outflow in the surface layer of the SS estuary which is included in

the exchange flow parameter, m.
The estuarine dam located at x = 90 km was near the salt

intrusion limit for the SS, PM, and PS estuaries, whereas it was

located with the salt intrusion for theWM estuary (Figures 8A1-
Frontiers in Marine Science 13
D1). The post-dam river-dominated estuaries tended to get

fresher, less stratified, and have decreased exchange flow

(Figures 8A1-A3, B1-B3). This was mainly due to the shift

from steady two-layer circulation to unsteady freshwater

fronts. Greater discharge interval for SS7x tended to show

higher salinity and stratification and less exchange flow which

was due to greater freshwater conveyance, intrusion of salt along

the bottom layer during quiescent periods, and discharge

unsteadiness. The post-dam tide-dominated estuaries tended

to get saltier, more stratified, and have increased exchange

flow (Figures 8C1-C3, D1-D3). This was due to the shift from

a mixed water column to freshwater pulses conveyed to the shelf

primarily along the surface and reduced mixing. The PM3
20 and

WM3
20 estuaries were exceptions for their post-dam salinity

change due to differences in stratification and the seaward

conveyance of freshwater in the short x = 20 km estuaries.

Overall it was found that the response of the salinity,

stratification, and exchange flow are influenced by changes in

mixing caused by reduced tidal currents as well as the discharge

pulse. Comparing the estuarine types, estuarine dams located

further inland affected river-dominated estuaries more by

making their inland portions fresh with less exchange flow

(Figures 8A1-A3, B1-B3), and estuarine dams located further

seaward affected tide-dominated estuaries more by making the

mouths more stratified with greater exchange flow (Figures 8C1-

C3, D1-D3). Higher discharge interval resulted in similar spatial

trends (Figures 8A1-A3). It is likely the discharge interval

interacted with a flushing time scale. Thus SS790 was saltier

than SS390 because the discharge interval was greater than the

flushing time scale. This relationship is complex as the flushing
FIGURE 7

Along-channel profiles of (A1-D1) discharge setup (m) and (A2-D2) velocity (m s-1) depending on estuarine type, dam location, and discharge
interval. Along-channel distance is distance from the estuarine mouth (positive landward). Negative current is seaward.
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time scale is a function of the discharge interval (Azevedo et al.,

2010) and reasonably the dam location because of its effect on

the estuarine volume and tidal currents.

3.3.2 Estuarine parameter space
The change in estuarine classification is shown in Figure 9

with the divisions of the estuarine parameter space into different

estuarine types labeled in Figure 9A3 for reference. For the pre-

dam estuaries, lower and higherM represent primarily neap and

spring tide variation, respectively, and lower and higher Frf
represent seaward and landward position. The pre-dam

estuaries matched their estuarine type (Figure 9, no dam).

Overall, the estuarine dam resulted in significant change in

the estuarine type for all the post-dam estuaries due to changes

in river and tidal forcing. A key change in the post-dam estuaries

was high Frf during dam discharge and low Frf during no dam

discharge (labeled for example in Figure 9A2, D3). During dam

discharge, the estuaries tended to shift to the salt wedge and time

dependent salt wedge types (Figures 9A1-A3, B2-B3, C2-C3,

dam discharge), and during no dam discharge, the estuaries

tended to shift to fjord, bay, SIPS, and well-mixed types

(Figures 9A1-D3, no dam discharge). The Frf at unity or

greater during dam discharge for the pre-dam SS estuary
Frontiers in Marine Science 14
indicated that the maximum baroclinic frontal propagation

speed was at times being replaced by a barotropic propagation

speed as salt water was being pushed out of the estuary.

Additionally, the post-dam Frf increased more for longer

discharge periods (Dt = 7 days, Figures 9A3-D3) compared to

shorter discharge periods (Dt = 0.5 days, Figures 9A1-D1).

The mixing number M changed in two ways. First, M was

reduced in all cases in the area adjacent to the estuarine dam and

in the case of dam location x = 20 km (see, e.g., Figure 9D3). The

area adjacent to the dam shows M reducing quickly because of

the dead-end channel. The dam location of x = 20 km had the

most reduced M because of the dead-end channel and loss of

tidal prism. This occurred in all post-dam estuaries but was most

noticeable in the tide-dominated estuaries (Figures 9C1-C3, D1-

D3, 20 km). Second, M increased adjacent to the estuarine dam

during discharges due to the strong discharge currents. This was

most apparent in the river-dominated estuaries (see, e.g.

Figures 9A1-A3, B1-B3, dam discharge).

Considering the change in Frf and M together, it was

revealed that the greatest change in estuarine type occurred for

dams near the mouth with long discharge intervals (x = 20 km

and Dt = 7 days). Furthermore, the post-dam river-dominated

estuaries varied more than the tide-dominated estuaries due to
FIGURE 8

Along-channel profiles depending on estuarine type, dam location, and discharge interval of (A1-D1) depth-averaged salinity (psu), (A2-D2) top-
to-bottom salinity stratification (psu), and (A3-D3) estuarine circulation parameter m (m s-1). Along-channel distance is distance from the
estuarine mouth (positive landward). Most post-dam data is for discharge interval Dt = 3 days. The post-dam data for discharge interval Dt = 7
days is shown for the strongly stratified estuary.
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the greater range in Frf, where SS7x was an extreme case

alternating between, for example, time dependent salt wedge

and bay (Figure 9A3).
3.4 Effect of tide and river change on
sediment flux decomposition
and morphology

3.4.1 Along-channel depth, mud fraction,
fluvial fraction, SSC, and sediment flux

Changes in tide and river due to an estuarine dam can affect

the currents, sediment sources, and so forth. Change in aspects

of sediment and morphodynamics according to an estuarine

dam is shown in Figure 10. As the discharge interval resulted in

similar trends, the effect of dam location for cases with Dt = 3

days is primarily considered. The effect of the discharge interval

on bathymetry and cross-sectionally integrated sediment flux is

shown for the post-dam SS estuary (Figures 10A1, A5).

The pre-dam conditions can be summarized as follows. The

river-dominated estuaries’ depths tended to have less change from

the initial condition whereas the tide-dominated estuaries tended to

have more because of the Stokes return flow causing a deepening of
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the mouth and formation of a mouth bar (Figures 10A1-D1). Along

the channel the bed was primarily sandy and the shelf was muddy

(Figures 10A2-D2). In all cases there was no fluvial sediment

reaching the estuary (Figures 10A3-D3). The SSC increased from

the river-dominated estuaries to the tide-dominated estuaries

(Figures 10A4-D4). And, the magnitude of the sediment flux was

increasing from relatively negligible in the river-dominated estuaries

to the strongest in the tide-dominated estuaries where the sediment

flux was mostly seaward at the mouth due to the Stokes return flow

(Figures 10A5-D5).

Similar to the pre-dam estuaries, the post-dam estuaries could

be divided into two groups based on their dynamics, the river-

dominated and the tide-dominated estuaries, with the PM estuary

being transitional between the two. The SS0:5x and PM3
x showed the

formation of bayhead delta deposits due to input of fluvial

sediments directly into estuary from the dam, however for

longer discharge intervals, the SS estuary showed the formation

of scour near the dam and deposits further downstream

(Figures 10A1-A2). The tide-dominated estuaries with x =

20 km showed relatively little post-dam morphodynamic

change, whereas x = 55 and 90 km showed deepening and bar

formation at the mouth but also notably deposition adjacent to the

dam due to tidal asymmetry. The estuaries became muddier due
A1

B1 D1C1

A2

A3

B2

B3

C2

C3

D2

D3

FIGURE 9

Change in estuarine classification for each estuary type depending on estuarine dam location and discharge interval: (A1-D1) Dt = 0.5 day,
(A2-D2) Dt = 3 day, and (A3-D3) Dt = 7 day. Minimum values of M = 0.22 and Frf = 1.5 × 10-4 and a maximum value of Frf = 0.9 were specified.
Physically, these represent very low currents, very low freshwater discharge, and very high freshwater discharge approaching the maximum
baroclinic frontal propagation speed, respectively. SIPS is strain-induced periodically stratified estuary, also referred to as a periodically
stratified estuary.
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to discharge of fluvial mud in the river-dominated estuaries and

the deposition of mud from suspension in the tide-dominated

estuaries (Figures 10A2-D2). The amount of the fluvial sediment

increased in all estuaries near the dam, and throughout the

estuaries for the high freshwater discharge post-dam SS estuary

(Figures 10A3-D3). The SSC tended to increase for the river-

dominated estuaries due to input of sediment and resuspension by

discharge pulses, and it tended to decease for the tide-dominated

estuaries due to reduction of the tidal currents, particularly for x =

20 km (Figures 10A4-D4). Finally, the relatively small sediment

fluxes increased considerably to seaward fluxes in the post-dam SS

estuary, the fluxes remained low in the post-dam PM estuary, and

the post-dam tide-dominated estuaries showed a similar pattern

as their pre-dam estuaries, yet there was a notable increase in the

landward sediment fluxes due to changes in the Stokes return flow

and tidal asymmetry (Figures 10A5-D5). Based on these results, it

can be seen that the dam location affected the response of the tide-

dominated estuaries, and the discharge interval affected the river-

dominated estuaries, in particular whether deposition or scour

occurred adjacent to the dam. The changes in fluvial sediment and

sediment flux directions also indicate that the river-dominated

estuaries are primarily receiving sediment from the river boundary
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whereas the tide-dominated estuaries are primarily receiving

sediment from the marine sediments reworked from the estuary

and shelf.

3.4.2 Sediment flux decomposition
The decomposed sediment fluxes are shown in Figure 11. As

different discharge intervals resulted in similar trends, the effect

of dam location for cases with Dt = 3 days is considered. Overall,

the sediment flux mechanisms and their response to the

estuarine dam could be divided into the river- and tide-

dominated estuaries with the PM estuary being transitional

between the two.

For the pre-dam SS estuary, seaward river runoff (Ta) and

tidal pumping (Tb) by Euler-induced tidal asymmetry were the

main mechanisms in the landward tidal river portion, and this

led to the two-layered estuary with relatively small sediment

fluxes on the seaward side (Figure 11A1). With the estuarine

dam, the magnitude of the fluxes increased and Ta and Tb

extended throughout the estuary until reaching the shelf

(Figures 11A2-A4). As the dam approached the mouth, the

importance of seaward tidal pumping increased as did some

landward estuarine exchange flow (Tc). In this case, the seaward
FIGURE 10

Pre-dam and post-dam along-channel profiles depending on estuarine dam location (dam at x = 20, 55, and 90 km) of (A1-D1) width-averaged
channel depth (m), (A2-D2) width-averaged mud fraction (%) on bed surface, (A3-D3) width-averaged fluvial sediment fraction (%) on bed
surface, (A4-D4) depth-averaged suspended sediment concentration along channel thalweg (SSC, kg m-3), and (A5-D5) cross-sectionally
integrated sediment flux (kg s-1). Most data correspond to Dt = 3 day. In (A1, A5) Dt = 0.5 and 7 day are also shown. Along-channel distance is
distance from the estuarine mouth (positive landward). Negative current is seaward.
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Tb was due to the intratidal discharge pulses instead of the Euler-

induced tidal asymmetry which occurred in the tidal river of the

pre-dam estuary due to tides interacting with the seaward

river runoff.

For the pre-dam PM estuary, the tidal straining (Td) and

Stokes transport (Te) also made contributions to the sediment

flux (Figure 11B1), yet it is noted that Td was generally found to

be negligible in this study. In the pre-dam PM estuary, landward

Tc and related Tb due to Euler-induced tidal asymmetry occurred

near the mouth whereas toward the head seaward Ta and Tb
occurred, similar to the pre-dam SS estuary. Some landward Te
was present as the tides were of moderate range and mixed. With

the estuarine dam at x = 55 and 90 km, two areas could be

distinguished (Figures 11B2-B3). First, adjacent to the estuarine

dam is a narrow area where the intratidal discharge causes a

seaward Tb. Second is the broader area of the estuary where Ta
and Tb flush some sediment seaward and primarily Tc and

associated Tb due to Euler-induced asymmetry bring sediment

landward. With x = 20 km, freshwater is conveyed efficiently to

the shelf. Tc is reduced, and Tb in the narrow area adjacent to the

dam is only active due to discharge pulses while the rest of the

estuary is quiescent due to the reduced tidal currents.
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The pre-dam tide-dominated estuaries (PS and WM) were

both found to be strongly affected by the Stokes drift (Te), Stokes

return flow (here Ta), and tidal pumping (Tb) due to the Euler-

induced tidal asymmetry caused by the interaction of the Stokes

return flow Eulerian residual current and the strong tidal

currents (Figures 11C1-D1). As discussed in Figueroa et al.

(2022), in tide-dominated estuaries with little freshwater input,

Ta is better to be thought of as a mean flux due to the Stokes

return flow rather than a mean flux due to the river runoff. It is

for this reason there is a symmetry between landward Te and

seaward Ta in Figures 11C1-D1. While Ta and Te approximately

balance, the Stokes return flow Eulerian residual current

generates the seaward Tb due to the Euler-induced tidal

asymmetry. With the estuarine dam at x = 55 and 90 km, the

tides become standing near the estuarine dam, resulting in the

elimination of Stokes drift there and promotion landward Tb

due to landward tidal distortion and interaction of the M2 and

M4 constituents. Landward Tb was likely also promoted by the

reduction of the Stokes setup and amplification of the tides

which would tend to deform the tides more and promote flood-

dominance. With x = 20 km, the tides were standing and the

Stokes drift was effectively eliminated (Figures 11C4-D4).
FIGURE 11

Pre- and post-dam spring-neap averaged, cross-sectionally integrated decomposed sediment flux (kg s-1) along-channel profiles depending on
estuarine type and estuarine dam location for (A1-D1) the pre-dam estuaries, (A2-D2) dam at x = 90 km, (A3-D3) dam at x = 55 km, and
(A4-D4) dam at x = 20 km for discharge interval Dt = 3 days. Ta is the transport by averages due river runoff or Stokes return flow, Tb is tidal
pumping, Tc is estuarine exchange flow, Td is tidal straining, and Te is Stokes transport. Along-channel distance is distance from the estuarine
mouth, positive is landward. Positive sediment flux is landward.
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Thus, the landward Tb due to tidal deformation dominated

with some landward Tc in the PS320 estuary and some landward

Te over the mouth bar in the WM3
20 estuary (Figures 11C4,

D4, respectively).

These results indicate that as the estuarine dam location

approached the mouth there was a continuous change in the

sediment flux mechanisms, including their magnitudes and

directions. The river-dominated SS estuary shifted to higher

magnitude sediment fluxes which were seaward due to the

discharge pulse and could scour sediments. The PM estuary

experienced changes in Tc and Tb, and when the estuary become

very short, the tides were significantly reduced resulting in a shift

to a quiescent basin receiving the discharged fluvial sediments.

Finally, the tide-dominated estuaries were characterized by the

reduction of the Stokes drift due the shift from a mixed to a

standing tidal wave. This occurred first adjacent to the estuarine

dam, but then came to cover the entire estuary when the estuary

became very short. For these parts, Tb was reduced in magnitude

but changed direction to landward indicating reworking of the

mouth bar and import of marine sediments from the shelf due to

tidal distortion and interaction of the M2 and M4 constituents.
4 Discussion

4.1 Interaction of dam location and
discharge interval with estuarine spatial
and temporal scales

The overall objective of this study is to understand the effect

of estuarine dam location and discharge interval on estuarine

processes. It was revealed that the estuarine dam location and

discharge interval are important parameters controlling tide and

river processes, respectively, and that the estuarine response

depends on the estuarine type, broadly river-dominated and

tide-dominated estuaries.

In the tide-dominated estuaries, the estuarine dam location

was important due to the processes of wave reflection,

resonance, the dead-end channel, loss of tidal prism, and shift

from progressive and mixed to standing tidal waves. The

resonance length was found to be an important length scale

determining the estuarine response, and its value (here

approximately L/8 = 45 km) was noted as being less than the

classical value (L/4 = 90 km) due to friction. For dams located a

distance less than the resonance length from the mouth, the

switch from mixed to standing tides reduced the Stokes drift,

Stokes setup, Stokes return flow Eulerian residual current, and

the seaward tidal pumping due to Euler-induced tidal

asymmetry. This resulted in lower mean sea levels, reduced

seaward Eulerian residual current, and establishment of

landward tidal pumping due to tidal deformation likely

supported by the shallower water with amplified tides. For

dams located near the resonance length, the mouth was
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deepened due to the increased currents which resulted in a

morphodynamic feedback bringing the currents back to a

magnitude similar to the pre-dam condition. The reworking of

sediment at the mouth together with the dead-end channel and

standing tides near the dam resulted in the greatest deposition

near the estuarine dam. For dams located further than the

resonance length, the pattern of seaward tidal pumping at the

mouth where the tides were mixed resembled the pre-dam

estuary, but landward tidal pumping near estuarine dam was

prevalent due to the standing tides and flood-dominance due to

shallow water tidal deformation.

In addition to the resonance length, the tidal excursion

(typically about 14 km; Savenije, 2005) may also be a relevant

length scale. This is because in tide-dominated estuaries

receiving relatively low discharge, the seaward discharge pulse

velocity is not much greater than the ebb current. Thus, the

freshwater can travel approximately a tidal excursion before

the turn of the tide. Therefore, if the estuarine dam location from

the mouth is further than the tidal excursion, more than one

tidal cycle is needed for the freshwater to reach the mouth, which

can result in discharged fluvial sediments settling and being

trapped in the estuary and an inability of the freshwater

discharge to resuspend and flush sediments seaward (Figueroa

et al., 2020b).

In the river-dominated estuaries, the discharge interval was

important due to the processes of discharge water level setup,

discharge pulse, exchange flow, freshwater fronts, sediment

resuspension, and scour. The tidal cycle period (T = 12.4 hr ≈

0.5 days) was found to be an important time scale determining

the estuarine response to discharge. For a discharge interval

equal to the tidal cycle period (Dt = 0.5 days, i.e. once every ebb

tide), the sea surface elevations, currents, stratification, and

sediment resuspension and settling cycles in the post-dam SS

estuary resembled the pre-dam conditions. For discharge

intervals longer than the tidal time scale (Dt = 3 and 7 days),

the discharge currents were much greater than the pre-dam

condition and the SS estuary shifted from being a continuously

two-layered system to being a time-varying layered system

strongly modified by discharge pulses, freshwater fronts, and

discharge resuspension. There was also a switch from the

deposition of a bayhead delta composed of fluvial sediment

adjacent to the estuarine dam to the formation of a scour hole. It

can be noted that as the discharge interval scaled with the

discharge volume in this study, greater discharge intervals also

imply greater ratios of discharge volume to estuarine volume

during a discharge event which reasonably is important in

determining the pattern of estuarine response, with larger

values tending away from the pre-dam behavior.

In addition to the tidal time scale, the flushing time scale is

also relevant for the transport of freshwater. For discharge

intervals less than the flushing time scale, freshwater may

accumulate in the estuary, whereas for discharge intervals

greater than the flushing time scale, the estuary will be saltier.
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However, defining the flushing time scale is challenging due to

its dependence on the discharge interval, dam location, and

internal processes.
4.2 Implications for coastal hazards

Estuarine dams can provide several societal benefits such as

increased freshwater supply for agriculture, stabilized upstream

water levels, improved upstream navigability, and often a

causeway constructed along the estuarine dam which improves

the transportation infrastructure. At the same time, these

benefits can be a trade-off with increased risks to coastal

hazards such as coastal flooding, coastal erosion, harbor

siltation, and water quality issues including eutrophication,

algal blooms, and hypoxia. These trade-offs are not limited to

the estuary but also include the upstream river and downstream

shelf which are also affected by the change in tide and river

processes and interruption of the sediment transport pathway.

Estuarine dams can affect coastal flooding in two ways. First,

this study indicates that discharge setup and amplification of the

tides can be greater than the reduction of the mean sea level by

diminished Stokes setup. An example of where this has occurred

is the Bang Pakong estuary, Thailand, where unexpected tidal

amplification resulted in bank erosion and coastal flooding of

saline water (Vongvisessomjai and Srivihok, 2003). Second, this

study indicated that for most scenarios fluvial and marine

sediments were deposited adjacent to the sluice gates. This can

increase the risk offlooding due to the reduced drainage capacity

of the river (Zhu et al., 2017; Tilai et al., 2019).

Estuarine dams also have implications for harbor siltation

and water quality. For the post-dam tide-dominated estuaries,

flood-dominated tidal pumping brought marine sediments

reworked from the estuarine mouth or shelf and deposited

them in the area with minimum currents. For the post-dam

river dominated estuaries, fluvial sediments were deposited as a

bay head delta and also scoured sediment were transported

seaward, in some cases depositing as a mouth bar. These patterns

suggest that the post-dam estuaries are susceptible to siltation

and shoaling of the mouth which will require dredging to

maintain navigability for any harbor developments. With

respect to water quality, most scenarios in this study showed

reduced SSC due to reduced currents. Together with nutrient

inputs from the watershed, increased water clarity can result in

algal blooms (Jeong et al., 2014) which may impact the benthic

habitats and fisheries.

Investigation of alternative dam locations and discharge

intervals in this study suggests that the estuarine dam always

significantly impacts the estuary. Dams located further upstream

beyond the resonance length with discharge intervals on the

order of the tidal cycle period were found to most resemble the

pre-dam estuaries in terms of tidal dynamics, discharge velocity,

SSC, sediment fluxes, and depth. However, this dam location
Frontiers in Marine Science 19
and operation, while minimizing the dam impact, limits the

ability of the estuarine dam to block the salt intrusion and store

freshwater which is in many cases their primary purpose.

Nevertheless, while simplified idealized modeling provides a

useful tool for understanding patterns in the estuarine

response, in practice optimization of the dam location and

discharge interval to reduce impacts to a specific estuary will

depend the details of the estuary such as the more realistic

geometry, forcing, and sediment sources.
4.3 Reliability of idealized estuary model

The idealized model appears to aid in understanding first-

order impacts of estuarine dams with sluices gates for a range of

estuarine types, dam locations, and discharge intervals.

However, it should be noted that the estuarine geometry

(mouth depth, mouth width, bottom slope, width

convergence), estuarine forcing (semidiurnal tides, no waves,

no seasonal or interannual discharge variation), and

sedimentary aspects (non-cohesive sediment and short

morphological time scales) shape the result.

As this study focused primarily on the along-channel

dynamics, future research can increase our understanding by

evaluating trends in the across-channel, vertical, and temporal

dynamics. Furthermore, more research is needed to understand

the reservoir. In this study, it is assumed that the inflow is

constant and the reservoir is large, so the discharge interval is

determined a priori by a dam operator. But in general, the upper

bound for possible discharge interval is determined by

the reservoir volume and freshwater inflow rate. In addition to

its effect on the discharge interval, the reservoir is also coupled

to the post-dam estuary by influencing the water quality entering

the post-dam estuary (Jeong et al., 2014). Over long time scales,

the reservoir can fill with sediments and particulate nutrients

and then become a source for the downstream estuary (Palinkas

et al., 2019). This research would help to better link the reservoir

and post-dam estuary sub-environments.

Together with the reservoir, more research can be done on

the different gate types. This appears to be important for

estuarine dams which are located further upstream or function

primarily as hydroelectric plants, weirs and locks. Examples

include the Saco Dam on the Saco estuary, Maine (Kelley et al.,

2005), the Federal Dam on the Hudson estuary, New York

(Ralston et al., 2019), the Conowingo Dam on the Susquehanna

estuary, Maryland (Palinkas et al., 2019), and the Franklin Lock

and Dam on the Caloosahatchee estuary, Florida (Buzzelli et al.,

2014) in the US. These examples fit the definition of an estuarine

dam or weir here as they limit the upstream propagation of salt

or tides. However, their structure and operation can be different

from those applied in this study, with sluice gates discharging

during ebb tide, which are found for example in Europe and

Asia. This research on different structures and operation should
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help to bridge the gap between the effects of estuarine and river

dams and weirs on estuaries.
5 Conclusions

This study has extended the results of Figueroa et al. (2022) for

the effect of an estuarine dam on SS, PM, PS, and WM estuaries to

a range of dam locations and discharge intervals. It was confirmed

that changes in these parameters resulted in systematic changes in

the river and tidal processes which in turn resulted in changes in

the estuarine classification, sediment dynamics, and

morphodynamics. Some key findings of this research are:
Fron
• The dam location primarily impacted the tide-

dominated estuaries, and the resonance length was an

important length scale. When the dam was seaward of

the resonance length, the tidal currents were strongly

reduced due to tidal prism loss and the dead-end

channel. When the dam was at the resonance length,

the morphology adjusted and maintained tidal currents

near the mouth, but tidal currents were reduced near the

dam due to the dead-end channel. When the dam was

landward of the resonance length, the tidal currents were

mostly reduced near the dam due to the dead-end

channel.

• The discharge interval primarily impacted the river-

dominated estuaries, and the tidal cycle was an

important time scale. When the discharge interval was

less than the tidal cycle period, the estuaries maintained

similar salinity and stratification. When the discharge

interval was greater than the tidal cycle period, the

estuaries began to experience notable seaward

discharge pulses and discharge freshwater fronts.

• Dams located near the mouth with large discharge

intervals, associated with large discharge magnitudes,

differed the most from their pre-dam condition in the

estuarine parameter space. Conversely, dams located

near the estuary head with small discharge intervals,

associated with small discharge magnitudes, differed the

least from their pre-dam condition in the estuarine

parameter space.

• Dams located near the mouth altered the sediment flux

mechanisms the most for all estuaries. The river-

dominated estuaries were characterized by a shift from

landward flux due to estuarine exchange flow to seaward

flux due to river runoff and tidal pumping by the

intratidal discharge pulses. The tide-dominated

estuaries were characterized by a shift from seaward

flux due to Stokes return flow and tidal pumping due to

Euler-induced tidal asymmetry to landward flux due to

tidal pumping by tidal distortion and M2-M4 interaction

in the shallow, macrotidal estuaries.
tiers in Marine Science 20
It is expected this research will be valuable as estuarine dams

continue to be constructed (e.g., the Bhadbhut barrage on the

Narmada River, India; The Times of India, 2021) and are likely

to become more prevalent in the future as sea level rise increases

the salt and tidal intrusions, in addition to potentially less river

runoff in some areas and dredging to accommodate larger ships

(Winterwerp and Wang, 2013; Nienhuis et al., 2018; Nienhuis

and van de Wal, 2021).
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