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The current study investigates the effect of large-scale channel modifications via riverine

dredging on flood dynamics in low-gradient river systems located in inland-coastal flood

transition zones. The study site is the Vermilion River in south Louisiana, US, which

is characterized by complex flow regimes, reversal and bi-directional flows, presence

of large swamps with significant river-swamp interactions, and large volumes of runoff

contributions from lateral tributaries. The study aims to understand the interplay of these

factors and how they modulate and get affected by different dredging approaches that

vary in spatial extent and the modifications introduced to the channel. The study deploys

a hybrid, one-/two-dimensional (1D/2D), hydrodynamic model that simulates flow and

stage dynamics in the main river and its major tributaries, as well as the flow exchanges

with the interconnected swamp system. Overall, the results show that the dredging

activities can significantly alter the flow regime in the watershed and affect flow exchanges

between the river and the swamp system. In terms of flooding impact, only dredging

approaches that are extensive in spatial extent and modifications to channel longitudinal

slope can result in sizeable reductions in flood stages. However, these benefits come at

the expense of significant increases in the amplitude and inland propagation of the Gulf

tidal wave. On the other hand, less-extensive dredging can still provide moderate and

spatially limited flood mitigation; however, they further expose downstream communities

to increased levels of flooding, especially during more frequent events. The results

reveal that while dredging can increase the hydraulic conveyance of the river system,

the large runoff volumes delivered by the urbanized tributaries seem to outweigh the

added improvement in the in-channel storage, thus reducing the anticipated flood relief.

The results suggest that a watershed-centered approach, instead of a riverine-centered

approach is needed for flood management in these systems so that the relative benefits

and tradeoffs of different mitigation alternatives can be examined.
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INTRODUCTION

Watersheds that are located in inland-coastal transition zones
(Bilskie and Hagen, 2018) are increasingly subject to extreme
flooding due to bothman-made alterations and natural processes.
Examples of such processes include compound inland and
coastal storms, accelerated relative sea-level rise, and increased
population and urbanization (Crossett et al., 2013; NCEI, 2020).
Flooding in these areas is further exacerbated by the typical low
gradients that characterize the main rivers and their tributaries.
Flow regimes under low-gradient conditions typically lead to
channel sedimentation and reduction of the channel conveyance
capacity, and thus an increase in fluvial flooding duringmoderate
and extreme storms.

Flood mitigation measures are often sought in these regions
to alleviate the impact of riverine-induced flooding. One of
the traditional and most common flood mitigation practices in
coastal watersheds is watercourse dredging or channelization
(Liao et al., 2019). Dredging refers to activities that include any
combination of removing instream and riparian sediment and
vegetation, modifying channel width, depth, and gradient, and
straightening the river (Hooke, 1990). By structurally altering
one or more of the hydraulic variables that govern channel flow
and its conveyance capacity (e.g., slope, depth, width, roughness),
the water stages are typically decreased, which can reduce
the spatial extent of the flood inundation and the associated
flood risk.

Early studies on watercourse dredging provided empirical
and theoretical evidence that channelization, if appropriately
designed to prevent the bank erosion and channel silting, can
be quite effective as a flood mitigation measure (Nunnally, 1978;
Shankman and Pugh, 1992). However, recent feasibility studies
examined potential dredging scenarios for tidally-dominated
sections of coastal rivers in southwest UK and demonstrated
that dredging did not lower the peak flood levels significantly
during winter storms (Webster et al., 2014). The study showed
that the shape of the river cross-section and the heights
of the riverbanks played a significant role in determining
the actual flood level reduction. Other studies showed that
dredging can have unintended consequences in other parts
of the watershed, especially in the downstream communities.
For example, Prestegaard et al. (1994) reported that areas
downstream of a modified section of the Raccoon River in
Iowa had experienced higher-magnitude floods compared to
sections from rivers that have upstream similarly-sized drainage
areas. Rose and Peters (2001) showed that channel cross-section
enlargement increases the flood wave velocity, thereby speeding
the arrival time of flood peaks downstream.

Other studies have focused primarily on the adverse effects
of channelization on water quality (Schoof, 1980), ecological
alterations of the stream and the riparian corridor (Juan et al.,
2020), and stream degradation (Pierce and King, 2013). Another
potential aspect of river dredging activities is the effect on tidal
propagation. Cai et al. (2012) applied an analytical model to
show that a reduction in river discharge and degradation of
the riverbed both lead to a significant reduction in the travel

time of the tidal wave. The study also highlighted that the
amplification of the tidal amplitude, as a result of dredging,
could facilitate the penetration of storm surges into the estuary.
Likewise, Ralston et al. (2019) studied the effect of dredging on
New York Harbor and the tidal Hudson River and found that
such modification doubled the tidal amplitude and increased the
landward conveyance of coastal storm surge.

While dredging can increase the hydraulic efficiency of river
channels and potentially reduce overbank flooding, the impact
on flow hydrodynamics and the overall flooding regime needs to
be better understood, especially in watersheds that are located
within inland-coastal transition zones. In such regions, river
systems are typically characterized with complex flow dynamics
due to factors, such as flow reversals and bi-directional flows
(e.g., Burton and Demas, 2016; Watson et al., 2017), dynamic
connectivity and flow exchanges with large natural storage areas,
such as swamps and wetlands (Saad et al., 2020); tidal influences,
and the large volumes of synchronized tributary flows from
urbanized sub-watersheds (e.g., Pattison et al., 2014; Wang et al.,
2019). The complexity of flow regimes in these regions has
implications for flood mitigation; therefore, it is imperative
to develop a comprehensive understanding of the impacts of
riverine dredging that emerge as a possible mitigation strategy
in response to decreased channel capacities and increased flood
risk. This study deploys a hydrodynamic model to investigate
the various impacts of channel dredging and their implications
for flood mitigation and how it may alter the overall flow
regime. The study site is in the Vermilion River in southern
Louisiana, US, a representative of low-gradient tidally-influenced
river systems that are located in flood transition zones. The
study focuses on understanding the effect on flow regime and
reduction in water surface elevations under a suite of dredging
approaches that represent varying degrees of channel cross-
sectional modifications, changes to the riverbed slope, and the
spatial extent of the dredging along the river. The analysis will
be performed for different storm conditions (e.g., 10-year and
>100-year return periods) to assess the dependence on the storm
magnitude and the amount of runoff generated in the watershed.
A special attention is given to how dredging may also alter the
river-swamp interactions. Swamps, which are a common feature
in low-gradient coastal watersheds, play a significant role in flood
mitigation and provide flood relief in large river basins (Wu et al.,
2020). The scientific literature shows a need for understanding
the impact of riverine dredging on flow exchanges with swamp
areas and their ecosystem viability. Given the direct connection
with the Gulf of Mexico, the analysis will also examine the effects
of the spatial location and extent of the dredging on the amplitude
and propagation of the tidal wave along the river. Besides the
main river, it is also of importance to assess the propagation
of any potential flood mitigation benefits into the tributaries
that are connected to the river. Unlike most previous studies
that depended on 1-dimensional (1D) hydraulic modeling in
simulating pre- and post-dredging conditions, the current study
utilizes a hybrid 1D/2D approach that allows for more accurate
representation of the flow dynamics in low-gradient complex
river systems (Saad et al., 2020).
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METHODS

Study Area
The Vermilion River is a tidally-influenced river located in south
central Louisiana, US, and has a watershed that covers an area
of about 1,560 km2 (Figure 1). The Vermilion River basin, a
representative of other low-gradient inland-coastal transitional
basins (Bilskie and Hagen, 2018), has a long history of severe
flooding since the major flood that occurred in August 1940
until the most recent in August 2016 (USACE, 1995; Watson
et al., 2017). The river starts at the confluence of Bayou Bourbeux
and Bayou Fusilier, after which it travels ∼115 km until it
intersects with the Gulf Intracoastal Waterway (GIWW). The
river eventually drains into the Gulf of Mexico through the
Vermilion Bay. The river functions as a major artery that
collects runoff from many intersecting lateral tributaries, locally
referred to as coulees (Kim et al., 2012). The Vermilion River
receives flow diversions from another river in the east, Bayou
Teche, through Bayou Fusilier and Ruth Canal (Figure 1).
Flow diversions are regulated through a concrete weir and a
manually-operated gate that permits about 25% the flow of
Bayou Teche to be diverted during non-flood conditions (Baker,
1988).

A major feature that adds complexity to flood dynamics in
the basin is a series of inter-connected swamps and lakes, locally
known as the Bayou Tortue Swamp and Lake Martin (Figure 1)
that occupy a large area of the watershed (∼35.2 km2). These
swamps function as a natural storage area by accepting reverse
flows (i.e., flow traveling upstream) from the Vermilion River.
During low and normal river stages, the river collects inflows
from its tributaries and travels downstream (south) toward the
bay. However, during extreme flooding events, the river becomes
bidirectional and shows a reverse flow toward the north where
it drains into the Bayou Tortue swamps. The division point
between downstream flows (toward the Vermilion Bay) and
upstream flows (toward the Bayou Tortue swamps) depends
on the severity of the flooding event. During high-frequency
events, the bidirectional flow often initiates where one of the
main tributaries, Coulee Mine, enters the river (Figure 1). If the
storm event is extreme enough, a further downstream change
in bidirectional flow division may occur where two other major
tributaries, Coulee Ile des Cannes and Isaac Verot Coulee, enter
the river. In both cases, extensive flooding occurs along many
reaches of the river and its tributaries, and especially over the
urbanized areas of the City of Lafayette and its surrounding
communities. Examples of reverse flows are shown in Figure 2.
The hydrographs also show excessively slow recession of flood
peaks, which are driven by outflows from the swamp after the
river stage has started to recede. Observations on river stage
and streamflow are available at four locations within the domain
of interest to the current study (Figure 1). Stage measurements
are available at three road crossings over the Vermilion river,
namely Surrey, HWY733, and Perry, while the fourth location
is just upstream the inlet control gates of Ruth canal (Figure 1).
Streamflow (flow rate) data are available only at Surrey and
Perry gauges. More details about the streamflow observations are
available in the Supplementary Material.

The historically navigable reach of the Vermilion River
extends between the City of Lafayette (river kilometer of 76,
measured from the river mouth at the Vermilion bay) and the
GIWW (river kilometer 5), and has periodically been subject to
channel dredging for maintenance purposes. However, due to the
declining navigation activities and other logistical reasons, the
river has not been dredged for the last two decades. This has
resulted in riverbed shoaling and reduction in the conveyance
capacity of the river, especially in the central reaches that pass
through the urbanized sub-watersheds in Lafayette.

Simulation Periods
The dredging analysis of this study was conducted for two
multi-storm simulation periods, August 1st−30th, 2016 andMay
15th–June 5th, 2014 (Figure 2), that capture different storm
magnitudes and flooding impacts. The two simulation periods
were associated with widespread flooding in different parts of
the watershed. The stage and streamflow hydrographs observed
during both periods clearly illustrate the reverse flows that
happen within the Vermilion River, as well as the extremely
slow recession that continue for several days after the end of the
rainfall storm.

The August 2016 storms generated devastating flooding
within the basin and across many areas of the state (van der Wiel
et al., 2017; Watson et al., 2017). Based on a rainfall duration-
depth analysis, the August 2016 storm can be classified as a
100–200-year storm. A total of 762mm of rainfall was recorded
during the August 2016 period, with hourly rainfall intensities
exceeding 90 mm/h. Rainfall events during the 2014 simulation
period can be classified as a 2–10-year storm, depending on
the duration considered. During the May–June 2014 period, a
total rainfall depth of 250mm was recorded, with hourly rainfall
intensities reaching 37 mm/h, causing significant flooding where
lateral coulees meet the Vermilion River (Advanced Hydrologic
Prediction Service, 2018).

Hydrodynamic Model
In this study, an unsteady hybrid 1D/2D hydrodynamic model
for the Vermilion River and its main tributaries was used to
simulate the existing conditions and the proposed dredging
scenarios. The model is an expansion of an earlier version
(Saad et al., 2020) that was developed using the Hydrologic
Engineering Center’s River Analysis System (HEC-RAS) version
5.0.7. The HEC-RAS system allows for 1D and 2D unsteady
flow simulations using either dynamic or diffusive wave
approximations of the shallow water equations. For the purposes
of this study, the HEC-RAS 1D solver was used in the case
of 1D simulations (e.g., the main channel of the river) to
solve the full 1D St. Venant equations for unsteady open
channel flow. These equations are discretized using the finite
difference method and solved using a four point implicit method
(USACE, 2016). For 2D simulations, this study opted to use
the diffusive wave approximation of the shallow water equations
since similar results were obtained when the full dynamic
solver was used. While performing the 2D computations,
the HEC-RAS uses an implicit finite difference scheme to
discretize time derivatives and a combination of finite difference
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FIGURE 1 | (Left) Digital elevation model of the Vermilion watershed in south Louisiana, US. The five lateral tributaries (coulees) that are simulated in the

hydrodynamic model are shown. Locations of USGS gauges are also shown (S: Surrey, H: HYW733 and P: Perry). (Right) Stream network of the Vermillion River and

(Continued)
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FIGURE 1 | its 15 tributaries. Streams in blue represent the main river and the five tributaries that are explicitly simulated in the hydrodynamic model as 1D reaches.

Gray arrows indicate locations of NWM streamflow hydrographs that feed the upstream ends of the five tributaries. Streams in green represent the other 10 tributaries

that were not explicitly simulated in the hydrodynamic model. NWM streamflow hydrographs at the outlets of the 10 tributaries were directly provided into the main

river (red arrows). The model is forced by a stage hydrograph at its most downstream boundary and by two upstream streamflow hydrographs that capture flow

diversions from Bayou Teche through Ruth Canal gates and Fuselier Weir. The swamp area (hatched) is represented in the model using a 2D setup and is enforced by

direct rainfall-over-grid from the Stage IV radar-rainfall product. The inset in the right panel shows an example representation of channel cross sections used in the 1D

hydrodynamic simulations.

FIGURE 2 | (Top) Hourly rainfall rates (black) and accumulations (gray) extracted from the Stage IV radar product. (Middle and lower) Streamflow and stage

hydrographs at the USGS Surrey gauge during the 2014 (left) and 2016 (right) simulation periods. Model simulations are in gray and USGS observations are in black.

and finite volume solver (hybrid discretization) to solve for
spatial derivatives.

Model 1D/2D Setup
The model encompasses a total of 115 km of the mainstream of
the Vermilion River (Figure 1), starting at its headwaters, where
a flow hydrograph from the Fusilier weir provides an upstream
boundary condition. The river also receives flows through the
Ruth canal structure that conveys flows from Bayou Teche to
Vermilion River. Time-series of flow diversions through the Ruth
canal structure and over the Fusilier weir were constructed based
on information provided by the Teche-Vermilion Freshwater
District responsible for operation of the structures. The model
terminates at its intersection with the GIWW, where a stage

hydrograph available from a Gulf monitoring station is used as
downstream boundary condition.

The hybrid 1D-2D model setup includes the mainstem of
the river and five of its major tributaries represented as 1D
(Figure 1), while the Bayou Tortue swamp system and its
surrounding areas were represented as 2D (Figure 3). The
narrow and steep-sided channel of the Vermilion River (Kinsland
and Wildgen, 2006) makes the 1D characterization of the river
rather reasonable. Significant flow exchanges occur between the
river and the Bayou Tortue swamp system through several
tributaries as well as direct bank overflows. To simulate such
exchanges, a 2D setup was used to represent the swamp using
a total of eight 2D flow areas (Figure 3). An unstructured mesh
was developed with varying resolutions of 30–90m. The varying
resolution was needed to address model stability and terrain
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FIGURE 3 | Bayou Tortue swamp system represented using a 2D setup in the hydrodynamic model. The close-up view shows the Vermilion River (modeled as 1D)

flowing through the Bayou Tortue swamp. The red lines around the riverbanks represent a set of fictitious lateral structures that were used to simulate the connection

between the river and the swamp.

representation. Generally, a fine mesh size was heavily enforced
around breaklines and in areas where abrupt changes in the
velocity field was encountered. Breaklines were used in the 2D
areas to enforce key features of the terrain and ensure that the
model reasonably simulates the movement of overland flow.
Breaklines were used along channels with concentrated flows
and ridgelines that allow flows to spill from one area to another
across features, such as road embankments, levees, and natural
ridgelines. On the other hand, a coarse mesh resolution was
adopted in areas where the 2D flow is relatively uniform. Even
in areas with relatively coarse computational grids, a reasonable
representation of the swamp hydrodynamics is achieved due
to the HEC-RAS implementation of a sub-grid approach that
allows for a relatively coarse grid while capturing the finer
scale underlying topography (Brunner, 2016). To allow for flow
exchanges between the river and the swamp, the 1D (river) and
2D (swamp) parts of the model were coupled through lateral
connections represented in themodel as fictitious weir structures.
During the unsteady flow simulation, the solution algorithm
allows for direct feedback at each time step between the 1D
and 2D flow elements, which enables an accurate calculation of
headwater, tailwater, flow, and any submergence that occurs at
the hydraulic structure on a time-step-by-step basis.

Representation of Tributaries and Surface
Runoff
Along its main course, the Vermilion River receives runoff
contributions from 15 main tributaries and about 23 minor
lateral streams. Due to the absence of tributary streamflow
observations, the current study depended on readily-available
hydrologic simulations from the National Water Model (NWM)
Reanalysis to obtain tributary streamflow hydrographs. These
tributary hydrographs were then used to drive the hydrodynamic
model simulations (red and gray arrows in Figure 1). The
NWM is a modeling framework that depends on a fully
coupled surface/subsurface hydrological model called WRF-
Hydro (Gochis et al., 2018). The NWM uses diffusive wave
surface routing and saturated subsurface flow routing on a
250-m grid, and channel routing down the NHDPlus stream
reaches using the Muskingum-Cunge (MC) method (Shastry
et al., 2017). Only five major tributaries (Coulee Des Poches,
Coulee Mine, Coulee Isaac Verot, Coulee Ile Des Cannes, and
Anslem Coulee), were explicitly simulated in the hydraulic
model as 1D reaches (Figure 1). These specific tributaries were
selected since they play a key role in the river hydrodynamics.
Hydrographs were extracted from the NWM dataset at the
outlets of the lower-order streams of the five tributaries (gray
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arrows in Figure 1) and the outlets of the 10 main tributaries
that were not fully included in the hydrodynamic model (red
arrows in Figure 1). These hydrographs were then used to
drive the 1D hydrodynamic simulations of the five tributaries
and the main river. Examples of NWM hydrographs that were
used to enforce the hydrodynamic model are shown in the
Supplementary Material.

It is also noted that, besides the concentrated streamflow
hydrographs, additional overland streamflow hydrographs were
extracted from the spatially-distributed NWM outputs. These
were then provided as laterally-distributed hydrographs to the
1D reaches of the five tributaries and the main river to capture
overland surface runoff that drain directly to the channels (see
Supplementary Material for more details). Additional surface
runoff comes from direct rainfall over the Bayou Tortue swamps.
Since the swamps were represented in the model using a
2D setup, a rainfall-on-grid HEC-RAS approach was adopted
over the swamps. Rainfall data was available via the hourly,
spatially distributed (4 × 4 km2) Stage IV radar-rainfall product
(Eldardiry et al., 2015). Hourly Stage IV rainfall data were
extracted over each of the eight 2D swamp areas and used to drive
the 2D hydrodynamic simulations over the swamp domain.

Terrain and Land-Use Representation
A modified terrain model was developed for the Vermilion
River basin using a combination of cross sectional surveys,
high-resolution LiDAR-based Digital Elevation Models (DEM;
Cunningham et al., 2009), and detailed bathymetric surveys
for the river (USACE, 2015). To compensate for the inability
of the LiDAR technology to “see-through” the water surface
(Cook and Merwade, 2009), the LiDAR DEM and the riverine
bathymetry were merged to generate an improved terrain model
that includes the riverbed survey along the channel reaches
and the DEM data elsewhere in the model domain. The
merged terrainmodel was hydrodynamically-corrected following
Jarihani et al. (2015). Merging these elevation sources into a
single DEM, while keeping the priority for the local surveys and
river bathymetry in overlap areas, produces a base DEM that
is used in the hydraulic modeling and subsequent analysis of
dredging scenarios.

The Vermilion River watershed exhibits a significant
heterogeneity in the land-use and land-cover characteristics.
To reliably model the flood response of the watershed, the
2011 30-m National Land Cover Database (NLCD) (Homer
et al., 2015) was used to develop a lookup table that links each
NLCD grid cell with a representative value of the Manning’s
roughness coefficient. This allowed the model to incorporate a
spatially distributed representation for overland and channel
roughness characteristics.

Model Calibration
The model was calibrated using the May–June 2014 multi-storm
simulation period, while the results were tested under the August
2016 simulation period (Figure 2). Due to the lack of adequate
flow and stage observations in the basin, only a limited level
of model calibration was possible. A visual-based calibration
was performed to adjust the model parameters by focusing on

TABLE 1 | The four dredging scenarios considered for evaluation.

Modifications to river capacity Spatial extent of modifications

Partial Full

Modify channel dimensions Scenario (A)

27 km; 1.7 mm3

Scenario (C)

81.1 km; 3.0 mm3

Modify channel dimensions and bed slope Scenario (B)

27 km; 2.9 mm3

Scenario (D)

81.1 km; 7.5 mm3

The numbers reported for each scenario represent the length of the dredged reach (km)

and the volume of bed material that needs to be dredged (million cubic meters, mm3 ).

key attributes of the river flow regime during flood events (e.g.,
reverse flows, river-swamp flow exchanges, slow recession of
flood waves). The calibration was done primarily by adjusting
the Manning’s roughness coefficient in the channel reaches that
were simulated as 1D and the swamp areas that were simulated
as 2D. In channel reaches, the roughness coefficient was adjusted
for the main channel as well as for the overbanks. The calibration
focused primarily on simulating the magnitudes and timings of
flow and stage peaks at the two gauges. In calibrating the model,
special attention was given to re-produce the reverse flows that
were observed at the Surrey gauge, which is an indication of
the model’s ability to capture river-to-swamp flow exchanges.
Adjustments roughness coefficients were also spatially adjusted
over the swamp areas that were simulated using a 2D grid.
The adjustments were key in improving the model’s ability to
simulate the prolonged recession of the receding flood waves,
a typical behavior of the river during extreme events that is
attributed to swamp-to-river flow exchanges. More details about
the model performance and the calibration results are available in
Saad et al. (2020).

Description of Dredging Scenarios
To investigate the impact of dredging on flow regime within
the river, four different scenarios were considered. The scenarios
reflect different combinations of spatial extents and changes to
the dimensions of the river channel and its longitudinal slope
(Table 1 and Figure 4). These combinations also reflect a wide
range in the expected volume of the dredged material. Despite
the differences between the four dredging scenarios, they all share
some common features. All dredging scenarios intend to cut the
river cross-section to a 30-m width and side slopes of 2H:1V,
while maintaining the river alignment unchanged. These new
channel dimensions were based on navigation and flood control
criteria set by the Bayou Teche and Vermilion River Operations
and Maintenance project (USACE, 1995). In all scenarios, the
roughness coefficient was adjusted in the dredged sections to
reflect the expected improvement in channel irregularity and
bed roughness.

Dredging scenarios A and C focused on changing the channel
dimensions only, while scenarios B and D included changes to
both of the channel dimensions and the longitudinal bed slope.
Modifying the channel dimensions intends to dredge the river
bed to a fixed elevation of−3.35m, based on the North American
Vertical Datum of 1988 (NAVD 88), with a width of 30-m and
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FIGURE 4 | (Top) Bed elevation of the Vermilion River starting from its downstream intersection with the GIWW until its most upstream station. The bed elevation is

shown for the existing condition of the river (base scenario, black line in top panel) and the four dredging scenarios, A–D. (Middle) Shows a close-up view on the

dredging extents of scenarios A and B. A full description of the four dredging scenarios is presented in Table 1. Note that the existing bed elevation follows the

irregular bed profile and overlaps with some of the scenarios in certain reaches. (Lower) Show examples of cross section modified for dredging (solid lines indicate

the existing cross section while the dashed lines show the same section after dredging).

side slopes of 2H:1V (Figure 4). However, if the existing bed
elevation located within the intended dredging reach was already
lower than the −3.35-m elevation, which was the case for most
of the dredged reaches, the bed elevation is kept unchanged

while the new width is carved at the elevation of −3.35m. In
addition to increasing the channel cross-sectional dimensions,
scenarios B and D included grading the river bed to achieve a
downstream-oriented longitudinal slope (Figure 4).
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FIGURE 5 | Simulated flow hydrographs at three key stations along the Vermilion River (top: Surrey, middle: HWY733, bottom: Perry; see Figure 1 for specific

locations) during the May–June 2014 simulation period for the no-dredging baseline condition and the four dredging scenarios.

The study also examined two spatial extents of river dredging,
a partial dredging extent (scenarios A and B) and a full
dredging extent (scenario C and D). The “Full” spatial extent
applies dredging for the whole navigation reach of the river,
starting from its intersection with the GIWW in the south,
and extends north for 81.1 km where the Ruth Canal joins
the river. Alternatively, the “Partial” dredging extent covers
only 27 km of the river where it passes through the heavily-
urbanized areas within the City of Lafayette. The four dredging
scenarios capture different degrees of modifications to the
channel conveyance capacity and will allow a comprehensive
evaluation of impacts on flow regimes and flooding in the river
basin. Each dredging scenario will be tested separately using
the hydrodynamic numerical model under the 2014 and 2016
simulation periods. The results will then be compared against

those of a baseline scenario that represents the existing conditions
of the river geometry.

RESULTS AND DISCUSSION

This section presents the results of the hydrodynamic model
for the Vermilion River under the existing conditions (baseline
scenario) in addition to the four proposed dredging scenarios.
To isolate the effects of changing the river bathymetry, the
forcing boundary conditions, including the tributary inflow
hydrographs and tidal downstream boundary conditions, were
all kept the same in all scenarios including the baseline scenario.
This approach will allow for inter-scenario comparisons and
ensure that reflect only the effect of bathymetric changes due to
river dredging.
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FIGURE 6 | Simulated flow hydrographs at three key stations along the Vermilion River (top: Surrey, middle: HWY733, bottom: Perry; see Figure 1 for specific

locations) during the August 2016 simulation period for the no-dredging baseline case and the four dredging scenarios.

Effect on Flow Regime in the Main River
Figures 5, 6 show the simulated flow hydrographs at three key
locations along the Vermilion River for the two simulation
periods, May–June 2014, and August 2016. The three locations
(Surrey, HWY733, and Perry crossings) are selected in such
a way to reflect different flow regimes along the river (e.g.,
reverse flows, upstream and downstream conditions, water
surface gradients). These figures illustrate flow hydrographs from
simulating the baseline case (no dredging scenario), and those
from the four proposed dredging scenarios (Table 1). Prior to
discussing the effect of the different dredging scenarios, it is
necessary to discuss the flow regime in the river under the
existing conditions. TheVermilion River, under its current status,
tends to show reverse (negative) flow values at Surrey station
(top panels in Figures 5, 6) under moderate and extreme rainfall

storm events. These negative values indicate a reverse in flow
direction where the river starts to travel north and exchange
flows with the Bayou Tortue Swamp, rather than following its
normal course south toward the Gulf of Mexico. The specific
location where this flow inversion starts mostly depends on
the severity of the storm and the spatial distribution of the
rainfall over the watershed. This can be seen when comparing
the simulated flow hydrographs at HWY733 during May–June
2014 period (moderate 2–10-year events) and August 2016
period (extreme >100-year events). The results suggest that the
reach of the river where inversion in flow direction occurred
extended much further downstream to reach south of HWY733
during the more extreme August-2016 storm, while it was only
limited to shorter reaches during more moderate rainfall events.
The degree and spatial extent of the reverse flow are also
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FIGURE 7 | (Lower) Longitudinal profile of maximum water surface elevation (WSE) along the mainstem of the Vermilion River simulated under the baseline case

during the May–June 2014 simulation period. The existing river bathymetry is also shown (irregular line). (Top) Longitudinal profile of the differences between the

maximum WSE simulated under each dredging scenario and the baseline case.

apparent in the longitudinal water surface profiles shown later
in Figures 7, 8.

Generally, the different dredging scenarios appear to alter
the overall flow regime in the river, especially during moderate
storms, such as the May–June 2014 period. All dredging four
scenarios tend to reduce the reverse flows during the peak
period of the storm while increasing the positive flows during
the recession period. Despite differences in the spatial extent
and degree of channel modification across the four dredging
scenarios, the dredging activities tend to cause the main river
to flow in its normal course toward the Gulf of Mexico.
This is further evident in the simulated flow hydrographs at

HWY733 and Perry locations (Figure 5) which experience a
general promotion in the positive flow values. Increases in in
the magnitudes of downstream flows are also apparent in the
slow and elongated recession curve, indicating that the river is
now accepting more flows coming from the swamp system and
moving into the downstream direction.

The results under a more extreme storm (August 2016)
provide other interesting insights on how dredging can
significantly alter the flow regime in the river. Note that during
this extreme flooding event, the extent of the reverse flow
reached much further downstream (top and middle rows in
Figure 6) than during the 2014 moderate events. During the
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FIGURE 8 | (Lower) Longitudinal profile of maximum water surface elevation (WSE) along the mainstem of the Vermilion River simulated under the no-dredging

baseline case during the August 2016 simulation period. The existing river bathymetry is also shown (irregular line). (Top) Longitudinal profile of the differences

between the maximum WSE simulated under each dredging scenario and the baseline case.

August 2016 period, only the more aggressive Scenarios B and
D, which involve implementing downstream-sloped riverbed
grading, acted similar to the May–June 2014 period and reduced
reverse flows. On the other hand, the less aggressive dredging
Scenarios A and C showed an opposite behavior where some
increases in the reverse flows were obtained, indicating an
increase in the peak flows traveling north toward the Bayou
Tortue Swamp. The dredging approach of scenarios A and
C involve only enlarging the river cross-sectional dimensions
without any grading of the longitudinal bed slope as was done
in scenarios B and D. Apparently such approaches lead to an

increase in the in-channel storage capacity within the dredged
reach of the river without changes the bed slope. During extreme
events, such as the August-2016 event, the in-channel storage
of the river gets dominated by the amount of rainfall and thus
plays a less significant role in controlling the water surface
gradient. The runoff delivered to the river through its tributaries
overwhelm the river storage capacity and build a hydraulic
gradient that makes it easier for the river to travel in the reverse
direction toward the Bayou Tortue Swamp system.

The results clearly suggest that the dredging scenarios have
an effect on flow exchanges between the river and the swamp
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system that provide a valuable flood mitigation service for the
entire watershed (Saad et al., 2020). During the peak of the storm,
the river flows north into the swamp providing relief for the
downstream areas of the watershed. However, after the peak, the
large volumes of water that were diverted into the swamp start
to drain back into the river resulting in an extremely extended
recession of the hydrograph, which leaves the downstream
communities under high flood stages for several days. To further
examine the impacts of the different dredging scenarios on the
river-swamp interactions, hydrographs of flow exchange between
the river and the swamp were examined. These hydrographs (not
shown) were constructed by tracking the exchange flows through
the tributaries and lateral connections that connect the swamp
and the river (Figure 3). The results confirmed a significant
reduction in the volume of river-to-swamp flows by as much as
40–64% under scenario D and an increase in the swamp-to-river
outflows into the river by as much as 23%.

Effect on Water Surface Elevations (WSE)
in the Main River
Figures 7, 8 show longitudinal profiles of the maximum water
surface elevation (WSE) along the river during the two
simulation periods for the baseline scenario and the four
dredging scenarios. For better clarity, the results for the four
dredging scenarios are presented in the form of differences from
those of the baseline scenario. In general, the dredging scenarios
reduced water surface elevations along some reaches the river, but
to various degrees. During the August 2016 period, maximum
reductions in water surface elevation were 0.14, 0.22, 0.30, and
0.49m for dredging scenarios A, B, C, andD, respectively. Smaller
reductions (0.19, 0.21, 0.22, and 0.42m) were obtained during
the more-frequent storms of May–June 2014. The reductions are
more noticeable over the middle section of the river (∼river km
50 to river km 80). The reduction reached further downstream
(∼river km 5–20) under the most aggressive dredging scenario
D. Despite the overall reduction in WSE, it is interesting to see
that local dredging that doesn’t extend downstream enough (e.g.,
Scenarios A and B), althoughmay reduce water surface elevations
within the dredged reach, had actually triggered downstream
increases in water surface elevations during the May–June 2014
period where up to a 0.2m increase was observed in the last third
of the river (∼river km 10–45). During more frequent events,
spatially-limited increases in the in-channel storage of the river
offered localized relief to the water surface profiles but led to
a significant backup in water volumes and thus an increase in
downstream water surface elevations.

Interestingly, the results obtained from Scenario C, despite
being a full dredging scenario that extends for a longer distance
down the river, also showed some increase (∼0.15m) in the water
surface elevation in the last reach of the river (up to river km
25). Considering that Scenario C includes increasing the channel
dimensions only, the lack of any enhancements to the channel
bed slope as it approaches the Gulf didn’t allow the river to
benefit from the enlargement added to channel size. It is also
noted that channel size enlargement implemented in Scenario C
were actually much less needed in the last section of the river due

it its already existing large channel. The negative consequences
of increasing the water surface elevation were not obtained
under more extreme storm of 2016. This is simply because the
water elevations were already high and the large rainfall volumes
created their own gradients regardless of the channel slope or
its dimensions.

Effect on the WSE in the Tributaries
In addition to examining the impact of riverine dredging on
the main stem of the river, it is also of interest to assess the
propagation of such impacts into the tributaries that drain into
the river. To allow such examination, five of the main tributaries
that drain into the Vermilion River (Coulee Des Poches, Coulee
Mine, Coulee Isaac Verot, Coulee Ile des Cannes, and Anslem
Coulee) were explicitly modeled as part of the hydrodynamic
model. ThemaximumWSE profiles along two of these tributaries
(Coulee Ile des Cannes and Coulee Isaac Verot) are shown in
Figures 9, 10. Observations drawn from the profiles of these two
tributaries were found consistent for the other tributaries as well.

Compared to the results inside the main river, generally, a
lesser reduction in water stage across the tributaries are attained.
The Ile des Cannes tributary showed larger drops in water surface
elevation, both in magnitude and spatial extent. As expected,
the maximum WSE reduction occurred at the outlet of the
tributaries, with Scenario D showing the most WSE reduction
in both events. Scenario A and Scenario B showed the least
WSE reduction, similar to their in the main river. The reduction
in WSE propagated upstream into the coulees for relatively
limited distances of mostly ∼2 km and no more than 10–13 km.
The magnitude and spatial extent of the reduction within each
tributary is largely dependent on the longitudinal bed slopes
of each tributary and the hydraulic gradient during the flood
event. The most downstream reach of Coulee Ile des Cannes
is characterized by an average bed slope of 0.037%, while the
same reach in Coulee Isaac Verot exhibits a steeper average
bed slope of 0.084%. The WSE reduction apparently increases
in coulees that have milder slopes. Examining the hydraulic
gradient provides some additional insight. During the more
frequent storm, May–June 2014, the hydraulic gradient inside
the Isaac Verot tributary was estimated as 5.4% for the baseline
scenario, resulting in a minimal WSE reduction (0.015m) that
extended for a distance of <2 km under the most extensive
dredging scenario (Scenario D). However, the same tributary had
a milder hydraulic slope of 3% during the August 2016 extreme
event, and thus resulted in a larger reduction in water surface
elevation of 0.42m that extended slightly further upstream under
the same dredging Scenario D. Unlike Isaac Verot tributary,
the hydraulic gradient in the Ile des Cannes tributary, under
the baseline scenario, was 0.004 and 0.005% during the May–
June 2014 and August-2016 periods, respectively. As such,
these conditions resulted in larger reductions of 0.44 and
0.42m that extended for longer distances of 13 and 12.1 km,
respectively (Scenario D). The very flat bed slope for the Ile
des Cannes tributary diminished the effects of differences in the
hydraulic gradient between the periods of May–June 2014 and
August 2016.
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FIGURE 9 | (Lower) Longitudinal profiles of maximum water surface elevation (WSE) for the baseline case during the 2014 simulation period. The existing river

bathymetry is shown (irregular line). (Top) Longitudinal profile of differences between the maximum WSE of each dredging scenario and that of the baseline case.

Effect on Tidal Propagation
Modifications to the river channel are expected to affect the
propagation of tidal wave for rivers, such as the Vermilion
River, especially with its connectivity to the Gulf of Mexico
through the Vermilion Bay. To assess such potential effects, the
model simulations were used to quantify the tidal amplitudes
under the different dredging scenarios and compare them
to the existing baseline condition. Figure 12 illustrates the
maximum tidal amplitude along the main stem of the river
starting from its most downstream intersection with the bay.
The amplitudes shown in Figure 12 were calculated by taking
the difference between the maximum and minimum water
elevation at each cross section along the river over the temporal
span of the simulation period. However, this was performed
for the pre-storm period only and without including the
water stages during the main storm. The main reason for
doing so is to isolate the potential impact of the dredging

activities on the tidal hydrodynamics during non-flooding
conditions and without including the effects of the inland
rainfall storms.

The results (Figure 12) obtained under the baseline scenario
suggest that the tidal signal in the river is largely diminished
around 65–70 km from its outlet to the Gulf. Generally, the
results suggest that all dredging scenarios caused a significant
alteration in the tidal range along the course of the main
river. However, it is clear that dredging Scenario D has
the most significant impact in allowing the tidal signal to
propagate for longer distances upstream. Scenario D resulted
in a drastic increase in the tidal amplitude that extended
across the entire river, with an increase of as high as 1.8
times the magnitudes obtained under the baseline scenario.
This amplification extended for significant distances upstream
and as far as Surrey crossing, ∼73 km landward into the heart
of the City of Lafayette. Scenarios A, B, and C resulted in
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FIGURE 10 | (Lower) Longitudinal profiles of maximum water surface elevation (WSE) for the baseline scenario during the August 2016 simulation period; the existing

river bathymetry is shown (irregular line). (Top) Longitudinal profile of differences between the maximum WSE of each dredging scenario and the baseline case.

tidal amplitudes similar to the baseline condition, but with
some minimal attenuation in the downstream reaches of the
river [0–50 km]. Starting at ∼50 km and further north, an
inflection in the tidal propagation starts to occur and the
reach witnesses a relatively constant tidal amplitude that tends
to be higher than the baseline scenario. Such increases are
apparently triggered by the channel size enlargement and bed
grading involved in this middle reach under scenarios A, B,
and C. Also, the results shown in Figure 11 highlight the
value of the Bayou Tortue swamp as a coastal mitigation
measure. Along the river reach where it has interconnections
with the swamp (73–85 km), the maximum tidal wave height
dropped sharply, especially under dredging scenarios B and
D, which emphasizes the vital role of the swamp system in
attenuating the tidal wave. The swamp storage capacity and
its accessibility to the main river seems to have absorbed

the effect of the tidal signal and reduced its propagation
further upstream.

Effect on Inundation Extent and Duration
The impact of riverine dredging on flooding regime is further
examined by assessing the flood inundation along the main river
and its major tributaries. The maximum extent of flooded areas
that would occur for each dredging scenario and for the baseline
case were calculated during both simulation periods. The spatial
extent of flood inundation was estimated by comparing the
simulated water surface elevations and the LiDAR-based DEM.
For the river channel and tributaries that were modeled as 1-
D, a water surface model was developed by interpolating the
maximumwater stages at each cross-section on a grid that has the
same spatial extent and resolution of the DEM surface. In areas
that were simulated as 2D, the water surface grid is a direct output

Frontiers in Water | www.frontiersin.org 15 March 2021 | Volume 3 | Article 628829

https://www.frontiersin.org/journals/water
https://www.frontiersin.org
https://www.frontiersin.org/journals/water#articles


Saad and Habib Dredging Impact on Low-Gradient Rivers

FIGURE 11 | Propagation of tidal amplitude along the Vermilion River under the baseline case and each dredging scenario. Results are based on a non-flood period

(07/25/2016 to 08/08/2016) that precedes the August 2016 flood. The vertical gray lines depict the inlet locations of key tributaries along the Vermilion River.

of the hydraulic model and no extra interpolation was required.
After mosaicking the water surface grids estimated from 1D and
2D areas, the final water surface grid was overlaid onto the LiDAR
grid to calculate differences between the surfaces and delineate
the extent of the flood inundation. The results are summarized
by calculating the total inundated areas for the entire domain of
the river and its tributaries (Table 2). As expected, the dredging
scenarios resulted in some reductions in the inundated areas;
however, such reductions appear rather minimal. The results
report reductions in the flooded area in the order of (0.97–6.87
km2) and (0.48–2.29 km2) during the August 2016 andMay–June
2014 periods, respectively. It is interesting to contrast these rather
minimal reductions in inundation spatial extents vs. the more
noticeable reductions in the water surface profiles reported earlier
(∼0.4–0.5m reduction; Figures 7, 8). These results indicate that
the main river doesn’t necessarily fully control the actual extent
of inundation on adjacent floodplains, and further suggest that
floodwaters of the river are mostly contained within its own
main channel. These results are also consistent with the earlier
observations on the relatively small propagation of reductions
in the water surface elevation from the river into its tributaries
(Figures 9, 10).

Besides examining the spatial extent of inundation, it is
also of interest to examine the duration of inundation. This
becomes particularly relevant given the extreme slow recession of
flood waters in low-gradient rivers, such as the Vermilion River
(Figures 5, 6). The duration of inundation was quantified by
calculating the total number of hours each cell in the composite

spatial inundation grid experienced a positive water depth. The
number of hours were summed over the full duration of each
simulation period. When compiled over the entire domain of the
model, scenarios A, B, and C resulted in average reductions of
2–4 days in the inundation duration, while scenario D showed
average reductions of 4–6 days. Example of the results are
shown in Figures 12, 13 for selected areas within the model
domain. In these areas and depending on the dredging scenario,
the average reduction in inundation duration was in the range
of 9.5–28.6 and 6.7–33.3% for the May–June 2014 and the
August-2016 periods, respectively. Reductions as high as 6–8
days were obtained, especially with scenario D and in areas
around the City of Lafayette and before the river enters connects
to the Bayou Tortue Swamp system. Such results reveal that
while the dredging activities didn’t significantly reduce the
spatial extent of inundation, they seem to reduce the duration
of such inundations. The reduced inundation durations have
implications for communities who are impacted by flooding
conditions that last for several days after the peak of the storms.

CONCLUSIONS AND
RECOMMENDATIONS

This study investigated how large-scale channel modifications
via riverine dredging may alter flood dynamics in the Vermilion
River in southern Louisiana, a representative of low-gradient
tidally-influenced river systems. With the presence of large
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FIGURE 12 | Differences in inundation duration between the baseline case and each dredging scenario during the May–June 2014 simulation period.

TABLE 2 | Inundation areas estimated for each dredging scenario.

Approach Inundated area (km2)

May–June 2014 August-2016

Baseline 181.26 269.1

Scenario A 180.78 268.1

Scenario B 180.39 267.8

Scenario C 180.09 264.2

Scenario D 178.97 262.2

swamp system within its watershed, the river is characterized by
complex flow dynamics where frequent reverse (upstream) flows
occur allowing flood waters to travel upstream for temporary
storage in the swamps. The study examined the impacts of four

different dredging scenarios that represent varying degrees of
spatial extent and modifications to the channel cross section
and longitudinal bed slope. A hybrid 1D/2D numerical model
was used to simulate the impact of dredging activities on the
flow hydrodynamics along the main course of the river and
five of its major tributaries. The analysis was performed on two
flooding periods, May–June 2014 and August 2016, which are
classified as <10-year and >100-year storms, respectively. The
four different dredging scenarios were assessed by evaluating
key characteristics of the flow regime, including changes in flow
hydrographs at key locations, reductions in water surface profiles
and flood inundation, alterations to river-swamp interactions,
and impact on tidal amplitudes and propagation. The results
from each dredging scenario were compared against those
obtained under the existing no-dredging scenario.

Overall, the results suggest that a watershed-centered
approach, instead of a riverine-centered approach is needed
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FIGURE 13 | Differences in inundation duration between the baseline condition and each dredging scenario during the August 2016 simulation period.

for assessment of flood mitigation alternatives in such riverine
systems. The following conclusions can be formulated based on
the findings of the study:

1. The effect of large-scale riverine dredging on the flow
regime in the river and the resultant flood conditions is
highly controlled and modulated by inter-related and often
competing factors, such as extent of the dredging in both
volume and spatial coverage, flow exchanges between the
river and the inter-connected natural swamps, bed slopes
and hydraulic gradients, and the large volumes of runoff
contributions from river tributaries and how they compare to
induced changes to the river in-channel capacity.

2. Dredging scenarios that modified the river channel
modifications and the riverbed slope lead to significant
changes to the river flow regime. Overall, reverse river flows
that travel to the swamp during the peak period of the storms

were reduced. Such impacts have significantly altered the flow
exchanges between the river and the swamp and severed the
river-to-swamp inflows and increased the swamp outflows.
This is expected to affect the hydroperiod of the swamp
system and its residence time and may eventually affect its
viability as a natural ecosystem.

3. Dredging approaches that were spatially extensive and
included modifications to the river slope can result in sizeable
reductions in water surface profiles (40–50 cm) along the river
during flood conditions. However, such extensive dredging
brings significant increase in the amplitude and propagation
of the Gulf tidal wave that extended as far as 70 km inland.

4. While less-extensive, spatially-limited dredging approaches
can also reduce the water surface profiles to some extent (10–
30 cm), they tend to cause an increase in the water surface
elevations downstream of the dredged river reaches. Such
increases can extend over 20–40 km along the river, exposing
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downstream communities to increased flooding especially
during more frequent events.

5. The results reveal that while the dredging activities can
increase the hydraulic conveyance of the river system
and improve its drainage characteristics, the large runoff
volumes delivered by the contributing tributaries eventually
overwhelm the river and outweigh the added improvement
in terms of in-channel storage, thus reducing the anticipated
flood relief benefit expected from the dredging.

6. Reductions in water surface profiles in the Vermilion River
propagated along the tributaries that drain into the river, but
only to limited spatial extents. The degree of reduction inside
the tributaries was dependent on the hydraulic gradient and
longitudinal bed slopes of each tributary.

7. While there is evidence that dredging can increase channel
conveyance and reduce water levels inside the Vermilion
River, such reduction was not reflected in a parallel reduction
in the spatial extent of flood inundation boundaries under any
of the four dredging scenarios. On the other hand, reductions
in the duration of inundation were found to be substantial,
suggesting that while dredging didn’t significantly reduce
the maximum extent of inundation, it seems to reduce the
duration that flooded areas get inundated.

8. Generally, the results suggest that, regardless of the specific
scenario, dredging activities caused a noticeable alteration
in the tidal wave range along the river. Extensive dredging
scenarios caused a substantial amplification in the tidal signal
along the main course of the river, which can facilitate the
landward penetration of storm surges into the river.
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