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Figure 2‐1: a) Aerial photograph mosaic of Plum Island Sound (PIS) in northern Massachusetts, USA. b)
Conceptual inlet‐basin system Delft3D hydrodynamic, sediment transport, and morphologic
model domain and initial bathymetry. Initial bathymetry represents an approximately
equilibrium condition reached after a 1.5 m amplitude semi‐diurnal, sinusoidal tide was imposed
for several years of simulation time with a morphologic acceleration factor of 100. c) Water level
boundary condition for SLR case, consisting of a 1.5 m amplitude semi‐diurnal, sinusoidal tide
superimposed with a 5 mm/yr linear rate of seal level rise, and d) water level boundary
condition for control case, consisting of same tidal conditions with no SLR. ............................... 17
Figure 2‐2: Cumulative erosion (negative) and sedimentation (positive) for the control (no SLR) (a) and
5 mm/yr SLR (b) cases after 200 years of scaled morphologic simulation. .................................. 18
Figure 2‐3: Change in tidal inlet/basin morphological elements through time (b – e) with changing tidal
prism (a). a) Tidal Prism ‐ Volume of water passing through the inlet throat in each semi‐diurnal
tidal cycle during simulation for control and SLR cases. b) Cross‐sectional area of inlet throat
below the tidally‐filtered water surface elevation. c) Volume of sediment sequestered in the
ebb‐tidal delta through time, calculated as the positive volume between the delta bathymetry
surface and a surface created by projecting an “undisturbed” cross‐shore profile some distance
away from the inlet (see Dissanayake et al.,2011). d) Volume of tidal flats and channels through
time. Volume of channels is computed as the volume of water between the evolving tidal basin
bathymetric surface and the initial Mean Low Water datum at the inlet. Volume of tidal flats is
computed as the volume of sediment within the basin lying between the initial Mean Low Water
and Mean High Water datums (see Dissanayake et al., 2011). e) Mean water depth in basin at
high tide and low tide for the control (no SLR) and 5 mm/yr SLR cases. Initially, both simulations
have a much greater mean depth at low tide than high tide due to the deep channels and high
elevation tidal flats. With continued SLR without adequate sedimentation on tidal flats, mean
depths at high tide increase while mean depths at low tide decrease. For the SLR case,
increasing tidal prism associated with SLR. (a) is associated with increasing tidal inlet area (b),
increasing volume of sediment sequestered in the Ebb‐tidal delta (c) and transfer of sediments
from incising channels to accreting tidal flats (d). For the control case, the tidal prism, channel
volume, and tidal flat volume remain constant through time. Slight increases in inlet area and
ebb‐delta volume in the control case indicate that the initial basin configuration may not be fully
in morphodynamic equilibrium with the forcing tidal conditions. ................................................ 20
Figure 2‐4: Comparison of simulated tidal prism vs. inlet area (a) and total channel volume (b) through
time with empirical equilibrium relationships. a) compares the tidal inlet area below mean sea
level with the predicted equilibrium area as a function of tidal prism using the various empirical
coefficients reported in Stive & Rakhorst, 2008 (Stive & Rakhorst, 2008). b) compares the
volume of water in tidal channels below the mean lower water with the predicted equilibrium
volume as a function of tidal prism using the high and low coefficients for Dutch tidal basins
reported in Eysink, 1990 (Eysink, 1990). ........................................................................................ 21
Figure 2‐5: Peak ebb‐ and flood‐directed a) channel‐averaged velocity and b) sediment flux through the
inlet. Plot a) indicates that the peak ebb‐directed channel‐averaged velocity through the inlet is
initially greater than the peak flood‐directed velocity. During the first 100 years of SLR, both
ebb‐directed and flood‐directed velocities increase, with flood peak currents exceeding ebb
peaks at approximately year 75. In the control case, peak currents are relatively constant, so
that ebb‐directed peaks remain greater. Since the transport of non‐cohesive sediment is a
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higher‐order function of velocity (van Rijn, 1993) the trends in peak velocities in plot a) are
magnified in the plot of peak ebb‐ and flood‐directed sediment fluxes (plot b). The shift to
higher magnitude flood‐directed flux with SLR indicates a shift from net sediment export to
import with SLR. c) Cumulative sediment transport (total and per sediment fraction) rate
through the inlet for the control (no SLR) and 5 mm/yr SLR cases. Positive values indicate
sediment export while negative values indicate sediment import. The SLR case is represented by
solid lines while the control case uses lighter, dashed lines of the same color. The cumulative
transport time series has been filtered to remove tidal fluctuations so that the plotted rates
reflect residual transport. .............................................................................................................. 23
Figure 2‐6: Residual sediment transport patterns in the backbarrier basin at simulation start (a) and end
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Figure 2‐7: a) Stage‐Velocity curves through time at a point within a backbarrier tidal channel. The
location of the point is indicated by the circle while the positive, ebb‐tide direction is noted with
the arrow in panel b. The curves are plotted for a single tidal cycle occurring near the start of the
simulation (10 years) and in subsequent years until simulation end (200 years). c) Duration of
slack tide periods before the ebb and flood portions of the semi‐diurnal tidal cycles at the basin
tidal inlet through time. Durations were computed with the channel‐averaged velocity at the
inlet transect plotted in panel d with the ebb direction as indicated. .......................................... 27
Figure 3‐1: a) Aerial photograph mosaic of Plum Island Sound (PIS) in northern Massachusetts, USA. b)
Conceptual inlet‐basin system Delft3D hydrodynamic, sediment transport, and morphologic
model domain and initial bathymetry. c) high‐resolution hydrodynamic and morphologic model
grid, nested within coarse‐resolution wave model grid with offshore wave boundaries. Initial
bathymetry represents an approximately equilibrium condition reached after a 1.5 m amplitude
semi‐diurnal, sinusoidal tide and 0.25 m significant wave height, 6 second peak period wave at
75° N was imposed for several years of simulation time with a morphologic acceleration factor
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Figure 3‐2: Tracks of NACCS synthetic storms (Cialone et al., 2015) simulated in study. Simulated storm
surge and wave parameters used to develop boundary conditions for the conceptual
morphology model were extracted at Save Point 6825 noted in the figure. ................................ 44
Figure 3‐3: Plot of boundary conditions for a selected storm and surge/tide phasing scenario. a) water
level, developed by superimposing a 1.5 m sinusoidal tide with the NACCS study simulated
storm surge at the neg3hr phasing scenario, zero moment wave height, and peak wave period
(extracted from NACCS STWAVE simulations). b) corresponding wave and wind direction (° N)
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Figure 3‐4: Zones used to track provenance of transported sediment, shown along with initial model
bathymetry contours. For each size fraction (e.g. fine sand), five different sediment classes
corresponding to each provenance zone were simulated, enabling tracking of the sediment
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Figure 3‐5: a) Initial bathymetry for conceptual inlet‐basin system Delft3D hydrodynamic, sediment
transport, and morphologic model for storm simulations that include Sea Level Rise. Initial
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sedimentation that occurred during the long‐term sea level rise simulation. The erosion and
sedimentation correspond to the differences between model bathymetries used in the current‐
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conditions simulations (see Figure 3‐1) and the future, with SLR simulations. c) Water level
boundary condition for long‐term SLR simulation, consisting of a 1.5 m amplitude semi‐diurnal,
sinusoidal tide superimposed with a 20 mm/yr linear rate of seal level rise. This simulation also
included a constant offshore wave boundary condition of 0.25 m significant wave height, 6
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Abstract
Barrier islands are widespread and typically enclose landward basins connected to the ocean
through tidal inlets. Low energy in the basin enables fine sediment accumulation and salt marsh
formation. Sea Level Rise (SLR) causes loss of marshes due to their low elevations and inundation
sensitivity. Both long‐term trends in sediment supply due to SLR and episodic transfers of sediment due
to storms are important to the sustainability of marshes and tidal basins. The trajectory of deltas,
including the Mississippi River Delta (MRD), are also impacted by sediment supply. The redistribution of
sediments (autogenic reorganization) within transgressive systems will determine their survival under
projected SLR regimes (allogenic forcing). In this research, I investigate the processes driving sediment
exchange and morphologic evolution on multiple timescales with process‐based numerical models.
Chapter 2 focuses on the long‐term response of tidal basin systems to SLR. With SLR,
hydrodynamics shift to flood‐dominant while the ebb‐delta expands. Despite the shift to residual sand
import, fine sediment continues to be exported. In Chapter 3, net sediment fluxes due to storms at a
conceptual basin are analyzed to determine the influence of relative phasing of tides and surges and
storm characteristics. In Chapter 4, this work is extended by applying similar storms to a model of Plum
Island Sound (PIS) in Massachusetts. Each of these models applies a unique approach to bed sediment
partitioning to determine imported sediment provenance. Results show that surge/tidal phasing has a
high influence on sediment fluxes. For the conceptual basin, storms were found to generally import
sediment, while the influence of SLR on sediment flux depends on surge/tidal phasing. For the PIS
model, storms are an important source of sand for the sediment‐starved basin, though on net storms
are unable to counteract the ebb‐dominance that exports muddy sediments. Chapter 5 investigates the
efficacy of enhanced sediment supply for land‐building sediment diversions in the MRD. Results show
that augmenting sand supplied to the delta during low flows is effective in increasing land building.
Greater sediment supply encourages more‐frequent autogenic reorganization of the distributary
channel network, with wider distribution of sediments and greater reworking.

Keywords: tidal basins, sea level rise, tidal asymmetry, tropical cyclones, deltas, sediment supply
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Chapter 1: Introduction
Barrier Islands are widespread across the earth’s coastlines, found most commonly along low‐
gradient continental margin coasts where sufficient wave energy and sediment supply enable their
formation (Davis Jr & FitzGerald, 2009). Barriers typically enclose landward basins, connected to the
coastal ocean through tidal inlets. Low wave energy within the basin enables the accumulation of fine
sediment and the proliferation of salt‐tolerant vegetation species with biophysical feedbacks that are
critical for their formation and persistence. Ongoing Sea Level Rise (SLR) is associated with significant
marsh loss in varied locations, and their low elevations and sensitivity to inundation make salt marshes
and their productive ecosystems particularly vulnerable to climate change impacts (Fagherazzi et al.,
2012; FitzGerald et al., 2008; Kirwan et al., 2016).
Rising global sea levels due to climate change have already been observed during the 20th
century (Church & White, 2011; IPCC, 2007), with recent acceleration and future projections set to
increase risks to coastal areas. Under several future emissions scenarios, global sea levels are projected
to rise by 0.3 to 2.5 m by the year 2100 (with higher regional rise along the U.S. East and Gulf coasts),
increasing coastal flooding and storm hazards for the significant population living in coastal regions
(Sweet et al., 2017), with the world’s deltas being particularly vulnerable (Syvitski et al., 2009). SLR will
affect the physical and ecological environment of coasts by dramatically altering marshes, beaches, tidal
inlets, and barrier islands through redistribution of sediment (FitzGerald et al., 2008). Quantifying the
physical response of coastal systems to SLR remains one of the most important tasks within the fields of
coastal geology and engineering.
The evolving spatial extents and elevations of tidal basin salt marshes with SLR are
fundamentally linked to the tidal inlet and enclosing barrier island system morphology (FitzGerald et al.,
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2007). In the Mississippi River Delta (MRD), transgression of abandoned delta lobes has formed several
barrier island systems fronting interdistributary bays (Penland et al., 1988), and high Relative Sea Level
Rise (RSLR) and marsh loss that is no longer counteracted by river floodplain sedimentation continues to
impact barrier stability (FitzGerald et al., 2007). At previously abandoned sub‐deltas of the MRD,
transgression with RSLR erodes deltaic headlands and reworks sediment from the retreating shoreline
(Coleman, 1988; Kulp et al., 2005; Penland et al., 1988). As a result of this intervention in the cycle, as
well as natural processes such as subsidence, sub‐aerial land in the delta has been lost at a rate of 44
km2/year over the last several decades (Coleman & Gagliano, 1964; Kim et al., 2008; Wells & Coleman,
1987). The isolation of deltaic wetlands from the river reduced mineral sediment deposition on the
marsh platform, and hence limits the ability of wetlands to offset subsidence (Day et al., 2007; Gagliano
et al., 1981; Penland et al., 1990). With continued coastal erosion, the communities, habitats, and
economic activities of the MRD are becoming increasingly vulnerable (Peyronnin et al., 2013).
Located in the MRD, Barataria Basin is exposed to one of the highest RSLR rates in the United
States and has experienced significant loss of backbarrier wetlands over the past century (FitzGerald et
al., 2007; Georgiou et al., 2005). Loss of backbarrier wetlands has increased the tidal prism, thereby
enlarging the volume of the ebb delta and dimensions of the inlet throat. Increases in sand reservoirs of
tidal shoals are at the expense of adjacent barrier island littoral cells, resulting in enhanced
transgression of the deteriorating barrier chain (FitzGerald et al., 2008).
Plum Island Sound is a tidal basin enclosed by Plum Island and Castle Neck barrier islands,
connected to the mixed‐energy, tide‐dominated (mesotidal) Merrimack Embayment in northern
Massachusetts through the Parker River tidal inlet (FitzGerald & Van Heteren, 1999; Hein et al., 2012).
Tidal saltmarshes occupy most of the PIS backbarrier zone (Wilson et al., 2014). Inorganic sediment
supplies to the PIS estuary are very limited, threatening the continued vertical accretion of high and low
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marsh platforms with SLR (Farron et al., 2020; FitzGerald & Hughes, 2019). The anticipated conversion of
much of the high marsh platforms to low marsh with SLR will require increased mineral sediment
deposition to maintain intertidal elevations (FitzGerald et al., 2020). The barrier coasts of New England
and the MRD are similar in that the processes responsible for their formation and primary sediment
supply, glaciation (Hein et al., 2012) and deltaic avulsion (Kulp et al., 2005), respectively, have largely
ceased such that their trajectories are dictated by the redistribution of existing headland, basin, and
marine sediments.
The sustainability of backbarrier marshes depends on sediment supplied from residual sediment
fluxes into or out of the basin and the redistribution of externally or internally sourced sediments onto
the marsh platform (Kirwan et al., 2010; Krone, 1987; Leonardi et al., 2018; Mariotti & Canestrelli, 2017;
Reed, 1995; Temmerman et al., 2004). Sediment fluxes through tidal inlets as well as backbarrier tidal
channels are integrative metrics from which net sediment budgets and transport mechanisms can be
inferred (Ganju et al., 2013). Both long‐term trends in sediment supply (i.e. decadal RSLR) (FitzGerald et
al., 2006) and episodic transfers of sediment due to storms (Castagno et al., 2018; Leonardi et al., 2018;
Miner et al., 2009) are important to the morphology and, ultimately, the sustainability of marshes and
their supporting tidal basins into the future (Ganju et al., 2015). The trajectory of larger systems,
including the interconnected distributaries, bays, basins, and barriers of the MRD are similarly impacted
by sediment supply (Blum & Roberts, 2009). The redistribution of sediments (autogenic reorganization)
within transgressive systems will ultimately determine their survival under projected SLR regimes
(allogenic forcing).
Greater understanding of the underlying processes responsible for this redistribution is critical
for predicting SLR impacts to the coast, including the human populations, economic activities, and
productive ecosystems they support, and for thoughtfully implementing restoration, stabilization, or risk
3

reduction projects to mitigate SLR impacts. Though hydrodynamics and sediment transport in coastal
systems are becoming increasingly measurable, practical limitations on the spatial and temporal
resolutions of field‐surveyed data limit the degree to which process links can be established for longer
time scales (FitzGerald et al., 2007). Physics‐based numerical models are allowing for increasingly
sophisticated representation of coastal hydrodynamics and morphology over timescales relevant to
barrier island transgression and tidal basin submergence, offering opportunities to link process
causation to long term development (Geleynse et al., 2010; van der Wegen, 2013). My research is
conducted by developing process‐based numerical models of coastal systems to investigate the
processes driving sediment exchange and morphologic evolution on multiple timescales.
This dissertation is organized into three main topics: the long‐term response of tidal basins to
SLR, the impact of tropical cyclones on sediment fluxes at tidal basins, and an investigation of delta
development under enhanced sediment supply scenarios as a strategy for sustainable restoration of
transgressive coasts. Chapter 2 focuses on the first topic of long‐term hydrodynamic and morphologic
response of tidal inlet, basin, and ebb‐delta systems to SLR. Chapters 3 and 4 focus on the second topic
of sediment fluxes in similar tidal basin systems during tropical cyclones. In chapter 3, part I of this work
is presented where the same conceptual basin from Chapter 2 is used for a suite of storm simulations
with varying surge/tidal phasing and SLR scenarios; in chapter 4, part II is presented where a limited set
of storms and surge/tidal phasing alternatives from part I are now applied in a model of the Plum Island
Sound tidal basin system. Chapter 5 then focuses on the third topic, investigating the efficacy of
enhanced sediment supply in land‐building sediment diversions in the MRD. The dissertation is
structured such that each chapter is independent, containing background, methods, results, discussion,
and conclusions specific to the topic addressed. Finally, chapter 6 summarizes the research and
reiterates the conclusions from previous chapters.
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Chapter 2: Long‐term response of a tidal inlet, basin, and ebb‐delta
system to sea level rise
2.1 Introduction
During the 20th century, global (eustatic) Mean Sea Level (MSL) rose at a rate of approximately
2 mm/yr. Under several future emissions scenarios, sea levels are projected to rise by 0.18 to 0.59 m by
2100, increasing coastal flooding and storm hazards for the significant population living in coastal
regions (Church et al., 2013; IPCC, 2007; Kopp et al., 2016; Sweet et al., 2017). With continued coastal
population growth and accelerating Sea Level Rise (SLR), communities, economic activities, and habitats
in the coastal zone are increasingly threatened by inundation and storm impacts. SLR will affect the
physical and ecological environment of coasts by altering the expanse of marshes (Fagherazzi et al.,
2012; FitzGerald & Hughes, 2019; Schuerch et al., 2018), eroding beaches (Ranasinghe et al., 2009),
enlarging tidal inlets (Dissanayake et al., 2012; Stive & Rakhorst, 2008; Van Goor et al., 2003), and
reducing the size of barrier islands through supply disruption and redistribution of sediment (FitzGerald
et al., 2008). Quantifying the physical response of coastal systems to SLR remains one of the most
important tasks within the fields of coastal geology and engineering.
Barrier chains, approximately comprising 10% of the world’s coastlines (Stutz & Pilkey, 2011),
consist of sandy islands separated by tidal inlets that allow water, sediment, and nutrient exchange
between the backbarrier environment and coastal ocean. Tidal currents maintain a channel by removing
wave‐deposited sand and by building ebb‐ and flood‐tidal deltas seaward and landward of the inlet
throat, respectively. Both inlet cross‐sectional area and the volume of sand comprising the ebb delta
shoal positively correlate to tidal prism (Jarrett, 1976; O’Brien, 1931, 1966; Stive & Rakhorst, 2008;
Walton & Adams, 1976). Loss of backbarrier wetlands due to rising sea level increases tidal prism,
thereby enlarging the size of the inlet (Jarrett, 1976; O’Brien, 1966) and the volume of the ebb delta
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(Walton & Adams, 1976). Increased accommodation space in the backbarrier and a shift to flood
dominance promote the formation and enlargement of a flood‐tidal delta (Boon & Byrne, 1981).
Increases in sand reservoirs of tidal shoals are at the expense of adjacent barrier island littoral cells,
resulting in shoreline erosion and transgression (FitzGerald et al., 2008).
Physical and ecological marsh vegetation processes influence the degree to which backbarrier
marshes submerge with SLR (Kirwan et al., 2016; Morris et al., 2002; Mudd et al., 2010). The net vertical
accretion of a tidal marsh plain is controlled by deposition on the marsh surface, below‐ground plant
production, erosion from the marsh surface, and below‐ground decomposition (French, 2006; Kirwan et
al., 2010; Morris et al., 2002). SLR in backbarrier marsh environments has the immediate effect of
increasing both the depth and flooding hydroperiod of each tidal cycle by magnitudes dependent on the
SLR amount and existing tidal range (Reed, 1995). The response of the marsh surface to increased
flooding and its ultimate ability to keep pace with the SLR rate depends highly on the organic content of
the marsh soil substrate and corresponds to the relative importance of organic or mineral sedimentation
in the particular tidal environment (Krone, 1987; Morris et al., 2002; Mudd et al., 2010; Reed, 1995).
Marshes can keep pace with sea level if the suspended sediment in the incoming tide inundating the
marsh is sufficiently high to augment organic soil production (Kirwan & Temmerman, 2009; Mudd,
2011). Using an ensemble of marsh platform elevation models, Kirwan, et al. (2010) found that marsh
submergence occurred in a range of environments under SLR rates exceeding site‐dependent critical
thresholds that are a function of tidal range and sediment supply and that microtidal or suspended
sediment supply‐limited sites will submerge even for modest SLR projections (Kirwan et al., 2010). The
current landward extents of many tidal basin saltmarshes are anthropogenically or geologically
constrained such that upland migration with SLR is limited (Schile et al., 2014). In such cases, processes
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that reduce the lateral extents of marshes like wave‐induced edge erosion could continue such that
decline in backbarrier marsh area is irreversible (Mariotti & Fagherazzi, 2013).
The density of tidal channels dissecting marsh surfaces and the cross‐sectional area of individual
channels is positively correlated to the tidal prism of the basin as a whole and the local prism flowing
through creek transects (D’Alpaos et al., 2010; Eysink, 1990). SLR increases tidal prism directly by adding
additional flow cross‐sectional area at the inlet and back‐basin water volume with increased water
depth. The corresponding increase in flow through the drainage network raises current speeds which
then incise creeks and promote erosion at creek edges, preserving the equilibrium relationship between
local prism and creek cross‐section. Additionally, increased shear stresses at channel edges and termini
promote new tributary initiation and headward erosion that together expand the creek network
(D’Alpaos, 2005). At particular marsh sites, rapid headward erosion of tidal channels with high SLR can
be aided by vegetation collapse and bioturbation (Hughes et al., 2009; Wilson et al., 2014). Channel
network incision and expansion liberate sediments that become available for deposition on adjacent
marsh surfaces, tidal flats, or proximal bays.
Tidal asymmetry refers to the differences in magnitude and duration of ebb and flood tidal
currents, produced by distortion of the sinusoidal tidal wave as it propagates into tidal basins. Distortion
of the tidal wave can occur when the mean basin water depth is small such that the geometry of tidal
channels and resulting flow patterns are significantly different between high and low tides (Dronkers,
1986). If the tidal wave is distorted and the flooding and ebbing periods are no longer equal, the
transport of the same volume of water during a shorter period necessitates a higher flood or ebb
velocity. The nonlinear dependence of suspended sediment transport of coarse sediments on velocity
ensures that slight asymmetries in velocities produce residual transport such that a basin is on average
importing sediment if tides are flood‐dominant and exporting sediment if tides are ebb‐dominant
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(Dronkers, 1986; FitzGerald et al., 2008). The net residual flux of fine sediment is more dependent on
slack‐water duration variations than asymmetries in maximum current speed. While coarse sediment
suspended load responds immediately to changes in tidal velocities, fine sediments only settle from
suspension during longer periods of low current speeds (Dronkers, 1986; Postma, 1967). Flood‐
dominant residual fine sediment transport is promoted if the channel depth decreases in the flood
direction or if the velocity variation is slower near the slack before ebb than near the slack before flood.
This effect can be counteracted by wind waves, which keep greater amounts of sediment in suspension
during the slack before ebb when tidal flats are flooded (Dronkers, 1986).
For short basins with lengths much less than the tidal wavelength, the tidal wave is reflected at
the basin landward limits such that the waveform is closer to a standing wave. For this situation, non‐
linear effects produce a larger flow acceleration at low water than at high water. Friction dissipates
some of the tidal energy and reduces the amplitude of the reflected wave, making the resultant wave‐
form partly‐progressive (Dronkers, 1986). In these short basins where phases and water levels are
approximately constant throughout the basin at a particular time, variations in the wetted area and
channel cross‐sectional areas with water level affect slack water duration asymmetries in different ways
depending on the geometry of the tidal channel‐flat system. When channels are particularly deep and
intertidal storage areas are at higher elevations, the relative increase in storage surface vs. channel
conveyance is greater with rising water levels, favoring longer slack water before flood. When channels
are shallow and intertidal storage areas are low relative to tidal datums, the relative increase in channel
conveyance vs. storage surface is greater, favoring longer slack water before ebb. The former basin
geometry type favors fine residual fine sediment export, while the latter favors import. If large areas of
the basin are composed of higher elevation intertidal storage, variations in the ebbing wave propagation
speed over deeper channels and shallower flats keeps water levels higher over the flats relative to the
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channels during the final stages of ebb. This water surface gradient promotes higher magnitude ebb‐
velocities that result in residual ebb‐transport of coarse sediment as well (Dronkers, 1986).
If basin morphologic changes due to SLR are neglected, SLR will gradually increase the water
depths in the backbarrier during all portions of the tidal cycle. While the change in depth in channels will
be relatively small due to the already large initial depth, depths over marsh surfaces will increase by
relatively large values as inundation periods increase. The increased depth over intertidal areas at high
tide decreases frictional effects and allows for faster propagation of the flood crest wave within the
basin (Friedrichs & Aubrey, 1988). While depths would continue to increase in the channels, the relative
change compared to conditions before SLR is small and the effect of friction on ebbing flows within the
channels are unlikely to change significantly. With faster propagation of the flood wave, there will be a
smaller discrepancy between flooding and ebbing periods so that ebb‐dominance is reduced. The
further loss of intertidal storage area due to marsh submergence and reduction in lateral extents due to
enhanced edge‐erosion processes would serve to re‐establish the natural flood‐dominance of a
progressive wave (due to non‐linear effects) or short‐basin, co‐oscillating wave (due to frictional‐effects)
(Dronkers, 1986; Friedrichs & Aubrey, 1988).
With a shift from ebb‐ to flood‐ dominance, the increase in peak flood‐currents relative to ebb‐
currents in the inlet throat and within backbarrier channels will lead to the residual, flood‐directed
transport of coarse sediments. With tidal asymmetry favoring a flood‐dominant residual current, sand
brought to the inlet via wave‐driven, longshore transport will increasingly be imported into the basin,
creating a sink in the long‐term sediment balance of the coastal cell comprising the inlet and adjacent
shorelines (FitzGerald et al., 2008). The changes in basin hydrodynamics with SLR, driven largely by the
relative increases in mean depths over intertidal storage areas compared to the increase in channels,
would also affect the durations of slack water periods before ebb and flood (Dronkers, 1986). A basin
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with deep channels and high flats will initially favor export of fine sediment since the duration of slack
water periods before flood is greater than before ebb, allowing a greater proportion of the fine
suspended sediment load to settle and deposit out of the basin than within. With SLR, the basin will
eventually transition such that slackwater periods before ebb are longer and more fine sediment can be
deposited within the basin.
The response of tidal inlet and basin systems to SLR has previously been investigated with both
semi‐empirical, behavior‐based and hydrodynamic and sediment transport process‐based models (de
Vriend et al., 1993). Several researchers have applied a sediment equilibrium model aggregating
morphologic response into volume changes of tidal flats, inlet channel, ebb‐delta, and adjacent coast
elements (de Vriend et al., 1994; Stive et al., 1998). Applied at two inlets to the Dutch Wadden Sea, the
model predicts that increasing SLR rates induce a disequilibrium in element volumes that is
compensated by an expanding inlet and erosion of interior flats and the ebb‐tidal shoal (Van Goor et al.,
2003). Additional research has focused on process‐based, morphologic models of conceptual tidal basins
with varying geometries (Dissanayake, Roelvink, et al., 2009; van der Wegen & Roelvink, 2008). With a
highly schematized model of the Ameland Inlet, Dissanayake et al. (2012) found that the initially flood‐
dominant hydrodynamics are enhanced with SLR resulting in cumulative sediment import, with sand
supplied partially from the eroding ebb‐delta. Despite consistent sediment import, the tidal channel
network and flats can only adequately accrete to keep pace with SLR for the lower tested rates.
Simulated morphologies show the development of relatively deep, narrow back‐barrier tidal channels
with multiple dominant ebb‐channels dissecting the ebb‐tidal delta (Dissanayake et al., 2012;
Dissanayake, Ranasinghe, et al., 2009). Van Maanen et al. (2013) simulated the development of a
laterally unconstrained inlet‐basin system with SLR and varying tidal ranges. Results show enhanced
tidal prism increase due to the lateral expansion of inundated areas produces consistent growth of ebb‐
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delta shoals with SLR, though trends in the direction of residual sediment transport (import or export)
were found to vary with tidal range (van Maanen et al., 2013). Longer‐term (millennial scale) modeling
of a conceptual, elongated estuary by van der Wegen (2013) focused on tidal asymmetries and
longitudinal morphology with SLR. All tested SLR scenarios shift the basin from exporting to importing
sediment, consistent with developing overtides associated with asymmetry (Friedrichs & Aubrey, 1988),
though at rates insufficient to prevent the loss of basin intertidal area (van der Wegen, 2013). Recent
work by Zhang et al. (2020) modeled SLR effects on sediment budgets in Plum Island Sound,
Massachusetts, finding that SLR enhanced marsh sedimentation while increasing ebb‐dominance and
sediment export (Zhang et al., 2020). Other work tested the impacts of imposed marsh loss on six tidal
basins along the U.S. East Coast, finding a positive feedback whereby marsh loss reduced the sediment
trapping efficiency of remaining marshes and enhances ebb‐dominance (Donatelli et al., 2020).
This research quantifies links between SLR and the hydrodynamic and morphologic response of
tidal inlet/basin system features, similar to the previous work detailed above, but differs in the basin
geometry and sediment characteristics. Through numerical modeling, we provide a quantitative link
between the expected morphological behavior (based on empirical, equilibrium relationships) and
expected hydrodynamic behavior (developed from theoretical studies), with emphasis on the varying
responses of coarse and fine sediments. When imposing SLR on the conceptual inlet/basin system
examined here, we expect that an expanding inlet reduces friction and alters the propagating tidal wave,
increasing accommodation space as well as shifting currents from ebb‐ to flood‐dominant. Tidal prism
increase due to SLR and back‐barrier morphologic changes results in increased sand sequestration in
ebb‐ and flood‐ tidal deltas, removing sediment from adjacent barrier littoral cells.
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2.2 Methods
Though hydrodynamics and sediment transport in coastal systems are becoming increasingly
measurable, practical limitations on the spatial and temporal resolutions of field‐surveyed data limit the
degree to which process links can be established for longer time scales (FitzGerald et al., 2007). Physics‐
based numerical models are allowing for increasingly sophisticated representation of coastal
hydrodynamics and morphology over timescales relevant to barrier island transgression and tidal basin
submergence, offering opportunities to link process causation to long term development (Geleynse et
al., 2010; van der Wegen, 2013). In this research, a numerical model is developed that includes relevant
morphologic features in the barrier/tidal basin system and the processes that drive sediment exchange
and morphologic evolution. The Delft3D software package is an ideal platform for model development,
with robust numerical solutions for the shallow water Navier‐Stokes equations governing tidal flow, bed
level changes due to transport gradients of cohesive and non‐cohesive sediments, and morphological
up‐scaling techniques that extend the practical time horizons of simulations (Lesser et al., 2004;
Partheniades, 1965; Roelvink, 2006; van Rijn, 1993).
Sediment exchange and process interactions between morphological elements in the tidal
basin/barrier island system are investigated with an idealized basin model so that relationships can
more easily be quantified. This modeling study investigates both hydrodynamics and evolving
morphology over decadal to century timescales, complementing spatially‐ and temporally‐ limited field
studies of natural systems subject to additional long‐term processes (e.g. changes in sediment supply,
anthropogenic modifications) that complicate interpretation. The model is forced by an offshore tidal
signal superimposed with varying SLR scenarios. The evolving inlet and basin hydrodynamics are tracked
with time‐series outputs of backbarrier water level and inlet throat tidal currents. Sediment volume
change for the morphological elements are calculated using bathymetric surface differencing, and
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sediment exchange between the basin and open coast is tracked using integrated fluxes through the
inlet.
The conceptual inlet‐basin system Delft3D hydrodynamic, sediment transport, and morphologic
model domain and initial bathymetry are shown in Figure 2‐1b. The initial bathymetry represents an
approximately equilibrium condition reached after a 1.5 m amplitude semi‐diurnal, sinusoidal tide was
imposed for several years of simulation time with computed sediment fluxes to and from the bed scaled
up by a factor of 100 (Delft3D MORFAC feature – see Roelvink, 2006). With an undistorted tidal signal
imposed at the model boundaries, any developing asymmetries are due to variations in the inlet and
basin geometry with water level (Dronkers, 1986). Both the basin dimensions and tidal environment
approximate the characteristics of typical mixed‐energy, mesotidal systems along the U.S. New England
coast (FitzGerald et al., 2002), such as Plum Island Sound shown in Figure 2‐1a. Basin extents are fixed,
mimicking the anthropogenic infrastructure that limits lateral migration of many coastal wetlands
(Schuerch et al., 2018). Simulated tidal channels are general deeper than those found in prototype tidal
basins, but are consistent with experimental channels generated using similar methods (Dissanayake,
Roelvink, et al., 2009).
The basis for this research consists of two hydrodynamic and morphologic simulations: a SLR
case where a 5 mm/yr linear SLR is superimposed on the 1.5 m amplitude semi‐diurnal, sinusoidal tide,
and a control case with the same tidal boundary conditions without SLR representing stillstand, early
Holocene conditions (Donnelly, 2006). The elevations of the Mean Low Water (MLW), Mean Sea Level
(MSL), and Mean High Water (MHW) tidal datums during the SLR and control simulations are shown in
Figure 2‐1c and Figure 2‐1d, respectively. While previous modeling studies of inlet and basin response to
SLR used a single, representative sand fraction (Dissanayake et al., 2012; van der Wegen, 2013; van
Maanen et al., 2013), the current study employs three sediment classes: 200 μm d50 fine sand, 64 μm
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d50 non‐cohesive coarse silt, and cohesive clay with a fall velocity of 2.5e‐4 m/s (corresponding to an
approximate d50 of 20 μm assuming Stokes’ settling (van Rijn, 1993)).
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Figure 2-1: a) Aerial photograph mosaic of Plum Island Sound (PIS) in northern Massachusetts, USA. b) Conceptual inlet-basin
system Delft3D hydrodynamic, sediment transport, and morphologic model domain and initial bathymetry. Initial bathymetry
represents an approximately equilibrium condition reached after a 1.5 m amplitude semi-diurnal, sinusoidal tide was imposed for
several years of simulation time with a morphologic acceleration factor of 100. c) Water level boundary condition for SLR case,
consisting of a 1.5 m amplitude semi-diurnal, sinusoidal tide superimposed with a 5 mm/yr linear rate of seal level rise, and d)
water level boundary condition for control case, consisting of same tidal conditions with no SLR.

2.3 Basin Hydrodynamic and Morphologic Response to SLR
With SLR, morphological development of the basin/inlet system is as predicted by equilibrium
relationships (O’Brien, 1931, 1966; Stive & Rakhorst, 2008; Walton & Adams, 1976) assuming that the
tidal prism continues to grow. Figure 2‐2 shows the cumulative erosion and sedimentation after 200
years of upscaled morphologic simulation for the control, no SLR case (a) and the 5 mm/yr SLR case (b).
The inlet and backbarrier channels deepen, while accretion occurs on backbarrier tidal flats and at the
margin of the expanding ebb‐tidal delta. With the increasing low‐ and high‐tide levels due to SLR
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together with the basin morphologic changes, the intertidal area decreases by approximately 13%
during the simulation.

a)

control

b) SLR

Figure 2-2: Cumulative erosion (negative) and sedimentation (positive) for the control (no SLR) (a) and 5 mm/yr SLR (b) cases
after 200 years of scaled morphologic simulation.

Further comparison between the morphological development of the control and SLR case are
based on changes in aggregated parameters for geometry and volume changes of morphological
elements (Dissanayake et al., 2011; Stive et al., 1998) through time (shown in Figure 2‐3 below). Along
with the tidal prism and inlet cross‐sectional area, these parameters also form the basis for empirically‐
derived equilibrium relationships for tidal basins (de Vriend et al., 1994; Stive & Rakhorst, 2008). These
functional relationships between tidal prism and inlet area, ebb‐delta volume, tidal channel volume, and
tidal at volume have proved useful in predicting the aggregate response of basins to SLR and other large‐
scale disturbances (Dissanayake et al., 2011; van Dongeren & Vriend, 1994).
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For the SLR case, increasing tidal prism associated with SLR (Figure 2‐3a) is associated with
increasing tidal inlet area (Figure 2‐3b), increasing volume of sediment sequestered in the Ebb‐tidal
delta (Figure 2‐3c) and transfer of sediments from incising channels to accreting tidal flats (Figure 2‐3d).
Results conform to established equilibrium relationships (Eysink, 1990; Jarrett, 1976; O’Brien, 1966;
Walton & Adams, 1976) and the conceptual model of FitzGerald et al. (2008) where the increasing tidal
prism produces an expanding inlet, ebb‐tidal delta, and channel system and a decrease in volume of
tidal flats (FitzGerald et al., 2008). With no external sediment sources, the inlet and channel incision
provide material for ebb‐delta and tidal flat accretion. For the control case, the tidal prism, channel
volume, and tidal flat volume remain constant through time. Slight increases in inlet area and ebb‐delta
volume in the control case indicate that the initial basin configuration may not be fully in
morphodynamic equilibrium with the forcing tidal conditions, since adaptation timescales of tidal basins
to external conditions could be on the order of millennia (van der Wegen et al., 2010). Comparisons of
predicted morphologic parameters using empirical functions of tidal prism (Eysink, 1990; Stive &
Rakhorst, 2008) in Figure 2‐4 show that the simulated inlet throat is larger than expected, while the total
volume of tidal channels initially falls within predicted ranges. The larger inlet area is consistent with the
overprediction of inlet incision, potentially due to the neglected wave‐driven nearshore inlet sediment
supply; however, backbarrier channels where near shore processes have less influence indicate an
aggregate basin morphology that is consistent with natural mesotidal systems (Eysink, 1990).

19

Tidal Prism [m3 ]

1.3

a)
1.2
control
SLR

1.1
1
0.9

2

Inlet Area [m2 ]

×108

×104

b)

1.9

control
SLR

1.8
1.7

3.6

×107

c)

3.5
3.4

control
SLR

3.3
3.2
3.1

7

×107

d)

6.5

control-V channels
control-V flats
SLR-V channels
SLR-V flats

6
5.5

Mean Basin Depth [m]

Channel-Flat Volume [m3 ] Ebb-Delta Volume [m3 ]

1.6

5
0
6

50

100

150

200

e)

5

control-Low Tide
control-High Tide
SLR-Low Tide
SLR-High Tide

4

3
0

50

100

150

200

Morphologic Timescale [years]
20

Figure 2-3: Change in tidal inlet/basin
morphological elements through time (b –
e) with changing tidal prism (a). a) Tidal
Prism - Volume of water passing through
the inlet throat in each semi-diurnal tidal
cycle during simulation for control and SLR
cases. b) Cross-sectional area of inlet
throat below the tidally-filtered water
surface elevation. c) Volume of sediment
sequestered in the ebb-tidal delta through
time, calculated as the positive volume
between the delta bathymetry surface and
a surface created by projecting an
“undisturbed” cross-shore profile some
distance away from the inlet (see
Dissanayake et al.,2011). d) Volume of
tidal flats and channels through time.
Volume of channels is computed as the
volume of water between the evolving tidal
basin bathymetric surface and the initial
Mean Low Water datum at the inlet.
Volume of tidal flats is computed as the
volume of sediment within the basin lying
between the initial Mean Low Water and
Mean High Water datums (see
Dissanayake et al., 2011). e) Mean water
depth in basin at high tide and low tide for
the control (no SLR) and 5 mm/yr SLR
cases. Initially, both simulations have a
much greater mean depth at low tide than
high tide due to the deep channels and
high elevation tidal flats. With continued
SLR without adequate sedimentation on
tidal flats, mean depths at high tide
increase while mean depths at low tide
decrease. For the SLR case, increasing
tidal prism associated with SLR. (a) is
associated with increasing tidal inlet area
(b), increasing volume of sediment
sequestered in the Ebb-tidal delta (c) and
transfer of sediments from incising
channels to accreting tidal flats (d). For the
control case, the tidal prism, channel
volume, and tidal flat volume remain
constant through time. Slight increases in
inlet area and ebb-delta volume in the
control case indicate that the initial basin
configuration may not be fully in
morphodynamic equilibrium with the forcing
tidal conditions.
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Figure 2-4: Comparison of simulated tidal prism vs. inlet area (a) and total channel volume (b) through time with empirical
equilibrium relationships. a) compares the tidal inlet area below mean sea level with the predicted equilibrium area as a function
of tidal prism using the various empirical coefficients reported in Stive & Rakhorst, 2008 (Stive & Rakhorst, 2008). b) compares
the volume of water in tidal channels below the mean lower water with the predicted equilibrium volume as a function of tidal
prism using the high and low coefficients for Dutch tidal basins reported in Eysink, 1990 (Eysink, 1990).

As the morphology of a system is shaped by the hydrodynamics and resulting sediment
transport patterns, Figure 2‐5 compares the peak velocities and sediment fluxes through the inlet.
Figure 2‐5a indicates that the peak ebb‐directed, channel‐averaged velocity through the inlet is initially
greater than the peak flood‐directed velocity. During the first 100 years of simulation with SLR, both
ebb‐directed and flood‐directed velocities increase, with flood peak currents exceeding ebb peaks at
approximately year 75. In the control case, peak currents are relatively constant, so that ebb‐directed
peaks remain greater. Since the transport of non‐cohesive sediment is a higher‐order function of
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velocity (van Rijn, 1993), the trends in peak velocities in Figure 2‐5a are enhanced in the plot of peak
ebb‐ and flood‐directed sediment fluxes (Figure 2‐5b). The shift to higher magnitude flood‐directed flux
with SLR indicates a shift from net sediment export to import with SLR.
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Figure 2-5: Peak ebb- and flood-directed a)
channel-averaged velocity and b) sediment flux
through the inlet. Plot a) indicates that the peak
ebb-directed channel-averaged velocity through
the inlet is initially greater than the peak flooddirected velocity. During the first 100 years of
SLR, both ebb-directed and flood-directed
velocities increase, with flood peak currents
exceeding ebb peaks at approximately year 75.
In the control case, peak currents are relatively
constant, so that ebb-directed peaks remain
greater. Since the transport of non-cohesive
sediment is a higher-order function of velocity
(van Rijn, 1993) the trends in peak velocities in
plot a) are magnified in the plot of peak ebband flood-directed sediment fluxes (plot b). The
shift to higher magnitude flood-directed flux with
SLR indicates a shift from net sediment export
to import with SLR. c) Cumulative sediment
transport (total and per sediment fraction) rate
through the inlet for the control (no SLR) and 5
mm/yr SLR cases. Positive values indicate
sediment export while negative values indicate
sediment import. The SLR case is represented
by solid lines while the control case uses lighter,
dashed lines of the same color. The cumulative
transport time series has been filtered to remove
tidal fluctuations so that the plotted rates reflect
residual transport.
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While Figure 2‐5b only shows the peak values of total sediment flux for each tidal cycle, Figure
2‐5c analyzes the cumulative flux through the inlet during the full simulations. Figure 2‐5c plots the
slope of the tidal‐filtered, cumulative sediment transport (total and per sediment fraction) through the
inlet for the control (no SLR) and SLR cases. Positive values indicate residual sediment export while
negative values indicate sediment import. For the control case, the constant, positive slopes indicate
continued sediment export for all sediment fractions and in total. For the SLR case, the fine sand and
coarse silt fractions and total transport directions shift from initially exporting sediment from the basin
to importing sediment with continued simulation time and associated SLR, while the clay fraction
continues to be exported. The continued export of cohesive sediment with SLR is an important finding,
indicating an enhanced vulnerability of backbarrier salt marshes dependent on the supply of fine
suspended sediments for mineral accretion (Fagherazzi et al., 2012; Kirwan et al., 2010; Reed, 1995;
Temmerman et al., 2004). The shift in non‐cohesive fractions and sum of all fractions net transport
direction is indicative of a shift in the tidal asymmetry from ebb‐ to flood‐dominant, while slack‐tide
asymmetry continues to favor fine sediment export (Dronkers, 1986).
The shift from net sediment export to sediment import with SLR through the inlet is also
observed in backbarrier tidal creeks (Figure 2‐6). Here, residual sediment transport patterns in the
backbarrier basin at simulation start and end are shown, with the residual value computed over 28 semi‐
diurnal cycles. Initially before substantial SLR has occurred, residual transport in the main tidal channels
is directed towards the inlet. At simulation end after approximately 1 m of cumulative SLR, residual
transport in the main tidal channels is directed basinward, indicating a net transfer of sediment into the
farther reaches of the basin.
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a)

b)

Figure 2-6: Residual sediment transport patterns in the backbarrier basin at simulation start (a) and end (b). Residual was
computed as the average during 28 semi-diurnal tidal cycles.
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The conceptual tidal basin is considered short, such that the water surface is nearly horizontal
within the basin during the full tidal cycle. Horizontal tidal velocity is 90 degrees out of phase with the
water level fluctuations so that slack tides occur approximately simultaneously with the high and low
tides. This lack of progressive wave character enables a simplified framework for examining tidal
asymmetry (Dronkers, 1986) based on the classic work of Dronkers, 1986.
For both the SLR and control cases, the basin is initially ebb‐dominant, with ebb‐dominance
persisting in the control case. The basin is characterized by deep channels and relatively high tidal flats.
This initial morphology (referred to as Type I by Dronkers) produces a basin spatial‐mean depth that is
greater at low tide than at high tide, favoring ebb‐dominance with higher ebb‐directed tidal currents
(Brown & Davies, 2010; Dronkers, 1986; Fortunato & Oliveira, 2005; Ridderinkhof et al., 2014b). Figure
2‐3e plots the mean basin water depth at low and high tides through time for the control and SLR cases.
Initially, both simulations have a much greater mean depth at low tide than high tide due to the deep
channels and high elevation tidal flats. With continued SLR without adequate sedimentation on tidal
flats, mean depths at high tide increase while mean depths at low tide decrease, reducing the mean
depth differential that favors ebb‐dominance.
In Type I basins, the tidal wave propagates faster in the deep channels than on the shallow flats,
leading to a strong current during the last stage of the ebb‐period when slower flat drainage produces
higher water surface gradients. This process is visible in the relationship between stage and velocity in a
backbarrier creek (see Figure 2‐7a). The peak ebb‐directed currents occur near the avg. tidal flat
elevation of +0.5 m throughout the simulation, when tidal flats are nearly fully drained after high tide.
Peak flood currents, however, occur with higher stages when flats are already inundated. While
extensive intertidal storage remains even in later years of the simulation, increased water depths over
the flats with SLR reduce frictional effects that slow the propagation of high water, thereby reducing
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ebb‐dominance (Friedrichs & Aubrey, 1988; Speer & Aubrey, 1985). The continued inlet incision similarly
reduces ebb‐currents, as the ebb‐directed residual current (Stokes return flow) generated by the Type I
geometry are applied over an expanding inlet area (Ridderinkhof et al., 2014a).

a)

b)

c)

d)

Figure 2-7: a) Stage-Velocity curves through time at a point within a backbarrier tidal channel. The location of the point is
indicated by the circle while the positive, ebb-tide direction is noted with the arrow in panel b. The curves are plotted for a single
tidal cycle occurring near the start of the simulation (10 years) and in subsequent years until simulation end (200 years). c)
Duration of slack tide periods before the ebb and flood portions of the semi-diurnal tidal cycles at the basin tidal inlet through
time. Durations were computed with the channel-averaged velocity at the inlet transect plotted in panel d with the ebb direction
as indicated.

For short tidal basins without significant frictional effects, the acceleration around slack tide is
proportional to the basin area and inversely proportional to the rate of change of channel cross‐
sectional area. For a Type I basin (deep channels and high, extensive flats), acceleration is higher at high
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tide and the slack before ebb than at low tide and slack before flood, favoring a longer slack before flood
duration and fine sediment export (Dronkers, 1986). While the increasing inundation depth over the
extensive tidal flats with SLR shifts the basin away from the idealized Type I (favoring import of fine
sediments), a counteracting effect reduces this tendency. Sediment import occurs when more fine
sediment can settle out of the water column over tidal flats with longer slack before ebb duration
(Postma, 1967). With SLR, the depth over the tidal flats is continually increasing, decreasing the amount
of sediment that can be deposited due to increasing settling time with depth.
Figure 2‐7c plots the duration of slack tide periods before the ebb and flood portions of the
semi‐diurnal tidal cycles at the basin tidal inlet through time. For both cases, the duration of slack tides
before flood remain longer than the slack tides before ebb through the full simulation. With a longer
time period when sediment‐laden water is outside of the basin and confined to interior tidal creeks with
no flat inundation, increased settling of fines from the water column can occur. Persisting throughout
the simulation, this discrepancy in slack tide durations promotes the continued export of fine sediments
seen in the control and SLR cases (see Figure 2‐5c). The presence of wind‐generated waves within the
basin (a process neglected in this model formulation) would serve to further promote fine sediment
export by reducing deposition over shallow tidal flats during the slack period before ebb (Dronkers,
1986; van der Wegen et al., 2011), while offshore waves would create a more‐realistic ebb‐delta
morphology characterized by an arc‐shaped bar (FitzGerald, 1996).
The impacts of vegetation on flow routing and sediment transport are also neglected in the
current model, though results from previous work aid in determining the implications of this
simplification. Vegetation would colonize on tidal flats and enhance fine sediment deposition such that
mean elevations would increase (Morris et al., 2002; Mudd et al., 2010). Accretion of existing marsh
plains and subtidal flats to elevations conducive to vegetation colonization is highly dependent on the
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suspended sediment concentrations in the inundating tide (Mudd, 2011). If temporal patterns of tidal
distortion persist with the presence of vegetation, the continued fine sediment export would gradually
reduce the supply available for deposition within vegetation patches (Donatelli et al., 2018; Krone, 1987;
Temmerman et al., 2004), leading to increased inundation and a similar, if delayed, morphologic
response to SLR. A similar effect was demonstrated using a model of a tide‐dominated, funnel‐shaped
estuary with eroding salt marshes, where the presence of vegetation on tidal flats decreased the export
of fine sediments (Li et al., 2018).
Higher flat elevations relative to the rising mean high water level, however, could maintain the
Type I basin behavior continually as channels deepen without increased flat inundation. Vegetation
would likely enhance channel erosion with SLR (Kearney & Fagherazzi, 2016; Temmerman et al., 2007)
such that prism and ebb‐tidal delta volume growth continue. The additional eco‐geomorphic processes
that determine the rate of marsh flat accretion relative to SLR rates are site specific (Kirwan et al., 2016;
Reed, 1995) and could promote flat submergence or persistence in the modeled conceptual basin, with
corresponding impacts to the evolution of tidal asymmetries and ebb‐/flood‐dominance.
Results indicating a shift from sediment export to import with SLR are counter to the recent
finding of a positive feedback whereby marsh loss reduces the sediment trapping efficiency of remaining
marshes and enhances ebb‐dominance (Donatelli et al., 2020). In the Donatelli et al. (2020) work, the
authors conclude that reduced marsh area decreases the sediment supply to remaining marshes;
however, this conclusion is only based on a reduction in backbarrier deposition of suspended clay
manually released in the backbarrier water column with increasing marsh loss. While their study
modifies the inlet area to accommodate the increasing tidal prisms, cross‐sectional increases are
achieved through widening without inlet incision; conversely, our study shows that inlet incision reduces
ebb‐dominance. Furthermore, their study neglects to expand backbarrier tidal channels with tidal prism
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increases (D’Alpaos et al., 2010), though larger tidal creeks would reduce the changes to basin filling
efficiency that drive their conclusions on evolving basin asymmetry (Donatelli et al., 2020). Our results
show that all morphologic elements of the tidal basin system evolve with increasing tidal prism and
imposing static bathymetry for certain elements may prevent expected shifts in tidal asymmetry.
The Friedrichs and Aubrey (1988) framework for determining ebb‐flood dominance based on
relative M4 and M2 tidal constituent phase (Friedrichs & Aubrey, 1988) is inconsistent with our
assessment of asymmetry based on peak velocities and cumulative coarse sediment flux; while the
Donatelli et al., (2020) work shows that basins tend towards ebb‐dominance with expanding prism
based on the relative constituent phasing, it is unclear whether asymmetries in tidal currents or
sediment fluxes follow the same trends. Finally, our results are consistent with the Donatelli et al.
finding of increasing basin fine sediment export with expanding tidal prism; however, the sediment
budget of our system also includes coarser sediments that are liberated from the bed with tidal inlet
incision and imported into the basin. Their presence in Plum Island Sound peat deposits (FitzGerald et
al., 2020) shows that imported silts and sands could contribute to marsh mineral accretion.

2.4 Conclusions
In simulating the hydrodynamic and morphologic response of a conceptual, tidal inlet, basin,
and ebb‐delta system to SLR, the conceptual model (FitzGerald et al., 2008) based on a series of
empirical equilibrium relationships has been confirmed. The process‐based model reproduces the basin
trajectory (measured by aggregate morphologic parameters) that is positively correlated with tidal
prism, simulating all but the final, barrier‐disintegration stage of FitzGerald’s runaway transgression
conceptual model. With SLR, the basin hydrodynamics shift from ebb‐ to flood‐ dominance due to
changing basin hypsometry. Accretion on tidal flats does not keep pace with SLR, reducing the channel ‐
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flat variation in tidal wave propagation speed at high tide that promotes higher peak ebb‐velocities. The
reductions in intertidal area with SLR create a negative feedback, while the expanding ebb‐tidal delta
and shift from exporting to importing coarser sediment will sequester increasing volumes of sediment
from within the nearshore littoral zone.
Contrary to previous studies of meso‐tidal systems, results show an expanding ebb‐tidal delta
with SLR. This additional sediment sink at the ebb‐delta introduced into the inlet‐barrier sediment
balance would increase the long‐term vulnerability of the adjacent barriers to breaching and
submergence. Different sediment classes respond differently despite a hydrodynamic shift from ebb‐to
flood‐dominant. Coarse sediments shift from exporting to importing, while fine sediments are
continually exported. Continued loss of fine mineral sediment to the open coast further threatens
backbarrier marshes whose persistence depends on fine sediment supply.
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Chapter 3: Tidal and storm surge interaction controls sediment
exchange in meso‐tidal systems
3.1 Introduction
Barrier chains, approximately comprising 10% of the world’s coastlines, consist of sandy islands
separated by tidal inlets that allow water, sediment, and nutrient exchange between the backbarrier
environment and coastal ocean (Stutz & Pilkey, 2011). Tidal currents maintain a channel by removing
wave‐deposited sand and by building ebb‐ and flood‐tidal deltas seaward and landward of the inlet
throat, respectively. During the 20th century, global (eustatic) Mean Sea Level (MSL) rose at a rate of
approximately 2 mm/yr. Under several future emissions scenarios, sea levels are projected to rise by
0.18 to 0.59 m by 2100, increasing coastal flooding and storm hazards for the significant population
living in coastal regions (IPCC, 2007; Kopp et al., 2016; Sweet et al., 2017). With continued coastal
population growth and accelerating Sea Level Rise (SLR), communities, economic activities, and habitats
in the coastal zone are increasingly threatened by inundation and storm impacts. SLR will affect the
physical and ecological environment of coasts by dramatically altering marshes, beaches, tidal inlets,
and barrier islands through redistribution of sediment (FitzGerald et al., 2015). Loss of backbarrier
wetlands due to rising sea level increases tidal prism, thereby enlarging the volume of the ebb delta and
dimensions of the inlet throat. Increased accommodation space in the backbarrier promotes the
formation and enlargement of a flood‐tidal delta. Increases in sand reservoirs of tidal shoals are at the
expense of adjacent barrier island littoral cells, resulting in shoreline erosion and transgression
(FitzGerald et al., 2007, 2008, 2004; FitzGerald & Pendleton, 2002).
Tidal asymmetry, produced by distortion of the sinusoidal tidal wave as it propagates into tidal
basins, alters the magnitudes and durations of ebb and flood tidal currents (Dronkers, 1986). The
nonlinear dependence of suspended sediment transport of coarse sediments on velocity ensures that
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slight asymmetries in velocities produce residual transport such that a basin is on average importing
sediment if tides are flood‐dominant and exporting sediment if tides are ebb‐dominant (Dronkers, 1986;
Friedrichs & Aubrey, 1988). Sediment fluxes through tidal inlets as well as backbarrier tidal channels are
integrative metrics from which net sediment budgets and transport mechanisms can be inferred. Ganju
et al. (2013) found that an unstable system will export sediment (due to marsh edge erosion and
drowning) while a stable system will import sediment that preserves channel, flat, and marsh
geomorphology under SLR (Ganju et al., 2013), though subsequent work highlighted additional factors
that determine the relationship between suspended sediment and stability including external sediment
sources (Ganju et al., 2015). While the long‐term morphology of tidal inlet and basin systems is heavily
influenced by the tidal hydrodynamics and asymmetries (Dronkers, 1986; FitzGerald et al., 2008, see
also Chapter 2), episodic impacts from intense storms can contribute further to residual fluxes into or
out of the basin and influence the morphologic trajectory of the basin.
The sustainability of backbarrier marshes depends on the on the residual sediment flux into or
out of the basin, and the redistribution of externally or internally sourced sediments onto the marsh
platform (Leonardi et al., 2018). While the importance of storms to basin sediment budgets has been
established, their particular impacts to residual transport to or from salt marsh – tidal creek systems are
varied; some work has documented sediment export while others have documenting import, with or
without substantial deposition onto marshes (Leonardi et al., 2018). Net sediment flux direction and
magnitude due to storms has been shown to vary due to system geometry, sediment availability,
biogeomorphology, and individual storm event characteristics (Castagno et al., 2018; Ganju et al., 2017,
2013; Li et al., 2019; Nowacki & Ganju, 2018). While infrequent storm events contribute significantly to
salt marsh vertical accretion as sediment redistributed within the tidal basin is deposited on marsh
plains (Schuerch et al., 2013), marsh edge erosion can reduce lateral extents (Mariotti & Fagherazzi,
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2010, 2013). While tropical cyclones can have significant, event‐based morphologic impacts (Bendoni et
al., 2019), they are less important to the persistent edge erosion of backbarrier salt marshes than more
frequent, moderate storms (Leonardi et al., 2018; Trosclair, 2013). Still, marsh edge erosion during
intense storms can increase sediment export under typical tidal conditions, both due to morphological
changes that impact tidal asymmetries and enhanced sediment supply due to increased wave action on
tidal flats. This positive feedback loop between marsh erosion and sediment export could reduce the
long‐term resiliency of estuarine marshes (Li et al., 2019).
Sand import and deposition on flood‐deltas during large storms is an important process that
helps to maintain backbarrier marshes and tidal flats (FitzGerald et al., 2002). Ganju et al. (2015) found
that the measured net sediment fluxes in similar, nearby systems can be dominated by tidal processes
or episodic events, while recommending that methods to distinguish fluxes between internal or external
sediment sources would improve estimates of system stability (Ganju et al., 2015). In shallow, micro‐
tidal systems, wind‐driven resuspension and circulation during infrequent storms significantly impact
net sediment fluxes (Nowacki & Ganju, 2018). In a modeling study of the system of bays, barrier islands,
and inlets of coastal Virginia, Castagno et al. 2018 concludes that intense storms import sediment into
basins, and the relative magnitude of sediment import is influenced by the storm duration and surge
magnitude (Castagno et al., 2018). The authors find that import is not universal for all sediment classes;
however, as mud and very fine sand are imported while the coarser sand tends to be exported. While
their research shows that intense storms increase the long‐term stability of tidal bays (Castagno et al.,
2018), there is little exploration of the mechanisms by which storms import sediment.
Further, marsh platform inundation and sediment delivery rely on prolonged flooding during a
storm, which can be influenced by timing of high tide and storm peaks (Rego & Li, 2009) and further
alter sediment fluxes, as do the various storms characteristics (e.g., approach angle, track, intensity,
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speed and size) (Castagno et al., 2018; Rego & Li, 2009). Intensity of tropical cyclone activity has been
increasing in the North Atlantic, and some research has predicted increasing storm intensity in the
future due to climate change (Knutson et al., 2010). Despite anticipated impacts to both storm
characteristics and tidal basin hydrodynamics and morphology (FitzGerald et al., 2007, 2006, 2008) due
to climate change and SLR, there has been little research on how storm impacts on basin sediment
fluxes may change in the future. The influence of the relative phasing of tides and surges, often of
similar magnitudes on portions of the United States East Coast, has also not been previously explored in
detail. Here we evaluate the role of storms characteristics, the timing between the storm surge peak
with high tide, and SLR on storm net sediment fluxes and sediment provenance using a morphologic
model.

3.2 Methods
3.2.1 Conceptual Delft3D Model
In this research, a numerical model is developed that includes relevant morphologic features in
the barrier/tidal basin system and the processes that drive sediment exchange and bed level change
during storms. Storm impacts on basin hydrodynamics, sediment transport, and exchange between
morphologic elements are investigated with an idealized basin model so that relationships and storm
responses can be more easily quantified. The model hydrodynamic and morphologic grid consists of an
elongated basin of approximately 15 km by 5 km (with 50 m resolution) and a 30 km alongshore by 10
km cross‐shore section of the nearshore, nested within a 60 km by 15 km coarse resolution (500 m)
wave grid (see Figure 3‐1). The Delft3D software package is an ideal platform for model development,
with robust numerical solutions for the shallow water Navier‐Stokes equations governing tidal flow,
spectral wave generation, propagation, and transformation in shallow water according to the Simulating
Waves Nearshore (SWAN) wave model, bed level changes due to transport gradients of cohesive and
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non‐cohesive sediments, and morphological up‐scaling techniques that extend the practical time
horizons of simulations (Booij et al., 1999; Lesser et al., 2004; Partheniades, 1965; Roelvink, 2006; van
Rijn, 1993).
The conceptual inlet‐basin system Delft3D hydrodynamic, wave, sediment transport, and
morphologic model domain and initial bathymetry are shown in Figure 3‐1b. The initial bathymetry
represents an approximately equilibrium condition reached after a 1.5 m amplitude semi‐diurnal,
sinusoidal tide along with a 0.25 m significant wave height, 6 second peak period wave at 75° N was
imposed for several years of simulation time with computed sediment fluxes to and from the bed scaled
up by a factor of 50 (Delft3D MORFAC feature – see Roelvink, 2006). With an undistorted tidal signal
imposed at the model boundaries, any developing asymmetries are due to variations in the inlet and
basin geometry with water level (Dronkers, 1986). Both the basin dimensions and tidal environment
approximate the characteristics of typical mixed‐energy, mesotidal systems along the U.S. New England
coast (FitzGerald et al., 2002), such as Plum Island Sound shown in Figure 3‐1a. Basin extents are fixed,
mimicking the anthropogenic infrastructure and other geologic controls that limit upland migration of
many coastal wetlands (Schuerch et al., 2018). The initial model bathymetry and tidal hydrodynamics
produced by the long‐term simulation with stationary, constant wave‐climate boundary conditions are
broadly consistent mixed‐energy, tide‐dominated basins (Hayes, 1979) with well‐developed ebb‐ and
flood‐tidal deltas (J. B. Smith & FitzGerald, 1994) and ebb‐dominant tidal asymmetries that export
sediment under typical tidal conditions (FitzGerald et al., 2002).
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a)

b)

c)

Figure 3-1: a) Aerial photograph mosaic of Plum Island Sound (PIS) in northern Massachusetts, USA. b) Conceptual inlet-basin
system Delft3D hydrodynamic, sediment transport, and morphologic model domain and initial bathymetry. c) high-resolution
hydrodynamic and morphologic model grid, nested within coarse-resolution wave model grid with offshore wave boundaries.
Initial bathymetry represents an approximately equilibrium condition reached after a 1.5 m amplitude semi-diurnal, sinusoidal tide
and 0.25 m significant wave height, 6 second peak period wave at 75° N was imposed for several years of simulation time with a
morphologic acceleration factor of 50.

3.2.2 Synthetic Storm Simulations
To investigate the effects of large storms on the system, surge, wind, and wave boundary
conditions associated with storms that could impact the New England mixed‐energy, mesotidal systems
of interest are required. As an alternative to historic storms impacting the region, where complete
measurements of concurrent wind, wave, and water level data may be unavailable, synthetic storms
simulated for the United States Army Corps of Engineers (USACE) North Atlantic Coast Comprehensive
Study (NACCS) (Cialone et al., 2015) were used in this study. Within the NACCS modeling framework, a
series of coupled, ocean basin‐scale to nearshore models were used to simulate environmental forcings
associated with a suite of synthetic tropical storms, establishing the joint probability of coastal storm
hazards for use in flood risk planning. The synthetic tropical storms for simulation in NACCS were
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selected to be representative of the hurricane climatology in each location of the study region using the
Joint Probability Method with Optimum Sampling (JPM‐OS) methodology (Nadal‐Caraballo et al., 2015;
Resio et al., 2007).
From the full suite of modeling results available for all simulated storms, a subset of 10 storms
were selected for use in this study. Model results for all storms were extracted for an output point
approximately 20 km offshore of Plum Island Sound (see Figure 3‐2 – Save Point ID: 6825) from the
USACE Coastal Hazards System (CHS) online interface (Melby et al., 2014) for Base Conditions storm
simulations without tides. The storms were then sorted by maximum surge elevation, and the storms
producing the ten highest storm surges were selected based on the hypothesis that more intense storms
(as measured by surge magnitude) would produce greater impacts on the sediment dynamics of the
system. The characteristics of the selected storms are given in Table 3‐1, while their track locations
relative to the New England Coast and the CHS output point where results were extracted are shown in
Figure 3‐2.
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Figure 3-2: Tracks of NACCS synthetic storms (Cialone et al., 2015) simulated in study. Simulated storm surge and wave
parameters used to develop boundary conditions for the conceptual morphology model were extracted at Save Point 6825 noted
in the figure.
Table 3-1: Characteristics of simulated storms, extracted from ADCIRC/STWAVE results available from the NACCS study
(Cialone et al., 2015).

Storm ID

Track (see Maximum
Figure 3‐2) Surge [m,
MSL]

Hmo at
Surge
Peak [m]

Tp at
Surge
Peak [s]

Wave
Direction at
Peak [° N]

Synthetic_0694
Synthetic_0385
Synthetic_0790
Synthetic_0796
Synthetic_0699
Synthetic_0794
Synthetic_0514
Synthetic_0691
Synthetic_0517
Synthetic_0734

3
1
6
7
4
6
2
3
2
5

13.2
11.5
10.2
8.7
7.2
12.4
9.9
9.6
7.4
12.3

16.3
14.9
12.3
11.2
13.5
14.9
12.3
12.3
9.2
14.9

52
59
75
64
20
71
79
57
89
73

1.73
1.71
1.60
1.45
1.43
1.42
1.39
1.37
1.35
1.35
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Wind
Speed
at Peak
[m/s]
30.6
31.6
35.3
25.3
26.6
37.7
35.1
30.2
37.9
36.1

Wind
Direction
at Peak
[° N]
78
81
121
97
333
84
127
95
162
91

3.2.3 Boundary Condition Development
Extracted water level results for NACCS synthetic storms were from the base case simulations,
where no tidal forcings were applied. To develop boundary conditions used in this study, the surge
levels were superimposed with a 1.5 m amplitude sinusoidal tide, approximately equal to the mean tidal
amplitude along the northern Massachusetts and Merrimack Embayment Barrier Chain coastline
(FitzGerald et al., 2002). For each storm, four surge/tide phasing scenarios were developed where high
tide leads the surge peak by 6 hours (out of phase), 3 hours, 0 hours (in phase), and lags by 3 hours –
scenarios referred to in later sections as “neg6hr”, “neg3hr”, “pos0hr”, and “pos3hr”, respectively. The
superposition represents a simplified approach to the water level boundary conditions, as it neglects
potential non‐linearities in tidal and surge interactions (Rego & Li, 2010). With four surge/tide phasing
scenarios for each storm, a total of forty Delft3d hydrodynamic, sediment transport, and morphology
simulations were performed for this study. Each simulation was run for a period of 8 days, with the CHS‐
extracted boundary conditions shifted such that the peak storm surge occurred at the start of the fifth
day of simulation for all storms and surge/tide phasing scenarios.
Significant wave height, peak wave period, mean wave direction, wind speed, and wind
direction timeseries were also extracted for the synthetic storm simulations at the NACCS output point
noted in Figure 3‐2. These results were only provided in the CHS system (Melby et al., 2014) for a one to
two day period encompassing the surge peak, so the timeseries for each parameter needed to be
extended for several days before and after the storm peak for use in the Delft3D simulations. For the
wave parameters, the significant wave height during pre‐ and post‐storm periods was assumed to be
0.25 m, while the peak wave periods and mean wave directions for periods with no available data
extrapolated with the nearest‐neighbor peak period. Finally, the wind parameter information was not
extrapolated outside available periods, so no winds were applied for the pre‐ and post‐storm periods.
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Figure 3‐3 plots an example of the derived boundary conditions for the Synthetic_0385 storm simulation
with neg3hr surge/tide phasing.
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Figure 3-3: Plot of boundary conditions for a selected storm and surge/tide phasing scenario. a) water level, developed by
superimposing a 1.5 m sinusoidal tide with the NACCS study simulated storm surge at the neg3hr phasing scenario, zero
moment wave height, and peak wave period (extracted from NACCS STWAVE simulations). b) corresponding wave and wind
direction (° N) from NACCS simulations, and c) wind speed.
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3.2.4 Sediment Source Tracking
The model bed is initially composed of a 3 m‐thick, horizontally and vertically uniform mixture of
three sediment classes: 200 μm d50 fine sand, 100 μm d50 very fine sand, and cohesive clay with a fall
velocity of 2.5e‐4 m/s (corresponding to an approximate d50 of 20 μm assuming Stokes’ settling (van
Rijn, 1993). Based on the maximum expected erosion observed in test runs, the 3 m‐thick bed of
uniformly mixed sediment represents an unlimited‐supply condition where each fraction composing the
bed is available for transport in proportion to its volume fraction when eroded (Deltares, 2013). The fine
and very fine sand fractions each make up approximately 43% of the bed, while the clay fraction makes
up approximately 14% of the bed by volume. While the bed is initially defined as vertically‐uniform, the
upper portion of the bed is divided into 20 layers of 5 cm thickness with compositions that can be
updated as erosion or sedimentation of particular fractions occur.
Each of the three size fractions is then further divided into five classes based on the initial
location within the model domain (see Figure 3‐4) – denoting a provenance from the updrift, inlet, ebb‐
delta, downdrift, or basin zones of the model domain. Thus, the provenance of sediment transported
through the inlet or deposited of the model can be ascertained in a manner similar to that employed by
Nienhuis and Ashton, 2016 (Nienhuis & Ashton, 2016). With three size classes each with five provenance
zones, a total of 15 sediment fractions are simulated in each run.
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Figure 3-4: Zones used to track provenance of
transported sediment, shown along with initial model
bathymetry contours. For each size fraction (e.g. fine
sand), five different sediment classes corresponding to
each provenance zone were simulated, enabling
tracking of the sediment source for deposition and
transport through the inlet. In subsequent plots, the five
zones are abbreviated with their first letter: basin (b),
downdrift (d), ebb-delta (e), inlet (i), and updrift (u).

3.2.5 Sea Level Rise Implementation
To test if storms have similar effects on a future landscape impacted by Relative Sea Level Rise
(RSLR), an additional set of the 40 synthetic storm simulations (see 3.2.3) were performed, and the same
sediment flux analysis carried out for each. These runs were identical to the synthetic storm runs
discussed previously except for the water level boundary condition which was modified to include RSLR
and initial basin bathymetry. The initial bathymetry for the RSLR simulations was updated through an
additional, long‐term morphologic simulation resulting from 1 m of cumulative RSLR imposed during a 1‐
year long simulation with a MORFAC (Roelvink, 2006) of 50 (representing approximately 50 years of
morphologic development), starting with the same bathymetry used for previously‐described synthetic
storm simulations (see Figure 3‐1). Boundary conditions for this run superimposed the linear RSLR on a
1.5 m semi‐diurnal sinusoidal tide (see Figure 3‐5c) and also included a constant offshore wave
boundary condition of 0.25 m significant wave height, 6 second peak period waves at 75° N. The final
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bathymetry produced by the long‐term RSLR simulation and the cumulative erosion and sedimentation
that occurred are shown in Figure 3‐5a and Figure 3‐5b, respectively.
b)

Boundary Water Level [m, msl]

a)

3

c)

20 mm/yr SLR

Figure 3-5: a) Initial bathymetry for conceptual inlet-basin
system Delft3D hydrodynamic, sediment transport, and
morphologic model for storm simulations that include Sea
Level Rise. Initial bathymetry is the final bathymetry reached
after 50-years of morphologic simulation with 1-m of
cumulative sea level rise (long-term sea level rise
simulation). b) cumulative erosion and sedimentation that
occurred during the long-term sea level rise simulation. The
erosion and sedimentation correspond to the differences
between model bathymetries used in the current-conditions
simulations (see Figure 3-1) and the future, with SLR
simulations. c) Water level boundary condition for long-term
SLR simulation, consisting of a 1.5 m amplitude semi-diurnal,
sinusoidal tide superimposed with a 20 mm/yr linear rate of
seal level rise. This simulation also included a constant
offshore wave boundary condition of 0.25 m significant wave
height, 6 second peak period waves at 75° N.
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With SLR, morphological development of the basin/inlet system is as predicted by equilibrium
relationships (FitzGerald et al., 2008; O’Brien, 1931, 1966; Stive & Rakhorst, 2008; Walton & Adams,
1976) assuming that the tidal prism continues to grow. The inlet and backbarrier channels deepen and
expand, while accretion occurs on backbarrier tidal flats and at the margin of the expanding ebb‐tidal
delta.
50

When boundary conditions for synthetic storm runs for the RSLR case were prepared, the same
storm surge timeseries extracted from the NACCS results was again superimposed with a 1.5 m
amplitude semi‐diurnal, sinusoidal tide; however, the mean value of the tide was shifted up by 1 m to
represent a simple linear superposition of the 1 m of cumulative RSLR tested. While this approach
neglects potential changes to surge dynamics with RSLR (J. M. Smith et al., 2010), it allows the effect on
RSLR for a particular set of storm conditions to be isolated apart from changes to the storm conditions.

3.3 Results
3.3.1 Storm Net Sediment Fluxes
Net sediment fluxes through the inlet for each storm and surge/tide phasing scenario were
tracked by sediment size fraction and provenance zone. Following the convention from this Delft3D
model, negative flux values indicate basin import while positive values indicate export. Figure 3‐6 shows
how the total (sum of all size fractions and provenance zones) net sediment fluxes were derived for each
of the Synthetic_0385 storm surge/tide phasing scenarios. This figure also presents computed water
levels, significant wave heights, sediment concentrations, and discharges at the tidal inlet. For all
phasing scenarios, total sediment flux is first directed basinward (import) then seaward (export) with the
storm impact (see Figure 3‐6e), and the relative magnitude of the sediment import and export preceding
and following the storm surge peak influences the net flux direction over the full simulation (Figure
3‐6f). Note that sediment is transported through the inlet during the relatively undisturbed tidal cycles
before and after storm passage, though at orders of magnitude less than during storm impact such that
the influence on net transport is negligible. As such, cumulative transport due solely to tides before and
after storm impact is not removed from the reported flux values.
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The cumulative volumetric transport (net sediment flux) for each storm and surge/tide phasing
is plotted by sediment type (Figure 3‐7) and provenance zone (Figure 3‐8). For nearly all simulated
storms and surge/tide phasing scenarios, experiments import sediment. Where the surge peak leads the
high tide by 3 hours (neg3hr), the basin experiences the highest net import for each storm. When the
high tide precedes the surge peak by 3 hours (pos3hr), the basin experiences the lowest net import.
Only one storm (Synthetic_0517) from our storm suite produced sediment export, and specifically when
the surge was in‐phase (pos0hr) and lagging the tide (neg3hr).
The timing of the surge peak and high tide influences net sediment transport to the same
degree as the characteristics of the storm. Generally, very fine sand contributes the most to sediment
import, while the few experiments that show sediment export are dominated by fine sand (see Figure
3‐7). When inspecting sediment residual flux by source (provenance zone, see Figure 3‐8), both basin
and inlet‐sourced sediments are exported, while updrift, downdrift, and ebb‐delta sediments are
imported. Updrift sediment forms the largest portion of imported sediment, followed by downdrift and
ebb‐delta sources.
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Figure 3-6: Summary of results for Storm 0385 at inlet for each of the four surge/tide phasing scenarios (neg6hr, neg3hr, pos0hr,
pos3hr). a) simulated water level at inlet resulting from a boundary condition that superimposes the modeled storm surge from
the NACCS study with a 1.5 m amplitude sinusoidal tide at various phases. b) simulated significant wave height (Hs) at the inlet.
c) simulated total (sum of all fractions) sediment concentration at the inlet. d) simulated water discharge through the inlet. e)
simulated total (sum of all fractions) sediment flux through the inlet. f) cumulative sediment flux through the inlet during storm
period, indicating tidal basin import or export of sediment due to the storm. Storm 0385 produced an import of sediment for all
surge/tide phasing scenarios, with the greatest import occurring during the neg3 hr phasing.

53

Cumulative Transport [m 3 ]

2

×10 4

Synthetic_0385

2

0

0

-2

-2

-4

-8
neg6hr
×10 4

neg3hr

pos0hr

pos3hr

Synthetic_0517

2

0

0

-2

-2

-4

-4

-6

-6

-8
×10

4

neg3hr

pos0hr

pos3hr

neg6hr

Synthetic_0694

2

0

0

-2

-2

-4

-4

-6

-6

-8
×10

4

neg3hr

pos0hr

pos3hr

×10

4

neg6hr

Synthetic_0734

2

0

0

-2

-2

-4

-4

-6

-6

-8

pos3hr

Synthetic_0691

neg3hr

pos0hr

pos3hr

Synthetic_0699

×10

4

neg3hr

pos0hr

pos3hr

Synthetic_0790

-8
neg6hr

2

pos0hr

-8
neg6hr

2

×10 4

neg3hr

-8
neg6hr

2

Synthetic_0514

-4
very fine sand
-6
clay
-8
fine sand
neg6hr
total

-6

2

×10 4

×10 4

neg3hr

pos0hr

pos3hr

neg6hr

Synthetic_0794

2

0

0

-2

-2

-4

-4

-6

-6

-8

×10 4

neg3hr

pos0hr

pos3hr

Synthetic_0796

-8
neg6hr

neg3hr

pos0hr

pos3hr

neg6hr

neg3hr

pos0hr

pos3hr

Figure 3-7: cumulative sediment flux (i.e. final value from subplot f of Figure 3-6) by sediment type. Each subplot contains results
for a single synthetic storm (noted in the subplot title) with the four surge/tide phasing scenarios (neg6hr, neg3hr, pos0hr,
pos3hr). For each of the simulations, the total cumulative flux is shown as well as the cumulative inlet flux divided among the
three sediment types. For example, the import for the neg6hr phasing for storm Sythetic_0385 is mostly composed of very fine
sand sediments, and there is a cumulative import for all three types.
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Figure 3-8: cumulative sediment flux (i.e. final value from subplot f of Figure 3-6) by sediment provenance. Each subplot contains
results for a single synthetic storm (noted in the subplot title) with the four surge/tide phasing scenarios (neg6hr, neg3hr, pos0hr,
pos3hr). For each of the simulations, the total cumulative flux is shown as well as the cumulative inlet flux divided among the five
provenance zones. For example, the import for the neg6hr phasing for storm Sythetic_0385 is mostly composed of updrift and
downdrift sediments, while there is a small export of basin and inlet sediments.
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3.3.2 Influence of Storm Characteristics
To investigate the influence of particular storm characteristics on the sediment flux through the
tidal inlet, the same total and per provenance zone final cumulative transport values shown in Figure 3‐8
were plotted in descending order based on peak storm surge and wave height. In general, more intense
storms imported greater volumes of sediment, consistent with previous findings (Castagno et al., 2018).
However, the magnitude of import shows little correlation with the peak storm surge value (Figure 3‐9).
Instead, there are stronger correlations with significant wave height occurring at the peak surge (Figure
3‐10) and the duration that the storm surge exceeds 0.25 m (Figure 3‐11).

Figure 3-9: Cumulative sediment flux, sorted by peak storm surge. Each subplot contains results for all storms with common
surge/tide phasing scenario (noted in the subplot title). The results are then sorted by the peak storm surge value for each storm
before superposition with the tide, with this peak surge value displayed on the horizontal axis. The synthetic storm id is shown in
a smaller font above the horizontal axis.
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Figure 3-10: Cumulative sediment flux, sorted by peak significant wave height at the boundary. Each subplot contains results for
all storms with common surge/tide phasing scenario (noted in the subplot title). The results are then sorted by the peak
significant wave height value for each storm, with this peak value displayed on the horizontal axis. The synthetic storm id is
shown in a smaller font above the horizontal axis.

Figure 3-11: Cumulative sediment flux, sorted by the duration that the surge exceeds 0.25 m. Each subplot contains results for
all storms with common surge/tide phasing scenario (noted in the subplot title). The results are then sorted by the duration that
the storm surge before superposition with the tide exceeds 0.25 m, with this duration displayed on the horizontal axis. The
synthetic storm id is shown in a smaller font above the horizontal axis.

3.3.3 Erosion and Sedimentation, Residual Transport, and Sediment Provenance
To investigate the processes and mechanisms associated with sediment flux during storms,
results from two storms were investigated in greater detail. The Synthetic_0385 storm produced an
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import of similar magnitude to several other simulated storms and the relative magnitudes of import for
each experiment were also consistent with other storms; hence, this storm was analyzed as being
representative of general intense storms that import sediment. Conversely, the Synthetic_0517 Storm
was the only one exported sediment for any surge/tide phasing, and thus was also selected for further
analysis to determine the specific conditions and mechanisms driving sediment export.
3.3.3.1

Synthetic_0385 Storm (Net Import)
The morphologic impacts from Synthetic_0385 storm for each of the four surge/tide phasing

scenarios are shown in Figure 3‐12. For all scenarios, the storm erodes the barrier shoreface, ebb‐delta,
and inlet margins seaward of the barriers while it deposits sediment in backbarrier channels and inlet
margins. Portions of the flood delta most exposed to storm impacts through the inlet are slightly
eroded, while more protected tidal flats experience slight aggradation. Erosion and sedimentation
patterns at the inlet and ebb‐delta are notably similar for all scenarios, though when the tide lags surge
peak by six hours (neg6hr) more backbarrier erosion and inlet sedimentation occurs compared to other
scenarios. With the lowest water levels during surge peak, the high waves that accompany storm
passage could have more impact in the backbarrier when flats are not fully submerged.
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Figure 3-12: Cumulative erosion and sedimentation for synthetic storm 0385 for the four tidal phasing scenarios.

Residual sediment transport patterns show similarities among scenarios for Synthetic_0385
storm (Figure 3‐13). With waves primarily from the northeast, residual transport in the foreshore is
southward, with the highest transport magnitudes focused off the southern offshore margin of the ebb‐
delta. High basinward residual transport occurs in the marginal flood channels, while a much lower
magnitude, ebb‐directed residual transport occurs in the inlet throat and ebb‐delta ramp. While the
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spatial transport patterns are similar for all scenarios, transport magnitudes are higher for the neg6hr
and neg3hr scenarios which produce the greatest sediment import.

Figure 3-13: Residual sediment transport patterns and magnitude at the tidal inlet, ebb-delta, and flood-delta for synthetic storm
0385 for the four tidal phasing scenarios.

To gain a more complete view of the source and type of sediment transported toward and
deposited in the backbarrier during storms, the cumulative fluxes by type and provenance zone for the
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scenario that produces the highest net import (Figure 3‐7, neg3hr) during Synthetic_0385 Storm are
shown in Figure 3‐14. The total imported sediment load is mostly composed of very fine sand (fine class
– see Figure 3‐7), though both the very fine and fine sand classes show similar cumulative flux patterns
through time. Updrift, downdrift, and ebb‐delta sourced very fine and fine sand are transported into the
basin with the high flood‐directed current, produced by the astronomic flood‐tide superimposed with
the incoming surge, and high waves. While waves remain high during the subsequent ebb‐directed surge
outflow, the imported sediment is not transported back out of the basin in significant quantities. Basin
and inlet‐sourced sands are exported from the basin during the outflow surge but in negligible
quantities such cumulative transport for the very fine class is imported. Clay shows greater variation in
cumulative transport through time, though is still imported. As with the non‐cohesive sediment, the
initial, flood‐directed surge current imports primarily updrift and ebb‐delta sourced clay. On the ebb‐
directed outflow surge, a portion of the clay still in suspension within the basin is then exported (though
at lower rates such that the cumulative transport direction is still basinward). Basin and, to a lesser
extent, inlet‐sourced sediments are also exported with the outflow surge.
Finally, the erosion and sedimentation patterns are investigated by sediment type and
provenance for the same neg3hr scenario for the Synthetic_0385 Storm to track the fate of the
imported and exported sediments (see Figure 3‐16). For each sediment class and provenance zone, the
change from initial to final morphology following the storm showing sediment mass per unit area
present within the bed is visualized; the cumulative redistribution of all fifteen sediment fractions
produces the erosion and sedimentation patterns shown in Figure 3‐12c. In general, results show that
the distance traveled by sediment is inversely proportional to sediment size: fine sand is only
redistributed a short distance across each of the zone boundaries while clay is dispersed to much of the
remaining model domain. Sediment deposited on backbarrier flats and marshes is primarily sourced
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from updrift zones. Deposition in remaining areas is from downdrift or ebb‐delta sediment, with their
relative contributions strongly influenced by the surge/tide phasing. The import of the fine sand is the
result of limited mobility of updrift and downdrift sediments from the marginal flood channels into the
proximal backbarrier. There is minor seaward transport of inlet‐sourced fine sand within the ebb‐
dominated inlet throat. Basin‐sourced fine sand is only redistributed within the basin, with erosion of
edges of flood delta tidal flats exposed to waves and some channels with sedimentation on leeward
edges.
Very fine sand is imported through a similar process of redistribution of updrift and downdrift
sediments from marginal flood channels into the backbarrier. Updrift and ebb‐delta sourced very fine
sand is also transported farther into the basin by the main tidal channels. Similar to fine sand, inlet
sediments are transported offshore from the inlet throat onto the ebb delta, and very fine sediments
from the basin are redistributed within the basin from exposed flats into channels and onto more
protected flats further in the basin. Clay, which forms a smaller proportion of the initial bed
composition, is transported at greater distances compared to the coarser, non‐cohesive sediments, and
deposited more‐uniformly throughout. Updrift‐sourced clay is eroded from the foreshore and deposited
on the ebb‐delta and downdrift foreshore. More importantly, updrift clays are deposited at the upper
reaches of the basin, through the dominant backbarrier tidal creek network. Downdrift and ebb‐delta
sourced clay is similarly transported into the basin, though the deposition pattern is limited to more
southerly and proximal portions of the basin. Within the basin, clays are eroded from flood delta flats
and the dominant tidal channels and deposited both further into the basin and across the ebb‐delta and
portions of the updrift shoreface. This removal of fine, cohesive sediments from the backbarrier basin as
well as the lag in deposition of offshore‐sourced clay after initial import results in a lower import of clay
than other types for most storms and surge/tide phasing scenarios.
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Figure 3-14: Summary of results for Storm 0385, neg3hr surge/tide phasing scenario at inlet a) simulated water level at inlet
resulting from a boundary condition that superimposes the modeled storm surge from the NACCS study with a 1.5 m amplitude
sinusoidal tide with peak surge leading the high tide by 3 hours. b) simulated significant wave height (Hs) at the inlet. c) simulated
channel-averaged current speed the inlet. d) simulated cumulative sediment (very fine sand) flux through the inlet during storm
period, in total and per provenance zone. e) simulated cumulative sediment (clay n) flux through the inlet during storm period, in
total and per provenance zone. f) simulated cumulative sediment (fine sand) flux through the inlet during storm period, in total
and per provenance zone. Note the different y-axis scales for subplots e) through f). The vertical black line in all subplots marks
the time of peak storm surge.
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Figure 3-15: Cumulative change in per unit area sediment mass present in bed for each provenance zone (columns) and size fraction (rows) for Storm 0385 neg3hr surge/tide
phasing scenario. Negative values indicate a net erosion and positive values indicate a net sedimentation of the particular size class and provenance zone sediment.
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3.3.3.2

Synthetic_0517 Storm
Storm 0517 has a unique, shore‐parallel track (see Figure 3‐2) that causes an oscillation in

boundary water levels at a frequency higher than the semi‐diurnal tide. This oscillation is amplified as
the surge propagates into the inlet (see Figure 3‐16a), resulting in a gradually damped oscillation in ebb‐
and flood‐directed currents though the inlet initiated at the surge inflow. These oscillatory ebb‐flood
currents do not have an obvious physical mechanism and are likely an unrealistic result of errors in the
atmospheric coupling of the ADCIRC model from which boundary conditions for this run were
generated. Figure 3‐16 shows how the total (sum of all size fractions and provenance zones) sediment
fluxes were derived for each of the Synthetic_0517 Storm surge/tide phasing scenarios. This figure also
presents computed water levels, significant wave heights, sediment concentrations, and discharges at
the tidal inlet. For all phasing scenarios, total sediment flux is first directed basinward (import) then
seaward (export) with the storm impact (see Figure 3‐16e), and the relative magnitude of the sediment
import and export preceding and following the storm surge peak influences the flux direction over the
full simulation (Figure 3‐16f). The impact of the water level oscillations produced by the oscillating storm
surge conditions is especially evident in the inlet‐averaged current speeds, producing alternating ebb‐
and flood‐directed currents after the surge peak. This oscillation also manifests in the sediment flux,
though it diminishes fully approximately 12 hours after the surge peak such that the cumulative flux
stabilizes.
Notable for this particular storm is that the neg6hr and neg3hr surge/tide phasing scenarios
produce a net sediment import, while the pos0hr phasing produces no import and the pos3hr phasing,
where the surge peak follows high tide by 3 hours, produces sediment export. For the pos3hr phasing
that produces export, the flood‐directed current speeds preceding the surge peak are the lowest of all
phasing scenarios, while the subsequent ebb‐directed outflow surge currents are the greatest.
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Additionally, wave heights significantly decrease during the sudden lowering of water levels after surge
peak, which could decrease the import of coarser sediments at the inlet margins.

Figure 3-16: Summary of results for synthetic storm 0517 at inlet for each of the four surge/tide phasing scenarios (neg6hr,
neg3hr, pos0hr, pos3hr). a) simulated water level at inlet resulting from a boundary condition that superimposes the modeled
storm surge from the NACCS study with a 1.5 m amplitude sinusoidal tide at various phases. b) simulated significant wave height
(Hs) at the inlet. c) simulated total (sum of all fractions) sediment concentration at the inlet. d) simulated water discharge through
the inlet. e) simulated total (sum of all fractions) sediment flux through the inlet. f) cumulative sediment flux through the inlet
during storm period, indicating tidal basin import or export of sediment due to the storm. Storm 0517 produced import of
sediment the neg6hr and neg3hr surge/tide phasing scenarios and export for the pos0hr phasing.
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The morphologic impacts from Synthetic_0517 storm for each of the four surge/tide phasing
scenarios are shown in Figure 3‐17. Similar to Synthetic_0385 Storm (see Figure 3‐12), impacts from
Synthetic_0517 Storm produce erosion along much of the ebb‐delta and inlet margins offshore of the
barriers, with minor erosion of the flood delta tidal flats. For all scenarios, there is sedimentation
offshore of the ebb‐delta and on the southern margin of the inlet throat and ebb‐ramp. Erosion and
sedimentation patterns in the backbarrier tidal creeks and inlet throat for this storm vary with
surge/tide phasing; the neg6hr (out of phase) and neg3hr (surge leading high tide) scenarios produce
sedimentation over most proximal channels, while the pos0hr (in phase) and pos3hr (high tide leading
surge) erode the proximal channels and inlet throat. This incision of the inlet throat and primary
backbarrier channels occurs at the high, ebb‐oriented outflow current immediately after the surge peak
(see Figure 3‐16), with the incised sediments being deposited offshore of the ebb‐delta bar crest.
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Figure 3-17: Cumulative erosion and sedimentation for synthetic storm 0517 for the four tidal phasing scenarios.

The varying sediment flux directions for the Synthetic_0517 Storm surge/tide phasing scenarios
are also evident in residual transport patterns (see Figure 3‐18). The neg6hr and neg3hr phasing, both
cumulatively importing sediment, have high basinward residual transport in the marginal flood channels.
Conversely, the pos0hr phasing that cumulatively exports sediment is dominated by a high, ebb‐directed
residual transport in the inlet throat and ebb‐delta ramp.
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Figure 3-18: Residual sediment transport patterns and magnitude at the tidal inlet, ebb-delta, and flood-delta for synthetic storm
0517 for the four tidal phasing scenarios.

As with the representative storm that imports sediment, the cumulative sediment fluxes by type
and provenance for the pos0hr phasing of Storm 0517 that exports sediment are plotted along with
water level and inlet‐averaged current speed time series in Figure 3‐19. With the peak surge and high
tide in phase for the pos0hr phasing scenario, the peak water levels at the inlet and basin are the
highest for all scenarios. For this storm, the surge peak is followed by a steep drop in water levels that
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precipitates a high frequency oscillation superimposed onto the tide. This higher frequency oscillation
appears to be the result of a rapid shift in wind directions from onshore to offshore as the northward‐
tracking storm passes the basin latitude, though could also be due to unrealistic oscillations in the
boundary water levels. The steep drop in water level produces a strong, ebb‐directed current with a
magnitude more than double that of the flood‐directed current at peak surge. While the subsequent
oscillations do reverse current directions, the superposition onto an ebb‐tidal current produces an ebb‐
dominant residual current.
The total exported sediment for this storm and phasing scenario is mostly composed of fine
sand (sand class – see Figure 3‐7), as the very fine sand (fine) and clay both have near‐zero residual
transport. For both finer sediment types, offshore‐sourced sediment is transported into the basin with
the building surge and tide, while basin‐ and inlet‐sourced sediment is transported out of the basin with
the strong, subsequent ebb‐current. Though offshore and basin sediments are exchanged across the
inlet, the net magnitudes after storm passage are minimal. The high ebb‐flood velocity discrepancy for
this storm and phasing impacts the transport asymmetry for coarser sediments to a greater degree.
Updrift and downdrift‐sourced fine sand are transported into the basin at the surge peak; however, ebb‐
delta fine sand is not, likely due to the higher water depths and diminished wave‐induced transport over
the bar with tidal and surge superposition. The high ebb‐directed current then transports basin‐ and
inlet‐sourced sediment as well as the imported updrift fine sand out of the basin, exporting fine sand.
Figure 3‐20 shows the change in sediment mass per unit area during storm passage for each
sediment size class and provenance zone. As in the Synthetic_0385 Storm, clays are transported farther
compared to the coarser, non‐cohesive sedimentss, and are deposited more‐uniformly across
depositional areas. Downdrift and ebb‐delta sourced clay is eroded over most of each respective
provenance zone and then deposited across the shoreface and in the proximal portion of the basin.
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Basin and inlet‐sourced clay is eroded then transported offshore of the ebb‐delta. Very fine sand is
eroded at the updrift and downdrift marginal flood channels and across portions of the ebb‐delta.
Deposition patterns of this eroded sediment then indicate some floodward transport into the most‐
proximal areas of the inlet and backbarrier channels and additional deposition seaward of the erosional
areas from the strong outflow surge (see Figure 3‐19). As in Synthetic_0385, basin very fine sand is also
internally redistributed from tidal flats into some channels, but a larger portion is also transported out of
the inlet for deposition across the ebb‐delta.
Updrift and downdrift fine sand erosion is mostly limited to the flood channel margins, with
subsequent deposition directly basinward and seaward of erosion areas. Transport distances for fine
sand deposited seaward exceed those for fine sand deposited within the basin, indicating the longer
excursion of fine sand transported by the much higher outflow surge velocity. Ebb‐delta sediment is also
eroded and subsequently deposited, but mostly within the ebb‐delta provenance zone. Onshore
transport of eroded ebb‐delta fine sand is limited, while erosion of the ebb‐delta ramp during the
outflow surge creates deposits seaward of the distal ebb‐delta crest. Inlet throat sediments are eroded
then deposited across the ebb‐delta, while basin fine sands from proximal channels and flood‐delta
margins are transported into the inlet and a short distance seaward onto the ebb bar.
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Figure 3-19: Summary of results for Storm 0517, pos0hr surge/tide phasing scenario at inlet a) simulated water level at inlet
resulting from a boundary condition that superimposes the modeled storm surge from the NACCS study with a 1.5 m amplitude
sinusoidal tide with peak surge in phase with high tide. b) simulated significant wave height (Hs) at the inlet. c) simulated
channel-averaged current speed the inlet. d) simulated cumulative sediment (very fine sand) flux through the inlet during storm
period, in total and per provenance zone. e) simulated cumulative sediment (clay) flux through the inlet during storm period, in
total and per provenance zone. f) simulated cumulative sediment (fine sand) flux through the inlet during storm period, in total
and per provenance zone. Note the different y-axis scales for subplots e) through f). The vertical black line in all subplots marks
the time of peak storm surge.
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Figure 3-20: Cumulative change in per unit area sediment mass present in bed for each provenance zone (columns) and size (rows) for Storm 0517 pos0hr surge/tide phasing
scenario. Negative values indicate a net erosion and positive values indicate a net sedimentation of the particular size class and provenance zone sediments.
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3.3.4 Sea Level Rise Impacts
After the focus on representative storms and mechanisms for residual sediment fluxes
presented above, results from the RSLR runs were analyzed to explore the impacts of Relative Sea Level
Rise (RSLR) on sediment fluxes during storms. Figure 3‐21 compares the current conditions and with
RSLR cumulative sediment fluxes for each storm and surge/tide phasing scenario. Results show that the
influence of RSLR on sediment flux is dependent on surge/tide phasing. RSLR increases sediment import
for neg6hr and neg3hr phasing and generally decreases sediment import (or increases export) for
pos0hr and pos3hr phasing.
For the neg6hr and neg3hr phasing where RSLR increases sediment import, both downdrift and
ebb‐delta sourced sediment basinward fluxes are increased. Export of basin‐sourced sediment is also
increased by RSLR for these phasing scenarios, though not at magnitudes sufficiently large to offset the
enhanced import. Increased sediment import is largely attributed to increased residual import of very
fine sand, with little change in residual transport for fine sand and clay. For the pos0hr and pos3hr
phasing where RSLR reduces residual import or increases export, the import of updrift‐sourced sediment
is reduced while export of basin and inlet‐sourced sediment is enhanced. Counter to the trends in
updrift sediment, import of downdrift sediments is enhanced by RSLR despite an overall reduction in
residual import.
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Figure 3-21: Cumulative total sediment flux (i.e. final value from subplot f of Figure 3-6) for all current conditions and SLR
conditions. Each subplot contains results for a single synthetic storm (noted in the subplot title) with the four surge/tide phasing
scenarios (neg6hr, neg3hr, pos0hr, pos3hr).
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3.4 Discussion
The results presented herein provide a conceptual model for storm impacts on meso‐tidal,
North Atlantic basins, where storm surges for the most intense storms are of similar magnitudes to
typical tidal amplitudes. Unlike microtidal environments, where surges and surge‐induced currents
through inlets significantly exceed those during calm periods (Georgiou et al., 2005), the relative
surge/tide phasing become much more important to the hydrodynamics and residual transport within
the system. While the relative phasing of surges and tides has been investigated for impacts on
nonlinear surge dynamics (Rego & Li, 2010), phasing impacts on residual sediment transport into or out
of basins due to storms is relatively unexplored (see Castagno et al., 2018; Leonardi et al., 2018). Results
show that the relative surge/tide phasing can have similar influence on the sediment transport into the
basin as the storm characteristics. Still, while residual sediment transport varied among simulated
storms and surge/tide phasing scenarios, storms were found to generally import sediment into the basin
for all but a single storm with a unique track and surge impact, consistent with previous findings
(Castagno et al., 2018).
The surge peak leading high tide by 3 hours consistently produces the highest import for each
storm. Updrift, downdrift, and ebb‐delta sourced very fine and fine sand are transported into the basin
with the highest flood‐directed current, a superposition of the tidal flood‐tide with the incoming surge,
and high waves. With the enhanced flood currents focused in the inlet marginal flood channels, updrift
and downdrift sediments from the barrier shorefaces immediately adjacent to the inlet are redistributed
into proximal backbarrier channels. Even for surge/tide phasing scenarios that favor high ebb‐directed
surge outflow currents (pos0hr and pos3hr), the wave‐enhanced flood currents at the shallower inlet
margins produce higher sediment import than the subsequent ebb‐directed currents that are more
confined to the inlet throat, a mechanism that enables import for most storms across all phasing
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scenarios. Very fine sand is mobilized and transported basinward to a greater degree than fine sand
such that it dominates the residual import for all storms. Alternatively, offshore clays remain in
suspension after initial import due to lower settling velocities (Dronkers, 1986) and are subsequently
exported, resulting in a lower import of clay than sands. Still, some fine sediment settles in thin uniform
layers across the backbarrier, consistent with field observations of post‐storm deposition (Miner et al.,
2009; J. E. Smith et al., 2015; Tweel & Turner, 2012).
When the surge peak and high tide are in phase (pos0hr), tidal flood currents and surge inflow
coincide to the greatest degree; however, this phasing does not produce the highest import. Instead,
the highest import of each storm occurs when the surge peak leads high tide by 3 hours (neg3hr). For
this phasing scenario, the highest flood currents occur slightly preceding both surge peak and mid‐tide,
when the superimposed water levels are below 2 m (see Figure 3‐6) and transport is enhanced. The
surge‐tide interactions create a pronounced sawtooth asymmetry (Dronkers, 1986); the period where
water levels are rising is shorter than the period where water levels are falling following high tide,
producing higher flood‐directed currents and transport through the inlet. The highest flood currents for
in phase surge and tide (pos0hr) occur near mid tide when surge inflow and flood tides are additive, but
at a higher water level (greater than 2 m) than for the neg3hr phase that reduces associated transport.
Additionally, in‐phase surge/tide interactions maintain existing asymmetries such that peak ebb‐
directed currents after surge peak are slightly higher than the peak flood currents preceding. These high
ebb‐currents export some sediments, reducing the storm cumulative import. For both scenarios, high
waves persist during storm passage without substantial differences in wave impacts during the flood
and ebb periods; however, the high waves entrain coarse sediments more readily at the shallower inlet
margins where flood currents dominate, creating a residual flood transport across the inlet (see Figure
3‐13).
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Simulated storm impacts on ebb‐tidal delta morphology are generally as expected (Miner et al.,
2009). Sediment of all sizes is eroded throughout the ebb‐tidal delta, with the greatest erosion focused
on the distal bar. While Miner et al. (2009) note that similar observed erosion of the ebb‐tidal delta at
Little Pass Timbalier could potentially provide a sediment source for widespread backbarrier marsh
sedimentation (Miner et al., 2009), this research finds that updrift and downdrift sources contribute
relatively more sediment for backbarrier deposition, though the boundaries between the barrier
shoreface and marginal flood channels denoting updrift/downdrift or ebb‐delta provenance are
imprecise. Some scour occurs at the inlet throat in model results, but without the deposition in the
seaward ebb channel indicating a landward migration of the inlet system observed by Miner et al. (2009)
(Miner et al., 2009). This lack of inlet migration in our model could be related to the relative magnitude
of the simulated storms that could impact the U.S. North Atlantic Coast (e.g Nor‐Easters and extra‐
tropical depressions) compared to the more intense hurricanes impacting Louisiana and the northern
Gulf in 2005 which had great and widespread morphologic impacts.
This research uses a process‐based model of a conceptual basin system (though with realistic
geometry, hydrodynamics, and transport processes) so that relationships and storm responses can be
more easily quantified. As with any model, some physical processes and more complex conditions are
excluded to simplify the experimental setup and interpretation. While the schematized initial bed
configuration with uniformly‐distributed fine sand, very fine sand, and clay may result in an
overprediction of sediment import due to high mud content in the foreshore and ebb‐delta, fine sand
and very fine sand are still cumulatively imported, indicating that the results are generally applicable to
basins with similar morphology, hydrodynamic and storm conditions, and more sand‐dominant beds
offshore (FitzGerald et al., 2002). This conceptual model also lacks the effects of marsh vegetation on
both hydrodynamics and sediment transport on backbarrier marsh platforms, but the transport of
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coarse sediments from the inlet flood channel margins and ebb‐delta to proximal backbarrier tidal
creeks that primarily contributes to sediment import would be unaffected by marshes, and cohesive
sediments in marsh‐dominated estuaries are still mostly deposited on tidal flats and shallow channels
(Zhang et al., 2019). A model with a greater proportion of vegetated marsh platforms instead of tidal
flats would likely contribute less basin fine sediments for export, as the erosion from the surface and
edges of tidal flats by waves and flow would be reduced (Leonardi et al., 2018; Reed, 1995).
Sediment import during storms to a certain extent is the result of redistribution of coarser
sediments from the inlet margin fronting the barrier into deeper, back‐barrier inlet margins. Erosion of
the seaward inlet margins would increase inlet width, exposing flood delta flats and marshes to
increased wave energy from offshore during subsequent periods due to reduced sheltering and
potentially increasing backbarrier erosion. This indirect effect of immediate, storm‐induced morphologic
changes on the long‐term response of the basin‐inlet system during typical tidal conditions, especially
transports due to tidal asymmetry (Dronkers, 1986; FitzGerald et al., 2008; Friedrichs & Aubrey, 1988), is
unexplored in this work and remains an important area of research (Leonardi et al., 2018).
With continued and accelerating SLR (Church & White, 2011; IPCC, 2007; Sweet et al., 2017),
tidal basins and the important ecosystem and economic functions they support will be increasingly
threatened (FitzGerald et al., 2008; FitzGerald & Hughes, 2019). Elevations of backbarrier marsh
platforms can keep pace with sea level if they are sufficiently supplied with mineral sediment through
tidal inundation or the pace of SLR and initial marsh elevation promotes positive and sufficient
productivity responses in marsh vegetation (FitzGerald & Hughes, 2019; Kirwan & Temmerman, 2009;
Krone, 1987; Morris et al., 2002; Mudd, 2011; Reed, 1995). The residual sediment flux into or out of the
basin (Ganju et al., 2015) and the redistribution of externally or internally sourced sediments onto the
marsh platform is particularly important for marsh sustainability (Leonardi et al., 2018). Despite the
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expected shift from sediment export to import with SLR for many tidal basins due to changes in tidal
asymmetries (FitzGerald et al., 2006, 2008), fine sediments from marshes may continue to exported
with increased marsh edge erosion (Leonardi et al., 2016; Li et al., 2019) and lower impacts to slack‐tide
asymmetries (Dronkers, 1986, see also Chapter 2). This research shows that residual sediment import
due to storms may help to offset deficits in basin sediment budgets due to SLR. However, results show
the bulk of sediments imported into this basin by storms are fine sand, not clay, potentially limiting the
fine sediment marsh accretion benefits (Fagherazzi et al., 2012; Kirwan et al., 2010; Reed, 1995;
Temmerman et al., 2004) assumed to accompany residual import (Castagno et al., 2018).
Similar tidal basins are already expected to import more sediment in the future with SLR,
altering the long‐term sediment balance of the coastal cell comprising the inlet and adjacent shorelines
(FitzGerald et al., 2008, see also Chapter 2). As this work shows, storms import sediments to a large
degree by shifting coarse sediments from the inlet flood channel margins and ebb‐delta to proximal
flood deltas and backbarrier tidal creeks, increasing inlet widths while decreasing barrier island widths at
the inlet margins. While a long‐term shift to basin import with SLR along with episodic, storm‐induced
import will increase the available sediment for redistribution within the basin, potentially enhancing salt
marsh accretion, it is at the expense of the nearshore sediment supply that could hasten barrier
narrowing, transgression, and ultimately breaching (FitzGerald et al., 2008).

3.5 Conclusions
In this research, process‐based modeling of a conceptual, mesotidal basin, inlet, and backbarrier
creek and flat system was used to investigate the impacts of tropical cyclones on residual sediment
fluxes. Numerical experiments were structured such that the influence of storm characteristics, relative
surge/tide phasing, and SLR on sediment transport could be determined. A unique approach to bed
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sediment partitioning also allowed the provenance zone source of imported sediments to be
determined.
Results show that the relative surge/tide phasing has a similar influence on the sediment
transport into the basin as the characteristics of the storm, within the range of characteristics of the 10
simulated storms that are representative of New England hurricane climatology. Still, while residual
transport varied among simulations, storms were found to generally import sediment into the basin for
all but a single storm with a unique track and surge impact. Results confirms other research that finds
storms provide an important source of sediment to backbarrier tidal flats and marsh. Updrift, downdrift,
and ebb‐delta‐sourced sediments were residually imported by storms, while basin and inlet‐sourced
sediments were exported. Very fine sand (100 μm d50) formed the bulk of imported sediment. For the
few cases where export occurred, it is dominated by the fine sand. Deposited sediment on backbarrier
flats and marshes is primarily from the updrift provenance zone and from internal redistribution of basin
sediments. For most simulated storms, wave‐enhanced flood currents at the shallower inlet marginal
flood channels produce higher sediment import than the subsequent ebb‐directed outflow surge
currents confined to the inlet throat, a mechanism that enables import for most storms across all
phasing scenarios.
The Influence of SLR on sediment flux depends on surge/tide phasing. SLR increases sediment
import when the peak surge and tide are out of phase or when the peak surge leads the high tide by 3
hours and generally decreases import (or increases export) when the peak surge and tide are in phase or
when high tide leads the peak surge by three hours. SLR increases both ebb and flood tidal currents,
contributing to higher sediment import when surge inflows coincide with flood tides and lower import
when surge inflows coincide with ebb tides.
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Chapter 4: Sediment Fluxes at Parker River Tidal Inlet during Tropical
Cyclones
4.1 Introduction
Plum Island Sound is a tidal basin enclosed by Plum Island and Castle Neck barrier island
connected to the mixed‐energy, tide‐dominated (mesotidal) Merrimack Embayment in northern
Massachusetts through the Parker River tidal inlet (FitzGerald & Van Heteren, 1999; Hein et al., 2012).
Characteristic of paraglacial coasts (FitzGerald & Van Heteren, 1999), Plum Island and its associated
backbarrier features were formed from the erosion and reworking of glacial deposits; in modern times,
the barrier and basin are in dynamic equilibrium with non‐glacial sediment sources including the
adjacent Merrimack River with minor contributions from the tributary tidal rivers (Parker, Rowly, and
Ipswich Rivers) (Hein et al., 2012). Tidal saltmarshes occupy most of the PIS backbarrier zone, with high
saltmarsh platforms (average elevations of approximately +1.4 m above Mean Sea Level (MSL)) above
Mean High Water forming 75% of the marsh area (Wilson et al., 2014). These high marsh platforms are
typically inundated only during the higher spring tides, though storm surges also inundate the marshes.
Marsh deposits are mostly composed of silt and sand (53% and 40%, respectively) with clay grain sizes
forming the remaining 8% and an average organic content of 24% (FitzGerald, Ryerson, et al., 2020).
Inorganic sediment supplies to the PIS estuary are very limited, threatening the continued
vertical accretion of high and low marsh platforms with Sea Level Rise (SLR) (Farron et al., 2020;
FitzGerald & Hughes, 2019). The anticipated conversion of much of the high marsh platforms to low
marsh with SLR will require increased mineral sediment deposition to maintain intertidal elevations
(FitzGerald, Hughes, et al., 2020). Most sediment discharged from the PIS tidal rivers is deposited within
channels and on tidal flats, with little deposition onto marsh platforms (Zhang et al., 2019), highlighting
the importance of internal redistribution at the expense of platform lateral extents (Farron et al., 2020;
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FitzGerald & Hughes, 2019; Hopkinson et al., 2018; Mariotti & Canestrelli, 2017) and external sediment
supply to counteract increasing inundation with SLR (FitzGerald et al., 2002, 2008; Ganju et al., 2015;
Leonardi et al., 2018; Schuerch et al., 2013; Temmerman et al., 2004). In developing a comprehensive
sediment budget for PIS marshes, Hopkinson et al. found that riverine and edge erosion sources of
mineral sediment only accounted for approximately 40% of the volume needed for observed marsh
accretion, concluding that the import of offshore sediments is necessarily significant (Hopkinson et al.,
2018).
While sediment deposited on the marsh from ice‐rafting during winter extratropical storm
surges may be an additional source of marsh mineral deposition in high‐latitude salt marshes, marsh
accretion due to mineral sediment deposition during typical conditions is estimated to be less than 0.1
mm/yr (FitzGerald, Hughes, et al., 2020). The impact of winter extratropical cyclones on PIS sediment
dynamics is dependent on the timing of peak storm surges relative to both the semi‐diurnal and spring‐
neap astronomic tidal cycles (FitzGerald, Hughes, et al., 2020). Tropical storms have been shown to offer
an additional mechanism for tidal basin import of nearshore and offshore sediments in other areas
(Castagno et al., 2018; Scott, 2020; Tweel & Turner, 2012), contributing substantially to residual fluxes
into or out of the basin and influencing morphologic development. While the importance of storms to
basin sediment budgets has been established, their influence on residual transport to or from salt marsh
– tidal creek systems are varied; some work has documented sediment export while others have
documenting import, with or without substantial deposition onto marshes (Leonardi et al., 2018). Net
sediment flux direction and magnitude due to storms has been shown to vary due to system geometry,
sediment availability, biogeomorphology, and individual storm event characteristics (Castagno et al.,
2018; Ganju et al., 2017, 2013; Li et al., 2019; Nowacki & Ganju, 2018). While extratropical cyclones are
the more common extreme event of the region (FitzGerald, Hughes, et al., 2020), New England is still
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impacted by late‐stage tropical cyclones that form at lower latitudes (Boose et al., 2001; Lane &
Donnelly, 2006; Poulos, 2010). With rising ocean temperatures associated with climate change, Atlantic
tropical storm activity is projected to increase (Mann & Emanuel, 2006), making an understanding of
storm effects on net sediment fluxes critical for future estimates of marsh resiliency.
This portion of the work was undertaken to investigate the dynamics of Parker River Inlet and
Plum Island Sound under storm conditions and examine the potential for hurricane‐induced salt‐marsh
sedimentation. Furthermore, these additional model simulations, complementing the work presented in
Part I, will help to determine the impact of bed sediment composition on the net sediment flux through
tidal inlets during storms.

4.2 Methods
4.2.1 Plum Island Sound Delft3D Model
This research builds off the work of Part I by examining sediment fluxes during tropical cyclones
through the Parker River tidal inlet into Plum Island Sound (PIS) using a previously‐developed
hydrodynamic Delft3D model (FitzGerald, Hughes, et al., 2020) extended to also simulate sediment
transport and morphology. The Delft3D software package is an ideal platform for model development,
with robust numerical solutions for the shallow water Navier‐Stokes equations governing tidal flow,
spectral wave generation, propagation, and transformation in shallow water according to the Simulating
Waves Nearshore (SWAN) wave model, bed level changes due to transport gradients of cohesive and
non‐cohesive sediments, and morphological up‐scaling techniques that extend the practical time
horizons of simulations (Booij et al., 1999; Lesser et al., 2004; Partheniades, 1965; Roelvink, 2006; van
Rijn, 1993).
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The model hydrodynamic and morphologic grid covers a rectilinear area with dimensions of
approximately 20 km by 13 km that includes Plum Island Sound, the connecting Parker River tidal inlet,
the most downstream reach of the Merrimack River, and a portion of the Gulf of Maine extending
offshore to depths exceeding 20 m (Gaweesh, 2016; Georgiou, 2016). The resolution of the
hydrodynamic grid is 20 m at the inlet and within PIS, with reduced resolution in offshore areas. The
computation grid for wave calculations is identical to the hydrodynamic grid but with resolution reduced
by a factor of three in the back‐barrier basin. Model bathymetry was developed from a combination of
hydrosurvey data collected in 2011 and 2015 as well as LiDAR topographic elevations collected in 2011
and 2014 (Gaweesh, 2016). Figure 4‐1 displays the domain, offshore boundary locations, and
bathymetry for the PIS Delft3D model. The flow from rivers discharging into PIS were schematized with
point sources providing constant discharges equal to the monthly average discharges derived by Zhao,
2010 (Zhao et al., 2010). With this study’s focus on the internal redistribution of sediments within the
system due to storms, the minor (Wilson et al., 2014) suspended sediments provided by these riverine
sources were neglected.
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a)

b)

Figure 4-1: a) Aerial photograph mosaic of Plum Island Sound (PIS) in northern Massachusetts, USA, along with Delft3D
hydrodynamic, sediment transport, and morphologic model domain and offshore boundaries. b) model initial bathymetry.

4.2.2 Synthetic Storm Simulations
As in Chapter 3, synthetic storms simulated for the United States Army Corps of Engineers
(USACE) North Atlantic Coast Comprehensive Study (NACCS) (Cialone et al., 2015) were used in this
study. While a subset of 10 storms were simulated in Chapter 3 to investigate impacts to a conceptual
tidal basin system, only the two representative storms selected for additional analysis in Chapter 3 were
analyzed with the PIS Delft3D Model. The Synthetic_0385 storm produced a net sediment import of
similar magnitude to several other simulated storms and the relative magnitudes of net sediment import
for each surge/tidal phasing scenario were also consistent with other storms; hence, this storm was
selected as being representative of general intense storms that import sediment. Conversely, the
Synthetic_0517 Storm was the only one simulated that produced a net sediment export for all

91

surge/tidal phasing experiments, so was also included to determine the conditions and mechanisms that
could be expected to export sediment.
Model results were extracted for an output point near the model offshore boundary,
approximately 2 km offshore of the Parker River Inlet, (see Figure 4‐2 – Save Point ID: 1995) from the
USACE Coastal Hazards System (CHS) online interface (Melby et al., 2014) for Base Conditions storm
simulations without tides. The characteristics of the representative storms, including surge and wave
characteristics at this more nearshore save point, are given in Table 4‐1, while their track locations
relative to the New England Coast and the CHS output point where results were extracted are shown in
Figure 4‐2.

Figure 4-2: Tracks of NACCS synthetic storms (Cialone et al., 2015) simulated in study. Simulated storm surge and wave
parameters used to develop boundary conditions for the conceptual morphology model were extracted at Save Point 1995 noted
in the figure.
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Table 4-1: Characteristics of simulated storms, extracted from ADCIRC/STWAVE results available from the NACCS study
(Cialone et al., 2015).

Storm ID

Track (see Maximum
Figure 3‐2) Surge [m,
MSL]

Synthetic_0385 1
Synthetic_0517 2

1.99
1.16

Hmo at
Surge
Peak [m]

Tp at
Surge
Peak [s]

Wave
Direction at
Peak [° N]

6.4
3.2

13.5
10.2

24
54

Wind
Speed
at Peak
[m/s]
33.2
38.1

Wind
Direction
at Peak
[° N]
78
190

4.2.3 Storm Boundary Condition Development
Water level, wave, and wind boundary conditions were developed from NACCS synthetic storm
base case (no tidal forcing) simulations in a manner similar to that descript in Part I; however, the surge
levels were superimposed with a spring‐neap tidal signal generated from tidal constituents extracted
from the East Coast 2001 ADCIRC tidal database at the model offshore boundary (Mukai et al., 2002)
instead of a purely‐sinusoidal tide. The superimposed tide and surge water level timeseries was applied
to the offshore, shore‐parallel boundary, while at the lateral water level boundaries, Neumann
conditions were imposed, setting the constant alongshore water level gradients equal to zero for the
duration of the simulation.
For each storm, four surge/tidal phasing scenarios were developed where the high spring tide
peak leads the surge peak by 6 hours (out of phase), 3 hours, 0 hours (in phase), and lags by 3 hours –
scenarios referred to in later sections as “neg6hr”, “neg3hr”, “pos0hr”, and “pos3hr”, respectively. The
superposition represents a simplified approach to the water level boundary conditions, as it neglects
potential non‐linearities in tidal and surge interactions (Rego & Li, 2010). With four surge/tidal phasing
scenarios for each of the two representative storms, a total of eight Delft3d hydrodynamic, sediment
transport, and morphology simulations were performed for this study. Each simulation was run for a
period of 8 days, with the CHS‐extracted boundary conditions shifted such that the peak storm surge
occurred at the start of the fifth day of simulation for all storms and surge/tidal phasing scenarios.
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Significant wave height, peak wave period, mean wave direction, wind speed, and wind
direction timeseries were also extracted for the synthetic storm simulations at the NACCS output point
noted in Figure 4‐2. For the wave parameters, the significant wave height during pre‐ and post‐storm
periods was assumed to be 0.25 m, while the peak wave periods and mean wave directions for periods
with no available data extrapolated with the nearest‐neighbor peak period. Finally, the wind parameter
information was not extrapolated outside available periods, so no winds were applied for the pre‐ and
post‐storm periods. Figure 4‐3 plots an example of the derived boundary conditions for the
Synthetic_0517 storm simulation with pos3hr surge/tidal phasing.

94

Figure 4-3: Plot of boundary conditions for a selected storm and surge/tidal phasing scenario. a) water level, developed by
superimposing a spring-neap tidal signal with the NACCS study simulated storm surge at the pos3hr phasing scenario, zero
moment wave height, and peak wave period (extracted from NACCS STWAVE simulations). b) corresponding wave and wind
direction (° N) from NACCS simulations, and c) wind speed.
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4.2.4 Sediment Schematization and Source Tracking
The model bed is initially composed of a 3 m‐thick, vertically uniform mixture of three sediment
classes: 250 μm d50 medium sand, 100 μm d50 very fine sand, and cohesive clay with a fall velocity of
6.3e‐5 m/s (corresponding to an approximate d50 of 10 μm assuming Stokes’ settling (van Rijn, 1993)).
Based on the maximum expected erosion observed in test runs, the 3 m‐thick bed of uniformly mixed
sediment represents an unlimited‐supply condition where each fraction composing the bed is available
for transport in proportion to its volume fraction when eroded (Deltares, 2013). While the bed is initially
defined as vertically‐uniform, the upper portion of the bed is divided into 20 layers of 5 cm thickness
with compositions that can be updated as erosion or sedimentation of specific sediment fractions occur.
The initial volume fraction of each sediment class composing the bed is varied by component of the
basin, inlet, and nearshore system (see Figure 4‐4). The higher energy, sandy components of the system,
including updrift and downdrift nearshore environments, the ebb‐delta, and tidal inlet are composed of
30% very fine sand and 70% medium sand. The backbarrier channels and tidal flats are composed of 10%
clay, 40% very fine sand, and 50% medium sand, while the marsh platform is composed of 10% clay, 80%
very fine sand, and 10% medium sand. This initial bed configuration approximates and schematizes the
observed spatial variability in bed sediment grain size trends in Plum Island Sound and the Great Marsh
(DaBoll, 1969; FitzGerald, 2019; FitzGerald, Ryerson, et al., 2020).
Each of the three size fractions is then further divided into six classes based on the initial
location within the model domain (see Figure 4‐4) – denoting a provenance from the updrift, inlet, ebb‐
delta, downdrift, backbarrier marsh, and backbarrier channels‐flats zones of the model domain. Thus,
the provenance of sediment transported through the inlet or deposited of the model can be ascertained
in a manner similar to that employed by Nienhuis and Ashton, 2016 (Nienhuis & Ashton, 2016). With
three size classes each with six provenance zones, a total of 18 sediment fractions are simulated in each
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run – though the clay fraction is initially not present in the bed outside of the backbarrier channels and
marsh.
Figure 4-4: Zones used
to track provenance of
transported sediment,
shown along with initial
model bathymetry
contours and the initial
volume fraction of each
size class specified within
the bed of each zone. For
each size fraction (Clay,
Very Fine (VF) Sand, and
Medium (Med) Sand), six
different sediment
classes corresponding to
each provenance zone
were simulated, enabling
tracking of the sediment
source for deposition and
transport through the
inlet. In subsequent plots,
the six zones are
abbreviated with their first
letter: updrift (u),
downdrift (d), ebb-delta
(e), inlet (i), channelsflats (c), and marsh (m).

4.3 Suspended Sediment Verification
The PIS Delft3D hydrodynamic model was previously‐calibrated for simulated water levels and
tidal astronomic constituents within PIS as well as for the tidal prism at Parker River Inlet (FitzGerald,
Hughes, et al., 2020; Gaweesh, 2016). For this work extending the model for sediment transport, the
ability of the model to simulate typical backbarrier Suspended Sediment Concentrations (SSC) was
verified. Seasonal measurements of total SSC in various areas and tributaries of PIS were available from
recent (2016 and 2017) measurement campaigns (FitzGerald, 2019). In Figure 4‐5, the spatially‐averaged
total SSC from each seasonal sampling event are summarized, where total mean SSC during fall and
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winter greatly exceed that of summer and seasonal averages vary between approximately 1 and 20
mg/L, consistent with other long‐term sampling of PIS SSC (Hopkinson et al., 2018; Zhang et al., 2019).
To verify model SSC predictions, a month‐long simulation with only tidal forcings (Mukai et al., 2002)
was conducted for comparison to measurements. In Figure 4‐6, SSC timeseries at a representative
output point in a PIS tidal channel (see Figure 4‐1 for location of PIS1 output point) show that total SSC
varies strongly with the spring‐neap tidal cycle – confirming that tidal currents are the primary process
responsible for sediment resuspension and dispersal in PIS (Wilson et al., 2014; Zhang et al., 2019). The
simulated total SSC is mostly composed of clays and very fine sands, with much lower concentrations of
medium sand, and time‐averaged total SSC across the simulation period is on the order of 1 mg/L,
consistent with summer measured averages when stirring of sediments due to waves is minimal. Figure
4‐7 plots the spatial‐variation in time‐averaged per size fraction and total SSC; fine sand SSC is highest
over shallow flats and portions of the ebb‐delta where flow velocities are high, while clay SSC
concentrations only show minor variation within the proximal flats, primary tidal channels, inlet, and
ebb‐delta of PIS. Table 4‐2 gives the values of cohesive fractions critical shear stress for erosion as well
as the Van Rijn “Sus” and “Bed” calibration factors used to produce simulated backbarrier SSC values
consistent with measurements.
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Figure 4-5: Mean (averaged over sampling distance) total suspended sediment concentration in areas of the Plum Island Sound
estuary measured during the summer of 2016, fall of 2016 (November 17, 2016), and winter of 2017 (February 24, 2017)
(FitzGerald, 2019).
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Figure 4-6: Simulated total and per size fraction suspended sediment concentration at a representative output point in the
primary backbarrier tidal channel of PIS (see Figure 4-1 for PIS1 output point location). Total SSC is mostly composed of very
fine sand, and time-averaged total SSC is on the order of 10 mg/L, consistent with seasonal measurements (FitzGerald, 2019)
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Figure 4-7: Simulated time-averaged suspended sediment concentration (per size fraction (a-c) and total (d)) at PIS for a monthlong simulation using only astronomic forcings. Fine sand SSC is highest over shallow flats and portions of the ebb-delta where
flow velocities are high, while clay SSC concentrations only show minor variation within the proximal flats, primary tidal channels,
inlet, and ebb-delta of PIS.
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Table 4-2: Characteristics of sediment classes used in Delft3D model, including the most important settings used to verify the
simulation of clay (cohesive) and very fine and medium sand (non-cohesive) SSC

Sediment Class

Median
Diameter [μm]

Fall Velocity
[m/s]

Clay (cohesive)
Very Fine Sand
Medium Sand

10
100
250

6.3e‐5
‐
‐

Critical Shear
Stress for
Erosion [N/m2]
2.0
‐
‐

Van Rijn Sus
Factor

Van Rijn Bed
Factor

‐
0.001
0.001

‐
1.0
1.0

4.4 Results and Discussion
The bed level changes and residual sediment fluxes associated with tidal action only, especially
during spring tides, are still non‐negligible when compared to storm‐induced fluxes; hence, the analyses
of cumulative storm effects (whether on cumulative erosion/deposition or residual transport) was
limited to a period from 12 hours before the peak storm surge to 12 hours after the peak storm surge
(see analysis period noted in Figure 4‐3) and encompassing the full surge hydrograph to isolate storm
influence.
The morphologic changes from Synthetic_0385 storm and Synthetic_0517 storm for each of the
four surge/tidal phasing scenarios are shown in Figure 4‐8 and Figure 4‐9, respectively. Bed level
changes due to the storm are larger generally for the more intense Synthetic_0385 storm. The track of
storm 0517 (see Figure 4‐2) is much more typical of the tropical cyclones that strike New England and
pass the vicinity of PIS than the more shore‐perpendicular track of storm 0385 (Boose et al., 2001). For
both storms, when surge peak coincides with high tide (pos0hr) there is the greatest morphologic
change in the backbarrier, while when the surge peak coincides with low tide (neg6hr), there is the least
morphologic change. For the Synthetic_0385 storm, both the neg3hr and pos0hr scenarios produce
erosion across broad areas of the flood‐ and ebb‐tidal deltas, with deposition in backbarrier channels
and at the ebb‐delta seaward margin. When the surge peak lags high tide (pos3hr) there is lower
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mobility in the backbarrier, but more intense, focused areas of erosion and deposition at the ebb‐delta
margin. The results for Synthetic_0517 storm show similar patterns per surge/tidal phasing but at much
lower magnitudes of morphologic change.

Figure 4-8: Cumulative erosion and sedimentation for synthetic storm 0385 for the four tidal phasing scenarios: when the surge
peak and low tide coincide (top left panel, neg6hr),.when the surge peak leads high tide (top right panel, neg3hr), when surge
peak coincides with high tide (bottom left panel, pos0hr), and when the high tide leads the surge peak (bottom right panel,
pos3hr). Negative values (warm colors) represent erosion, while positive values (cool colors) represent sedimentation.
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Figure 4-9: Cumulative erosion and sedimentation for synthetic storm 0517 for the four tidal phasing scenarios: when the surge
peak and low tide coincide (top left panel, neg6hr),.when the surge peak leads high tide (top right panel, neg3hr), when surge
peak coincides with high tide (bottom left panel, pos0hr), and when the high tide leads the surge peak (bottom right panel,
pos3hr). Negative values (warm colors) represent erosion, while positive values (cool colors) represent sedimentation.

Net sediment fluxes through the inlet for all experiments were tracked by sediment size fraction
and provenance zone. Following the convention from this Delft3D model, negative flux values indicate
sediment import while positive values indicate sediment export. The cumulative volumetric transport
(net sediment flux) for each storm and surge/tidal phasing is plotted by sediment type (Figure 4‐10) and
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provenance zone (Figure 4‐11). Figures plotting time‐series of cumulative flux (instead of just the net
value) along with water levels, current speeds, and other parameters at the inlet are included in the
Supplementary Material. Both storms and all surge/tidal phasing scenarios cumulatively export
sediment, counter to the conceptual basin results from Chapter 3; however, the relative surge/tidal
phasing continues to have a large influence on the net sediment transport through the inlet. For the
Synthetic 0385 storm, the net export is dominated by clays which are present only in the backbarrier
marsh, flats, and tidal channels. Medium sand is also net exported for all surge/tidal phasing scenarios,
though at lower magnitudes compared to clay. Very fine sand is imported for all except the pos3hr
phasing scenario. For the Synthetic_0517 storm, cumulative exported sediment is greatest for the
pos3hr phasing, where all three sediment classes are exported in comparative volumes. For other
phasing scenarios, residual transport of very fine sand is lower than for clay and medium sand and is
imported despite total residual export when the tide and surge peaks are in phase. When analyzing
sediment residual flux by source (provenance zone, see Figure 4‐11), channel and to a lesser degree
inlet‐sourced sediment are exported, while ebb‐delta sediments are imported. Residual fluxes for
marsh‐, updrift, and downdrift‐derived sediments are much lower in magnitude, while the sediments
from zones that are more proximal to the inlet have larger magnitude fluxes.
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Figure 4-10: Cumulative sediment flux for all simulations by sediment type. Negative values indicate net import while positive
values indicate net export. Each subplot contains results for each of the two synthetic storms (noted in the subplot title) with the
four surge/tidal phasing scenarios (neg6hr, neg3hr, pos0hr, pos3hr). For each of the simulations, the total cumulative flux is
shown as well as the cumulative inlet flux divided among the three sediment types. For example, the net sediment export for the
pos3hr phasing for storm Sythetic_0385 is mostly composed of the clay and medium sand classes, and there is a cumulative
export for all three fractions.

Figure 4-11: Cumulative sediment flux for all simulations by sediment provenance zone – u: updrift, d: downdrift, e: ebb-delta, i:
inlet, c: channels, and m: marsh. Negative values indicate net import while positive values indicate net export. Each subplot
contains results for each of the two synthetic storms (noted in the subplot title) with the four surge/tidal phasing scenarios
(neg6hr, neg3hr, pos0hr, pos3hr). For each of the simulations, the total cumulative flux is shown as well as the cumulative inlet
flux divided among the six provenance zones. For example, the sediment imported for the pos0hr phasing for storm
Sythetic_0385 is mostly composed of ebb-delta sourced sediment, while the exported sediment is mostly sourced from the inlet
and channels.

Finally, the erosion and sedimentation patterns are investigated by type and provenance for the
neg3hr surge phasing for the Synthetic_0385 Storm to track the fate of the imported and exported
sediments (see Figure 4‐12). Despite a net export driven by clays, this scenario imports the most sand.
For each sediment size class and provenance zone, the change from initial to final bed morphology after
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storm impact, using sediment mass per unit area present within the bed converted to a vertical bed
level change value using each size class’s dry bed density. While this figure shows the spatial extent of
sediment redistribution, it also indicates the amount of deposition (in terms of accretion) that can be
compared with accretion attributable to other processes (FitzGerald, Hughes, et al., 2020). This
approach makes results directly comparable regardless of sediment type class and magnitude of
deposition.
In general, the spatial patterns of erosion and deposition for the two non‐cohesive, sand classes
are similar. The net import of the very fine sand fraction is the result of limited redistribution of updrift
and downdrift sediments from the marginal flood channels into the proximal backbarrier zone. There is
a minor seaward transport of inlet‐sourced very fine sand within the ebb‐dominated inlet throat, though
some basin‐ward transport of inlet‐sourced very fine sand is also observed. It appears that much of the
import of this fraction is from the ebb‐delta, where sediment from a shallower swash platform north of
the inlet is transported into the proximal backbarrier. Basin‐sourced fine sand is mostly redistributed
within the basin, with erosion of the exposed edges of flood delta tidal flats and some channels with
sedimentation nearby. The importance of marsh edge erosion for the internal redistribution of sediment
is evident, as the very fine sand eroded from marsh edges in the lower PIS is deposited into directly
adjacent channels and flats.
Compared with the very fine sand, the medium sand has very low transport excursion lengths
and is only transported out of its provenance zone for very short distances at the zone margins. Import
from the updrift, downdrift, and ebb‐delta zones is insignificant, while high erosion at the inlet throat
and deposition onto the ebb‐delta crest contributes to the export of this fraction. Similar to very fine
sands, channel and flat derived sediments are internally redistributed within those environments. While
some edge erosion and channel/flat deposition of medium sand occurs in the same backbarrier
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locations, it is less extensive compared to very fine sand. With much of the redistribution of sands
focused at the inlet, ebb‐delta, and proximal tidal channels, the location of the inlet transect used to
track sediment flux relative to morphological features and defined provenance zones could influence the
calculated net transport direction to a greater degree than for the conceptual model, where a simpler
geometry was used in the analysis in Chapter 3.
Both the channels/flats and marsh zones show very slight erosion of clay with no associated
deposition, implying that the clay suspended by storm processes remains in suspension in the water
column for some time after storm passage. It is interesting to note that the clay is eroded from both
channels and flats that are proximal to the inlet, but in locations further up‐estuary, only the flats are
impacted due to lower shear stresses in the channels. There is no muddy material available in the bed of
the marine zones (FitzGerald, Ryerson, et al., 2020; FitzGerald et al., 2002), preventing the formation of
post‐storm muddy marsh deposits observed in other environments (Liu et al., 2018; Tweel & Turner,
2012). PIS peat deposits contain substantial organic material (FitzGerald, Ryerson, et al., 2020) that
would also be entrained with edge erosion; some of the organic sediments would be redistributed to the
remaining marsh platforms (Mudd, 2011) while the majority would be exported from the basin along
with clays.
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Figure 4-12: Cumulative erosion and deposition of sediment from each provenance zone (columns) and size fraction (rows) for Storm 0385 neg3hr surge/tidal phasing scenario.
Negative values indicate a net erosion and positive values indicate a net sedimentation of the particular size class and provenance zone fraction
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Figure 4‐13 shows the erosion and deposition during Synthetic_0517 pos3hr phasing storm
passage for each sediment size class and provenance zone. Compared with results from the
Synthetic_0385 storm neg3hr phasing, these results from the pos3hr phasing where high tide leads the
surge peak by 3 hours show a trend of more ebb‐directed sand transport, such that none of the very fine
or medium sand from any provenance zone is imported. The storm surge enhances the already ebb‐
dominant tidal currents during periods of highest SSC (see Supplementary Material) resulting in export
of all classes. As with the other run examined in detail, basin‐sourced fine sand is mostly redistributed
within the basin, with erosion of the exposed edges of flood delta tidal flats and some channels with
sedimentation nearby. Some transfer of sand from the marsh to fronting channels due to edge erosion is
observed, though with much lower magnitudes for this less‐intense storm. Medium sand and very fine
sand fractions largely follow similar patterns of redistribution. As with the previous storm, clay is eroded
uniformly from the channels and flats of the lower PIS estuary and remains in suspension within the
system and in the nearshore along the adjacent barriers without significant deposition in any of the PIS
areas. As in the Chapter 3 work, the storm surge boundary condition for the Synthetic_0517 storm
displays high‐frequency oscillations immediately following the storm peak, producing unrealistic
oscillatory ebb‐flood currents that are primarily responsible for sediment export (see Supplementary
Material).
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Figure 4-13: Cumulative erosion and deposition of sediment from each provenance zone (columns) and size fraction (rows) for Storm 0517 pos3hr surge/tidal phasing scenario.
Negative values indicate a net erosion and positive values indicate a net sedimentation of the particular size class and provenance zone fraction.
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The model results from the PIS tropical storm simulations complement those from the
conceptual basin model presented in Chapter 3. In repeating a portion of the storm sediment flux
experiments for a real basin with realistic bathymetry/topography and bed sediment configurations, the
influence of these factors on general trends in sediment flux is explored. As in Chapter 3, results show
that the relative surge/tidal phasing has a large influence on the magnitude of net sediment fluxes
during storms. With much higher tidal currents through the inlet and significantly reduced SSC
concentrations (see Supplementary Material), residual sediment fluxes through Parker River Inlet during
storms are of similar orders of magnitude as the typical fluxes during spring tides. Ebb‐dominant inlet
currents, superimposed with the surge outflow for most surge/tidal phasings, export clay entrained
from the basin interior such that all phasing scenarios for both simulated storms show a net export of
sediments, contrary to the conclusions of Chapter 3.
With no clay available for entrainment from marine zones outside of the basin, suspension and
import of clay by these storms is precluded; however, the model formulation with no clay initially in
suspension in the nearshore neglects a potentially important sediment source. Regional sediment input
to the nearshore zone is primarily from the Merrimack River (Hein et al., 2012), and nearshore
circulation patterns would transport suspended fines from the Merrimack River through the Parker River
Inlet into PIS (Zhao et al., 2010). Since the export of clay dominates the total residual transport for most
cases, the neglected initial import of previously suspended clay from the nearshore could shift total
residual fluxes to favor import. Still, very fine sand from the ebb‐delta and inlet is imported for most
phasing scenarios for the more intense Synthetic_0385 storm. The several millimeters of very fine sand
deposition onto proximal channels and tidal flats, both imported from the ebb‐delta and internally
redistributed via marsh edge erosion, can counteract the millimeters of erosion from the same areas
due to the export of clays. While there is negligible deposition of the imported sand onto high marshes,
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subsequent tidal and other processes (i.e. ice‐rafting) could eventual transport a portion of the storm‐
imported sand onto marsh platforms.
The storm surge coupled with spring tides floods the extensive high marsh zones of PIS (with the
exception of the pos0hr out of phase scenario); despite the presence of suspended clay eroded from the
basin channels and flats in the inundating surge, there is negligible marsh deposition. The model’s lack
of vegetation, with the associated enhanced trapping and settling of mineral sediments (Mudd et al.,
2010), likely contributes to an underprediction of clay deposition on marshes and a corresponding
overprediction of the clay remaining in suspension to be exported from the basin. Additionally,
vegetation would likely reduce the sediment contributions from backbarrier edge erosion with
belowground biomass providing greater resistance to erosion (Mariotti & Fagherazzi, 2010)

4.5 Conclusions
Extending the work presented in Chapter 3, this research investigated the influence of tropical
cyclones on residual sediment fluxes in PIS. The two representative storms explored in greater detail in
Part I were again applied to a previously developed and calibrated hydrodynamic model of PIS that was
extended to also simulate sediment transport and morphology. An innovative method is used to track
the provenance of sediment transported through the inlet and to display the redistribution of sediment
of a particular size class and provenance zone in terms of vertical bed level change. The residual fluxes
through the inlet can be examined according to their source in addition to size fraction, while the areas
contributing and receiving sediment through erosion and deposition are identified. The main
conclusions from this work are:


Storms import very fine sand from the nearshore and shoreface, though on net storms are
unable to counteract the ebb‐dominance of the system that continues to export muddy
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sediments from the backbarrier. Imported fine sand is deposited in proximal tidal creeks and on
tidal flats near the inlet without significant deposition on the marshes, though subsequent tidal
and other processes (i.e. ice‐rafting) could subsequently re‐mobilize these deposits onto marsh
platforms. Accretion of tidal channels and flats due to imported sediment alone is on the order
of millimeters (for each storm), with additional accretion adjacent to marshes experiencing edge
erosion.


Clays suspended from the backbarrier channels and flats during storms are exported from the
basin during outflow surges and subsequent ebb‐dominant tidal currents. Marine clays in
suspension enter and leave the basin without deposition. The net export of clay is greater than
the net transport of any other sediment type for all scenarios, dominating the total sediment
residual fluxes.



. Consistent with previous work, marsh edge erosion during storms, especially in the lower PIS
basin more exposed to storm waves transmitted through the inlet, mobilized and redistributes
sediments from the edges of marsh platforms onto proximal flats and channels.



Consistent with the results of Chapter 3, the relative surge/tidal phasing has a large influence on
the net sediment transport during storms for all simulated size classes.
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4.7 Supplementary Material

Figure 4-14: Summary of simulation results for Storm 0385 at inlet for each of the four surge/tidal phasing scenarios (neg6hr,
neg3hr, pos0hr, pos3hr). a) simulated water level at inlet resulting from a boundary condition that superimposes the modeled
storm surge from the NACCS study with a spring tide at various phases. b) simulated significant wave height (Hs) at the inlet. c)
simulated total (sum of all fractions) sediment concentration at the inlet. d) simulated channel-averaged current speed through
the inlet. e) simulated total (sum of all fractions) sediment flux through the inlet. f) cumulative sediment flux through the inlet
during storm period, indicating a net tidal basin import or export of sediment due to the storm. Storm 0385 produced a large net
export of sediment for the pos0hr surge/tidal phasing scenarios ranging to a negligible net transport for the neg6 hr scenario.
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Figure 4-15: Summary of simulation results for Storm 0385, neg3hr surge/tidal phasing scenario at inlet a) simulated water level
at inlet resulting from a boundary condition that superimposes the modeled storm surge from the NACCS study with a spring tide
with peak surge leading the high tide by 3 hours. b) simulated significant wave height (Hs) at the inlet. c) simulated channelaveraged current speed at the inlet. d) simulated cumulative sediment (clay fraction) flux through the inlet during storm period, in
total and per provenance zone. e) simulated cumulative sediment (very fine sand fraction) flux through the inlet during storm
period, in total and per provenance zone. f) simulated cumulative sediment (medium sand fraction) flux through the inlet during
storm period, in total and per provenance zone. Note the different y-axis scales for subplots e) through f). The vertical black line
in all subplots marks the time of peak storm surge.
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Figure 4-16: Summary of simulation results for Storm 0517 at inlet for each of the four surge/tidal phasing scenarios (neg6hr,
neg3hr, pos0hr, pos3hr). a) simulated water level at inlet resulting from a boundary condition that superimposes the modeled
storm surge from the NACCS study with a spring tide at various phases. b) simulated significant wave height (Hs) at the inlet. c)
simulated total (sum of all fractions) sediment concentration at the inlet. d) simulated channel-averaged current speed through
the inlet. e) simulated total (sum of all fractions) sediment flux through the inlet. f) cumulative sediment flux through the inlet
during storm period, indicating a net tidal basin export of sediment due to the storm.
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Figure 4-17: Summary of simulation results for Storm 0517, pos3hr surge/tidal phasing scenario at inlet a) simulated water level
at inlet resulting from a boundary condition that superimposes the modeled storm surge from the NACCS study with a spring tide
with peak surge following the high tide by 3 hours. b) simulated significant wave height (Hs) at the inlet. c) simulated channelaveraged current speed the inlet. d) simulated cumulative sediment (very fine sand fraction) flux through the inlet during storm
period, in total and per provenance zone. e) simulated cumulative sediment (clay fraction) flux through the inlet during storm
period, in total and per provenance zone. f) simulated cumulative sediment (fine sand fraction) flux through the inlet during storm
period, in total and per provenance zone. The vertical black line in all subplots marks the time of peak storm surge.
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Chapter 5: Maximizing Diversion Land‐Building with Enhanced Sediment
Supply
5.1 Background
5.1.1 Delta Development
Deltas are defined as depositional features that protrude from shorelines where a fluvial
sediment source interacts with the redistributing forces of the receiving marine basin (Bates, 1953;
Orton & Reading, 1993). The relative strength of the fluvial or marine forcings has been the traditional
basis for examining the various observed delta configurations (Wright & Coleman, 1973). The processes
occurring at a river mouth influence the nature in which the decelerating effluent’s sediment load is
deposited, which in turn determines the resulting delta’s morphology and stratigraphy (Bates, 1953;
Wright, 1977). Delta classification schemes have been developed as frameworks in which to discuss the
observed variation in modern deltas and as tools to aid in the interpretation of ancient deltaic deposits
in the stratigraphic record (Galloway, 1975; Nemec et al., 2009). The interaction and relative strengths
of fluvial and marine processes are capable of producing a variety of characteristic morphologies and
accompanying stratigraphies (Galloway, 1975; Passalacqua et al., 2013). Galloway characterizes deltas
based on three end member types, fluvial‐dominated, wave‐dominated, and tide‐dominated, that
exemplify the effects of each process when it is the most important for a deltaic system (Galloway,
1975).
Observations of modern, river‐dominant deltas suggest that the process of channel bifurcation
around river mouth bars is primarily responsible for the development of a network of delta distributary
channels). Because each bifurcation in channel networks is initiated by bar formation at the location of a
former distributary mouth, the mechanics of mouth bar formation and subsequent hydraulic
connectivity between channels and interdistributary islands can contribute to understanding of the
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overall organization of delta distributary networks (Edmonds & Slingerland, 2007, 2008; Hiatt &
Passalacqua, 2015). Mouth bar development occurs in three phases: rapid deposition seaward of the
river mouth due to decreasing jet momentum flux as the sediment‐laden, channelized flow expands into
the receiving basin, progradation of the mouth bar crest as decreasing depths accelerate and decelerate
flow upstream and downstream of the developing mouth bar, respectively, and runaway aggradation
when water depths above the bar are low enough to laterally deflect flow into a bifurcation, fixing the
mouth bar's location within the delta network (Edmonds & Slingerland, 2007). For fluvial dominant, high
suspended sediment load systems, seasonal cycles of sediment delivery to the delta front superimpose
higher frequency fluctuations over the three stages of mouth bar development that cycle over longer
timescales, producing cyclic depositional sequences of sand and mud (Hanegan, 2011; van Heerden &
Roberts, 1988; Wellner et al., 2005). During falling flood stages, sand is no longer transported in
suspension, and the deposition over the mouth bar is dominated by runaway aggradation of mud.
Subaerial exposure during subsequent low flows consolidates mud deposits, helping to fix the location
of the prograding mouth bar during the next flood so that bifurcation will take place (Esposito et al.,
2013).

5.1.2 Delta Submergence
The Mississippi River Delta (MRD), which occupies a large portion of Southeast Louisiana, began
to take shape over 7000 years ago when global sea levels stabilized in the beginning of the Holocene
epoch (Blum & Roberts, 2009). The complex system of wetlands, lakes, interdistributary bays, barrier
islands, and bayous that make up the Southeast Louisiana coast were formed by sediment accumulated
from the Mississippi River’s shifting delta lobes. The Holocene delta plain was gradually filled in with
sediments as the river shifted to form new shelf‐phase delta complexes every 1000 to 1500 years (Blum
& Roberts, 2009; Coleman, 1988; Penland et al., 1988).
124

The transgression of abandoned delta lobes following avulsion to a new locus of deposition
occurs naturally as the deposited sediments consolidate. The resulting subsidence in a transgressive
lobe is typically compensated by new sediment deposition from river overbank flooding and crevassing,
organic production with vegetation establishment, and the redistribution of sediment by coastal
processes (Coleman, 1988). Simultaneously, distributary channels at a new location continues to
prograde, filling accommodation space and building land in the form of a new delta lobe (Blum &
Roberts, 2012; Penland et al., 1988). The land area in the entire deltaic plain is naturally maintained as a
dynamic equilibrium among subsidence, Sea Level Rise (SLR), deposition, compaction, and organic
production. In the last century, artificial levees and distributary flow control on the Mississippi River
Delta and reductions in suspended sediment load due to tributary damming have interrupted the
progradation phase of the deltaic cycle so that avulsion is physically restricted and most flow and
sediment is still directed to the Plaquemines‐Belize sub‐delta (Blum & Roberts, 2009; Kesel, 1989). As a
result of these interventions in the delta cycle, as well as natural processes such as subsidence, sub‐
aerial land in the delta has been lost at a rate of 44 km2/year over the last several decades (Coleman &
Gagliano, 1964; Kim et al., 2008; Wells & Coleman, 1987).
The isolation of deltaic wetlands from the river reduced mineral sediment deposition on the
marsh platform, and hence limits the ability of wetlands to offset subsidence (Gagliano et al., 1981;
Penland et al., 1990; Wells & Coleman, 1987). Following the great flood of 1927, some limited, pre‐
existing flood protection levees were upgraded and integrated into a comprehensive flood protection
system that further impounded the lowermost Mississippi River for most of its reach, preventing
channel migration (Jerolmack & Mohrig, 2007) and limiting overbank deposition from crevasse splays
(Boesch et al., 1994; Coleman, 1988). The sediment load, particularly the sand fraction, is now mostly
confined in the channel and contributes to bed aggradation in the lowermost reaches, hindering land‐
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building opportunities within the lower river sub‐deltas and crevasses (Plaquemines‐Belize) (Allison et
al., 2012; Kim et al., 2008). Additionally, subsidence and the degree to which drivers of subsidence
contribute to alter the modern landscape in Southeastern Louisiana are complex, but the result
produces some of the highest rates of relative Sea Level Rise (SLR) in the world, leading to widespread
land loss (Yuill et al., 2009). Land loss occurs on the seaward edges of wetlands due to wave erosion or
through marsh platform submergence or in‐place drowning, ponding, and other processes that initiate
degradation from the interior marsh (Barras et al., 2004; Hughes et al., 2009; Kirwan et al., 2008;
Mariotti & Fagherazzi, 2010, 2013; Wilson et al., 2014). As more interior marshes are converted to open
water through submergence, open water fetch increases and contributes further to edge erosion
facilitated by larger waves. Ortiz et al (2017) showed through geospatial analysis of pond expansion in
the MRD, that ponds greater than 300 m wide experience an acceleration of edge retreat compared to
their smaller counterparts (Ortiz et al., 2017). Historically, some wetland loss was attributed to an
network of canals dredged for navigation and oil and gas exploration (Day et al., 2007), although
Penland et al. (2002) attributed most of this loss to direct loss resulting from the dredging (Penland et
al., 2002). Indirect loss of wetlands is also attributable to canal dredging that further alters the natural
hydrology, allowing increased saltwater intrusion and increasing the length of coastline exposed to
erosion processes (Day et al., 2007; Penland et al., 2002; Scaife et al., 1983).
With continued coastal erosion, the communities, habitats, and economic activities that depend
on the MRD are becoming increasingly vulnerable (Peyronnin et al., 2013). In the wake of the
devastating 2005 hurricane season, the role of the deteriorating coast in increasing storm surges was
clear (Siverd et al., 2019). Accordingly, both state and federal planning efforts began to fully integrate
flood protection and coastal restoration measures into comprehensive risk reduction strategies (CPRA,
2012, 2017; USACE, 2009). In the most recent Louisiana Coastal Master Plan (CMP), the implementation
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of sustainable, long‐term land building projects is considered critical for restoration of the coast and the
future of its supported communities (CPRA, 2017). Proposed projects include barrier island
nourishment, marsh creation using dredged sediment, and hydrologic restoration; however, large
sediment diversions are an important part of the restoration plan because they mimic natural delta
processes and help to provide mineral sediment to the deteriorating wetlands within the Mississippi
Delta (Allison & Meselhe, 2010; CPRA, 2017; Edmonds, 2012; Kemp et al., 2014; Meselhe et al., 2012).

5.1.3 MRD Restoration Strategies
Though many strategies exist for restoring the MRD, one promising approach to both build new
and help sustain existing wetlands is the reconnection of the river to the surrounding transgressive
deltaic plain (CPRA, 2012; Day et al., 2007; Meselhe et al., 2012; Paola et al., 2011). Freshwater and
sediment diversions in the lower Mississippi and the Atchafalaya Rivers would act as engineered
avulsions, diverting water and sediment from the river into the surrounding delta to reinitiate the delta
building process (Allison & Meselhe, 2010; Edmonds, 2012). Large sediment diversions have a high land‐
building potential and are cost‐effective as restoration projects (CPRA, 2017); studies suggest that
implementing sediment diversions as part of the CMP is critical for offsetting widespread wetland loss
and creating a sustainable coast (CPRA, 2012, 2017; Peyronnin et al., 2013).
Sediment diversions (several are proposed) would be constructed in the lower river below New
Orleans to divert at least 1416 m3/s (50,000 ft3/s) by some estimates of flow through diversion channels
designed to maximize the capture of suspended sand from the river during high flood flows (Allison &
Meselhe, 2010; CPRA, 2012; Meselhe et al., 2012; USACE, 2009). Similar to delta crevasses, sediment
diversions are expected to build land in the form of developing sub‐deltas, analogous to the
progradation of the Wax Lake Delta (WLD) into Atchafalaya Bay from the constructed Wax Lake Outlet
(WLO) channel (Kim et al., 2008). The study of potential deposition and erosion patterns from large
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sediment diversions is thus mostly drawn from research on the morphology of developing deltas (Dean
et al., 2014; Kim et al., 2008); however, important differences exist between receiving basins for
proposed diversions and those of existing deltas that could influence the sediment input and resulting
receiving basin morphology (Edmonds, 2012; Edmonds & Slingerland, 2007; Paola et al., 2011; Wolinsky
et al., 2010).
Apart from large sediment diversions, marsh creation in the interdistributary basins of the delta
using dredged Mississippi River sediment pumped over long distances is another key component of the
planned MRD restoration (CPRA, 2017; Kemp et al., 2014). The sediment mined from within the river
used to build land in the surrounding deteriorating wetlands is considered a sustainable resource, as
upstream transported sediment does replenish dredged areas over several annual flood cycles (Kemp et
al., 2014; Moffatt & Nichol, 2011, 2013; Yuill et al., 2016). Further, ecological impacts to the receiving
basin should be relatively minor as pumped freshwater from the river is less likely to impact estuarine
salinity gradients (Kemp et al., 2014). Though successfully implemented to restore approximately 1400
acres in the Barataria Basin alone (Moffatt & Nichol, 2013, 2019), marsh creation using riverine
sediment will still need to be complemented by sediment diversions to economically achieve restoration
goals (Carney et al., 2019). Costs per acre of predicted land creation for marsh creation projects remain
high compared to those of sediment diversions (CPRA, 2017; Kemp et al., 2014), and dredging cost’s
high dependence on energy prices may render this restoration technique less feasible in the future (Day
et al., 2005).

5.1.4 Motivation
With the large mid‐basin sediment diversions moving forward into the engineering and design
phase (CPRA, 2017), the restoration community has increasingly focused on optimizing diversion
operations (Peyronnin et al., 2017). Operational schemes should maximize land building while
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minimizing both ecologic and socio‐economic disruptions (Peyronnin et al., 2017), a critical task for
securing regulatory approval and continued project funding. Preliminary design and analysis has focused
on maximizing the Sediment‐Water ratio of the diverted flow to minimize induced riverine shoaling
(Gaweesh & Meselhe, 2016; Meselhe et al., 2012), resulting in proposals for deep inlet structures that
have significantly contributed to the projects’ escalating cost estimates (Kenney et al., 2013). With
operational constraints, including limiting peak discharges to reduce or eliminate impacts to fisheries
and water quality, that may limit the diverted sediment load (Peyronnin et al., 2017) and potential cost
constraints on diversion capacity (Kenney et al., 2013), more work is needed to help maximize land‐
building. More broadly, much of the work in the developing field of numerical simulation of delta
morphology has used constant discharges approximating bankfull conditions (Caldwell & Edmonds,
2014; Edmonds & Slingerland, 2010; Geleynse et al., 2010; van der Vegt et al., 2016). While high flow
conditions and associated sediment delivery are certainly the primary driver of fluvial dominate delta
morphology (Wright, 1977), interannual flow and sediment supply variability continues to affect deltaic
morphology (Esposito et al., 2013; Hanegan, 2011; Hanegan & Georgiou, 2015) with implications for
diversion operations.
Sediment loads entrained by river diversions could be supplemented with sediment dredged
from the river and discharged into the diversion channel which may increase land building and
potentially allow for reduced water discharges that achieve similar restoration benefits. In addition to
increasing the diverted sediment load, this strategy would also alleviate any navigation impacts of
diversion‐induced shoaling with dedicating dredging to maintain navigable depths. This research seeks
to analyze the efficacy of diversion sediment augmentation as a coastal restoration strategy in the
context of recent advances in the simulation and quantification of numerical (conceptual) delta
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morphologies, focusing on the aspects of delta hydrodynamics and morphology that correlate to
restoration goals.
This study uses a Delft3D hydrodynamic and morphologic model to simulate a developing delta
into a conceptual receiving basin. Flow and sediment input to the receiving basin is varied to
approximate suggested operation of the diversion (CPRA, 2017). The effect of enhanced sediment
supply is explored by simulations integrating sediment concentrations and compositions that vary from
the sediment load expected to be captured by proposed diversions (Meselhe et al., 2012). To compare
results from this study with natural systems, simulation results from enhanced sediment supply
experiments are quantified using a range of delta metrics including subaerial extent, depositional
volume, and sediment retention by sediment class. Research outcomes have the potential to inform
diversion operation planning to promote maximum land‐building despite potential environmental or
economic constraints that could reduce diversion flow rates or limit operation.

5.2 Methods
5.2.1 Delft3D
Physics‐based numerical models are allowing for increasingly sophisticated representation of
hydrodynamics and morphology over timescales relevant to delta development and diversion land‐
building (Caldwell & Edmonds, 2014; Geleynse et al., 2011; van der Vegt et al., 2016).The Delft3D
software package is an ideal platform for model development, with the capability to simulate
hydrodynamics, sediment transport, and resulting changes to bed levels (i.e. erosion/deposition) and
bed sediment composition. The Delft3D‐FLOW module integrates the computation of hydrodynamics,
sediment transport, and morphology in a simultaneous, “online” approach where changes to
bathymetry in one time step are immediately available to calculate hydrodynamics in the next time step
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(Lesser et al., 2004; Roelvink, 2006). Hydrodynamics are simulated by solving the unsteady shallow
water equations using finite‐difference methods on a curvilinear grid. Since density stratification and
other three‐dimensional effects are not significant in the shallow receiving basins of the Mississippi
River Delta, the depth‐averaged model is implemented in this study. The erosion and deposition of
cohesive sediment are calculated using the Partheniades‐Krone method, and transport of non‐cohesive
sediment is calculated using the Engelund‐Hansen total load formula (Engelund & Hansen, 1967;
Partheniades, 1965). Delta building over the course of decades can be simulated with practical runtimes
using Delft3D’s morphologic up‐scaling techniques (Ranasinghe et al., 2011; Roelvink, 2006).

5.2.2 Model Development
Land building resulting from a sediment diversion is investigated using an idealized numerical
model with basin dimensions and bathymetry that resemble the interdistributary bays of the MRD. The
model computational grid encompasses a shallow, semi‐open receiving basin approximately 30 km wide
by 20 km long (see Figure 5‐1). Computational grid resolution ranges from 50 m in the feeder channel
and proximal areas to 150 m in the most distal portions of the receiving basin. The basin bathymetry
slopes from an elevation of ‐1 m relative to Mean Sea Level (MSL) at the landward boundary to ‐3.8 m
MSL seaward. The connection to the coastal sea is implemented with an open tidal boundary along the
southern grid extents, while lateral and landward boundaries are closed (zero flux). A diurnal astronomic
tide is implemented at the boundary using the O1 and K1 constituents typical for southeast Louisiana
(Grande Isle NOAA Tide Station 8761724) (NOAA, 2018). Flow and sediment are delivered at the
upstream boundary through a short, trapezoidal feeder channel, approximately 650 m long with a
bottom width of 100 m and a bottom elevation of ‐5 m MSL that transitions gradually to the surrounding
shallow water depths of the receiving basin.
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Figure 5-1: Initial bathymetry
of the conceptual diversion
outfall channel and receiving
basin. Model open boundaries
are indicted with the thick
black lines marked “inflow” and
“offshore”.

The suspended sediment and bed sediment grain size distributions were schematized using five
sediment fractions, each representing a range of coarse and fine sediment found in the Mississippi River.
The sediment classes range from a medium silt, implemented as the lone cohesive class in Delft3D, to
medium sand, and correspond to those used in other studies investigating water and sediment diversion
for the Mid‐Barataria Diversion (Meselhe et al., 2012). The thickness of the underlying bed strata varies
from 2 m within the feeder channel (limiting the depth of potential scour) to 10 m in the receiving basin,
with a vertically uniform bed composed of the five classes in equal proportion.

5.2.3 Enhanced Sediment Supply
Gaweesh and Meselhe (2016) argued that to maximize the land creation and marsh sustaining
benefits while minimizing detrimental ecological and navigation impacts, diversions should be designed
to capture coarse sediment from the river as efficiently as possible (Gaweesh & Meselhe, 2016; Meselhe
et al., 2012). One measure of efficiency is the Sediment to Water Ratio (SWR), which compares the
fraction of diverted sediment to the fraction diverted water. A SWR of greater than 1 is needed to
maximize sediment delivered to the receiving basin and minimize the potential shoaling downstream of
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the diversion with the loss of stream power (Meselhe et al., 2012). Gaweesh et al. (2016) found that
SWR increases nonlinearly with increasing diversion depth as a greater portion of suspended sand is
drawn into the diversion (Gaweesh & Meselhe, 2016). However, the deeper diversion structures
necessary to maximize SWR also increase the maximum diversion flow capacity for the same river stage
(Gaweesh & Meselhe, 2016) which could increase environmental impacts in the receiving basin (Kemp
et al., 2014) as well as increase the expected project costs (Kenney et al., 2013).
As part of a design competition to develop innovative solutions to Louisiana coastal restoration
and Lower Mississippi River management, the Moffatt & Nichol team proposed dedicated dredging of
diversion‐induced river shoaling areas. The dredged sediment from the river would be released into the
diversion outfall channels, increasing the supply of sediment to the receiving basins without modifying
the diversion intake structures to increase sand capture (Carney et al., 2019). If river sediment can be
efficiently dredged and discharged, the sediment supply to receiving basins could increase significantly
without the need to increase flow through the diversion by increase the depth of the structure.
This restoration strategy is premised on the assumption that higher sediment input to the
receiving basin will increase land‐building (Peyronnin et al., 2017). While numerical experiments have
shown this to be the case in deltaic systems whereby a higher proportion of coarse sediment is
delivered to the delta (Caldwell & Edmonds, 2014; van der Vegt et al., 2016), recent investigations of
developing and relict deltas have shown that sediment retention can vary significantly through time and
among sites (Blum & Roberts, 2009; Esposito et al., 2017; Keogh et al., 2019; Kolker et al., 2012; Roberts
et al., 2003). At the Davis Pond freshwater diversion discharging into the Upper Barataria Basin, Keogh
et al. 2019 found that sediment retention decreases with increasing discharge and sediment delivery
due to higher velocities in the receiving basin resulting in less sedimentation, suggesting that sediment
retention can be maximized during lower to moderate flows (Keogh et al., 2019). However, coarse
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sediment is only available in suspension during limited periods of high river discharge (Nittrouer et al.,
2011; Ramirez & Allison, 2013), so augmented diverted sediment with dredging could provide coarse
sediments to the receiving basin even when suspended sand is unavailable in the river. For the
numerical experiments in the current work, retention of the augmented sediment load is maximized by
limiting the enhanced sediment supply to lower flow periods, when the coarse suspended sediment load
in the river is negligible (Allison et al., 2012).

5.2.4 Diversion Operations
With the goal of maximizing coarse sediment delivery with minimal ecosystem disruption,
operational strategies for sediment diversions developed during feasibility‐level investigations have
converged on a flood‐pulsing framework, where the diversion is operated when the discharge in the
Mississippi River exceeds a threshold of approximately 17,000 m3/s (600,000 ft3/s) (CPRA, 2017;
Peyronnin et al., 2017) when sand is reliably in suspension (Allison & Meselhe, 2010). When operating
during these high river flow events, proposed diversion maximum discharge capacities vary between
992 m3/s (35,000 ft3/s) and 2125 m3/s 992 m3/s (75,000 ft3/s) for the Mid‐Breton and Mid‐Barataria
diversions, respectively (CPRA, 2017; McCorquodale et al., 2017).
Additional operational strategies to achieve secondary objectives beyond sediment delivery and
land building have been explored (Peyronnin et al., 2017), with an expert working group recommending
continuing to divert relatively low flows during the rest of the year when suspended sand loads are
minor to minimize ecologic impacts. These maintenance flows of approximately 283 m3/s (10,000 ft3/s)
or less during non‐flood periods would mitigate saline intrusion impacts to fresh habitats, encourage
oyster productivity, and decrease the ecological impacts due to inundation during high‐flow operations
(Peyronnin et al., 2016). With negligible suspended coarse sediment load in the river during
maintenance flow periods, associated basin sedimentation is expected to be minimal; however, the
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overall land‐building benefits of diversions could be enhanced by utilizing maintenance flows to convey
dredged sediment to the developing deltas.

5.2.5 Diversion Discharge Boundary Conditions
McCorquodale et al., 2017 developed a synthetic three‐year long discharge timeseries for the
Lower Mississippi River (LMR) to aid in evaluating the river‐side morphologic impacts of diversions
(McCorquodale et al., 2017). With a flow‐duration curve that closely approximates that of 50‐years of
measured discharges at Tarbert Landing accounting for downriver flow extractions, the synthetic
hydrograph is appropriate for use in long‐term diversion planning and impact assessments. When the
simplified operational trigger of river flows greater than 600,000 ft3/s is applied to the synthetic LMR
hydrograph, a three‐year period of diversion flows can be derived. For this work, it was assumed that
that the diversion would operate at a constant discharge of 50,000 ft3/s during operational periods, with
a linear transition to and from non‐operational discharges occurring over 15 days. For non‐operational
periods, the maintenance flow concept is implemented with a constant discharge of 10,000 ft3/s
(Peyronnin et al., 2016).

5.2.6 Diversion Sediment Load Boundary Conditions
While many characteristics of sediment diversion design will influence the diverted sediment
load (Gaweesh & Meselhe, 2016), this study assumes that SWR during high‐flow operational periods will
be optimized such that coarse sediment concentrations are similar to those predicted by recent
diversion numerical modeling (Meselhe et al., 2012). Using a model calibrated to three‐dimensional flow
velocities and suspended sediment measurements in the river (Allison, 2011), Meselhe, et al. 2011
computed the diverted load per sediment class for several theoretical diversion configurations, finding
that a diversion of 75,000 ft3/s capacity produced the highest SWR of 1.12 (Meselhe et al., 2012). Using
the reported diverted sediment load and discharge for this diversion scenario, the channel‐averaged
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suspended sediment concentration in the diversion effluent during high‐flow operations was calculated
for each of the five sediment classes.
As the maintenance‐flow diversion operational scheme has only recently been proposed
(Peyronnin et al., 2016), little research to date has been conducted on the sediment dynamics of
diversions when operated during low Mississippi River flow periods. Without a corresponding model
computing diverted sediment loads during maintenance flow periods, we rely on measurements of main
river stem suspended loads in October, 2008, indicating that fine sediments dominate the suspended
load during non‐flood periods (Allison, 2011; Allison et al., 2012; Ramirez & Allison, 2013). With the
sediment load consisting primarily of fines that display greater vertical and horizontal uniformity in
concentration that coarser sediments, we assume that suspended concentrations of medium silt, coarse
silt, and very fine sand in the diverted flow are equal to those in the river. The measured discharge and
coarse and fine sediment loads in the river (Allison, 2011) were used to compute the suspended
sediment concentration in the diversion effluent for the maintenance flow periods. The reported mud
load is accounted for fully with the 32 μm fraction, while the much lower sand load was partitioned
equally between the 63 μm and 96 μm sand fractions since coarser fractions are unlikely to be in
suspension during low flows (Ramirez & Allison, 2013). The size characteristics of each sediment class
along with the suspended concentrations imposed at the model upstream boundary for high and low
flow periods are shown in Table 5‐1.
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Table 5-1: Characteristics of sediment classes used in Delft3D model. The number of classes and median diameters match
those used in Meselhe, et al. 2012. The high flow suspended concentrations were computed from the modeled diverted sediment
loads for the scenario that maximized SWR in Meselhe, et al. 2012. The low flow suspended concentrations were derived from
suspended load measurements in the Mississippi River near Myrtle Grove from October, 2008 (Allison, 2011).

Sediment Class

Median
Diameter [μm]

Fall Velocity
[m/s]

High Flow
Suspended
Concentration
[mg/L]

Low Flow
Suspended
Concentration
[mg/L]

Medium Silt
(Cohesive)
Coarse Silt
Very Fine Sand
Fine Sand
Medium Sand

32

6.46e‐4

166.3

118.7

Enhanced
Sediment
Supply
Concentration
[mg/L]
118.7

63
96
125
250

‐
‐
‐
‐

7.8
15.8
25.0
10.8

0.5
0.5
0.0
0.0

0.5
47.4
75.0
32.4

5.2.7 Model Scenarios
The efficacy of using dredged sediment to augment diverted sediment loads during
maintenance flow periods and enhance diversion land‐building is investigated using three model
scenarios. In scenario 1, referred to as “Unaltered Sediment Load”, a three‐year discharge series of
alternating 50,000 ft3/s high flow operational and 10,000 ft3/s maintenance flow periods is
implemented, with the high flow SSC during operations and low flow SSC during maintenance flow
imposed at the upstream boundary. This first scenario represents the expected development with
currently proposed high‐flow operational schemes with minimal sediment delivery during maintenance
flows. In Figure 5‐2, the diversion discharge hydrograph is labeled as “High Flow + Maintenance Flow” in
subplot a), while the boundary SSC time series for each fraction is shown in subplot b).
In scenario 2, referred to as “High Flow with Enhanced Sediment Supply”, the same discharge
hydrograph and high flow operations SSC as in scenario 1 are applied; however, sediment supply during
maintenance flows is enhanced. The increased coarse sediment load resulting from the discharge of
dredged sediment into the diversion conveyance channel during maintenance flows is approximated by
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doubling the corresponding high flow SSC for the very fine, fine, and medium sand fractions (SSC for the
medium silt and coarse silt fractions remains equal to the low flow values used in scenario 1). It was
assumed that dredged material from near the diversion intake would comprise only coarse sediments,
since intakes are positioned near alternating lateral sand bars (Allison & Meselhe, 2010; Meselhe et al.,
2012) with coarse surficial sediments (Ramirez & Allison, 2013) and dredged borrow areas in the LMR
have been shown to refill with primarily coarse sediments (Moffatt & Nichol, 2013; Yuill et al., 2016). In
Figure 5‐2, this scenario’s diversion discharge hydrograph is labeled as “High Flow + Maintenance Flow”
in subplot a), while the boundary SSC time series for each fraction is shown in subplot c).
Finally, scenario 3, referred to as “Reduced Flow with Enhanced Sediment Supply”, is included to
illustrate the effects of enhanced sediment supply during maintenance flows along with a reduced
diversion capacity during high flow operations. Boundary condition discharge and SSC time series are
the same as in scenario 2 with the exception of the high flow operational discharge, which has been
reduced to 25,000 ft3/s. In Figure 5‐2, this scenario’s diversion discharge hydrograph is labeled as
“Reduced Capacity” in subplot a), while the boundary SSC time series for each fraction is shown in
subplot c). For all scenarios, the computed sediment fluxes to and from the bed are scaled up by a factor
of 10 using Delft3D’s MORFAC parameter (Ranasinghe et al., 2011; Roelvink, 2006), such that the
morphologic development resulting from the three years of simulation approximates what is expected
to occur over multi‐decadal timescales and the diversion projects’ 50‐year design lives (CPRA, 2017).
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Figure 5-2: Diversion operations and sediment loading for the model scenarios. a) Upstream boundary discharge hydrographs
scenarios 1 and 2 (hydrograph labeled High Flow + Maintenance Flow) and scenario 3 (hydrograph labeled Reduced Capacity).
b) Upstream boundary input suspended sediment concentrations for scenario 1, with unaltered sediment load. c) Upstream
boundary input suspended sediment concentrations for scenarios 2 and 3, with enhanced sand supply during low flow periods.
Selected time points for additional investigation of model results are indicated by the vertical lines, labeled T1 through T6.

5.2.8 Model Output
Each of the three scenarios was run for a three‐year long period encompassing the varying
discharge and SSC boundary conditions as described above. The model hydrodynamic and sediment
transport equations are solved using a timestep of 30 seconds. The developing deltaic morphology for
each scenario is tracked using output of computed quantities over the full domain (including the bed
elevations) at 12‐hour intervals of hydrodynamic simulation time.
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5.3 Results
5.3.1 Delta Morphology
Morphologic modeling results for the three schematized diversion scenarios show typical
patterns of river‐dominated delta development over decadal timescales (see Figure 5‐3). As time
progresses, each of the three developing deltas becomes more radially symmetrical as frequent
avulsions evenly distribute sediment across the delta. Despite the differences in boundary discharges
and sediment supplies detailed above, planform development as indicated by the delta shoreline
location through time is similar among scenarios. However, by the second and third annual operations
cycles (T3 and after), some differences in morphologic development are evident. Compared to the
scenarios 1 and 2 with higher high‐flow operational discharges, scenario 3 produces a smaller delta.
Compared with scenario 2, the lack of enhanced sediment supply during maintenance flows in scenario
1 results in a an initially more elongate delta dominated by fewer, more‐prominent channels and lower
elevations near the delta apex.
The dual flow and sediment supply regimes during high flow operations and maintenance flows
are evident in the delta morphology changes through time. Changes to planform geometry are lower
during maintenance flows (the three periods bounded by T1 and T2, T3 and T4, and T5 and T6) than
during operational periods (the periods before T1, between T2 and T3, and between T4 and T5).
Scenario 1 in particular shows little change in channel distributary network and delta extent during
maintenance flows. Scenarios 2 and 3 also show reduced morphologic activity during maintenance flows
compared to operational periods, though the changes to distributary networks and shoreline extents
during maintenance flows are relatively greater than in scenario 1.
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Figure 5‐4, Figure 5‐5, and Figure 5‐6 plot the bed elevations through time up to the end of the
second high flow operational period (T2) at the strike section A‐A displayed in Figure 5‐3 for scenarios 1,
2, and 3, respectively. With identical flow and sediment boundary conditions, scenarios 1 and 2 show
the same development pattern during the first high flow operational period (subplots a)) where several
prominent channels develop and incise into the existing receiving basin bed as the delta progrades.
During the subsequent maintenance flow period when sediment supply is restricted to fine sediments in
scenario 1, morphologic development is mostly limited to the infill of the dominant channel and levee
deposition along the channel margin (Figure 5‐4b), though at insufficient magnitudes to force an
avulsion. With the enhanced sediment supply of scenario 2, the dominant channel is also infilled, though
now to a degree sufficient to force an avulsion that transports previously‐deposited sediment as well as
the high suspended sand load to a new locus of deposition that expands the delta shoreline (Figure
5‐5b). During the second high flow operational period, the scenario 2 delta rapidly expands and
aggrades with migrating, frequently‐avulsing channels that prograde farther into the receiving basin
through subaqueous levee extension and bifurcation (Figure 5‐5c). The developing delta in scenario 1
also progrades through similar mechanisms, though with deposition focused distal to a persistent,
dominant channel that creates a more elongate delta. The developing delta of scenario 3 shows similar
behavior as that of scenario 2 with enhanced sediment supply during maintenance flow periods, though
reduced rates of progradation and avulsions produce a less radially symmetrical delta with a more
rugose shoreline.
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a) Scenario 1 ‐ Unaltered Sediment b) Scenario 2 ‐ High Q + Enhanced
Load
SSC

T1

T2

T3

T4

T5

T6
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c) Scenario 3 ‐ Reduced Q +
Enhanced SSC

Figure 5-3: Delta development at selected times from three year simulation for a) the unaltered sediment load case (column 1),
b) the high flow with enhanced sediment supply case (column 2), and c) the reduced flow with enhanced sediment supply case
(column 3). The elapsed simulation time corresponding to the time points labeled T1 through T6 are shown in Figure 5-2. In each
view of simulated delta bathymetry, the delta shoreline (computed according to the Shaw et al., 2008 opening angle method) is
indicated by the thick black line.

143

a) High Flow Operations

‐T1

b) Maintenance Flow

‐T2

c) High Flow Operations

‐T3

Figure 5-4: Cross-section (transect A-A shown in Figure 5-3) view of bed elevation through time results for scenario 1 (Unaltered
sediment load) during a) first annual high-flow operational period (start through T1), b) first maintenance flow period (T1 through
T2), and c) second annual high-flow period (T2 through T3). For each subplot, the bed elevation at the start of the displayed time
period is shown in dark blue, with colors progressing to red for the bed elevation at the end of the period.
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a) High Flow Operations

‐T1

b) Maintenance Flow + Enhanced SSC

‐T2

c) High Flow Operations

‐T3

Figure 5-5: Cross-section (transect A-A shown in Figure 5-3) view of bed elevation through time results for scenario 2 (High flow
with enhanced SSC) during a) first annual high-flow operational period (start through T1), b) first maintenance flow period (T1
through T2), and c) second annual high-flow period (T2 through T3). For each subplot, the bed elevation at the start of the
displayed time period is shown in dark blue, with colors progressing to red for the bed elevation at the end of the period.
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a) Reduced Flow Operations

‐T1

b) Maintenance Flow + Enhanced SSC

‐T2

c) Reduced Flow Operations

‐T3

Figure 5-6: Cross-section (transect A-A shown in Figure 5-3) view of bed elevation through time results for scenario 3 (Reduced
flow with enhanced SSC) during a) first annual high-flow operational period (start through T1), b) first maintenance flow period
(T1 through T2), and c) second annual high-flow period (T2 through T3). For each subplot, the bed elevation at the start of the
displayed time period is shown in dark blue, with colors progressing to red for the bed elevation at the end of the period.
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5.3.2 Aggregated Morphometrics
To examine the impacts of diversion operational schemes and sediment supply on delta
development more quantitatively, several aggregated morphometrics similar to those used in the work
of Wolinsky et al. (2010) were computed using the simulated delta morphology (Wolinsky et al., 2010).
The deltaic shoreline was first extracted from the gridded bathymetry at the times of interest using the
Opening Angle Method (OAM) of raster shoreline delineation with a specified opening angle of 70
degrees from the 0 m (MSL) contour (Shaw et al., 2008). The land area and wetted area are then the
total areas enclosed by the shoreline with elevations greater than 0 m or less than 0 m, respectively. The
channel banks (wetted edge) are defined by the transition between wetted area and land area, and the
wetted edge length is the total length of channel banks.
While the metrics as originally formulated use a positive water depth to distinguish between
land and wetted area (Wolinsky et al., 2010), they were modified for this work to define elevations
above the basin MSL (0 m) as land to better compare land‐building benefits across scenarios where
water levels through the delta could vary. Figure 5‐7 demonstrates the delineation of the delta
morphology into a total area enclosed by the shoreline, the land area, the wetted area, and the wetted
length. The delta growth rate is computed using the time‐derivative of the delta area during subsequent
periods of high flow operations and maintenance flows. With the delta area delineated by the shoreline,
the width across the delta and length of the delta from the apex to the distal extents can also be
calculated. Caldwell and Edmonds, 2014, also introduce a delta shape parameter, the width divided by
two times the length, to quantitatively distinguish between elongate (shape parameter <1) and radial
(shape parameter = 1) delta planforms (Caldwell & Edmonds, 2014). Figure 5‐8 and Figure 5‐9 plot the
described morphometrics for the three delta‐building scenarios through time.
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Figure 5-7: Methods for delta metrics calculations (see Figure 5-8 and Figure 5-9), similar to those used by Wolinsky et al.
(2010). The delta shoreline is computed according to Shaw, et al. (2008) methodology, with an opening angle of 70° from the 0
m elevation contour. The land area and wetted area are then the total areas enclosed by the shoreline with elevations greater
than 0 m or less than 0 m, respectively. The channel banks (wetted edge) are defined by the transition between wetted area and
land area, and the wetted edge length is the total length of channel banks.
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T1

T2

T3

T4

T5

T6

a)

b)

c)

d)

Figure 5-8: Aggregated area morphometrics at selected output times for the three scenarios. a) delta area, the total area
enclosed by the computed shoreline. b) growth rate, the time derivative of delta area. c) land area, the area enclosed by the
shoreline that is above the 0 m contour. d) wetted area, the area enclosed by the shoreline that is below the 0 m contour.
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T1

T2

T3

T4

T5

T6

a)

b)

c)

d)

e)

Figure 5-9: Aggregated length morphometrics at selected output times for the three scenarios. a) shoreline length, the length of
the shoreline enclosing the delta, computed by Shaw’s OAM algorithm. b) wetted edge length, the length of channel banks within
the delta area. c) delta width, the dimension of the delta (area enclosed by the shoreline) across the receiving basin. d) delta
length, the dimension of the delta (area enclosed by the shoreline) along the receiving basin, e) the shape parameter, the width
divided by two times the length, that distinguishes between elongate and radial deltas.
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The aggregated results show that the enhanced sediment supply scenario produces a larger
delta with greater amounts of land‐building than the same discharge operations with an unaltered
sediment load. This increased delta area is achieved with higher growth rates during both low and high
flow periods (when discharge and sediment loading are identical) after the first maintenance flow
period. Despite a high flow discharge capacity that is half that of scenarios 1 and 2, scenario 3 achieves a
delta area that is approximately 67% and 56% of the final areas for scenarios 1 and 2, respectively, with
maintenance flow period growth rates that are the highest of all three scenarios.
Partitioning the total delta area into land area and wetted (channel) area confirms the duel delta
growth mechanisms observed in the morphology. During the maintenance flow periods, delta growth
rates are much lower than during high flow periods, with delta area increasing by only approximately 3%
during the second and third maintenance flow period for scenario 1. With a relatively constant total
delta area during these periods, increases in land area are compensated by decreases in wetted area as
deposition is focused along the banks and within the channels of the previously established network.
While the primarily fine load carried by the maintenance flows in scenario 1 results in similar channel
deposition, the enhanced sediment supply in scenarios 2 and 3 also increases the elevations of proximal
delta land areas.
Delta width, length, and the associated shape parameter do not show clear patterns of variation
between scenarios 1 and 2 or between high flow and maintenance flow periods. Scenario 3 has a lower
delta length for all time periods, as progradation into the basin is less with the lower high flow period
discharge and sediment flux. The variations in shape parameter values among the scenarios is
dependent on the channel network patterns created by the particular channel extension, bifurcation,
and avulsion cycles during the three high flow periods, with little apparent impact of sediment supply
during low flow periods.
151

5.3.3 Deposition Volumes
By performing surface differencing between subsequent model two‐dimensional output time
steps (every 12 hours of hydrodynamic simulation time), the net volume change in the receiving basin
produced by the developing delta can be calculated through time. The sum of volume changes from
model elements that are eroded (negative volume) in each interval equals the total volume of previously
deposited sediment that is reworked. Assuming that all sediment that is eroded from the delta is also
deposited in another location within the same interval, the total net volume change equals the net
volume of deposition in the analyzed interval, which is preserved within the deltaic deposit for that time
step. The “preserved/reworked” framework, following Van der Vegt et al. 2016, is useful for analyzing
the impacts of operational scenarios on deltaic deposition. Using a suite of steady‐state, conceptual
delta‐building models, Van der Vegt et al. found that the preserved volume remains remarkably
constant through time (under steady upstream flow and sediment boundary conditions), while the
reworked volume fluctuates temporally (van der Vegt et al., 2016).
Figure 5‐10 plots the instantaneous preserved and reworked volumes for each scenario for the
three year simulation period. The scenario 1 results are consistent with van der Vegt’s work, showing a
relatively constant instantaneous preserved volume during both high and low flows with a significantly
more variable reworked volume during the high flow periods. Conversely, the scenario 2 results show a
variable preserved volume as well after the first maintenance flow period with enhanced sediment
supply. Both the preserved and reworked volumes are higher than in scenario 1. The peaks of the
reworked volume are higher than in scenario 1 as well and are generally concurrent with the peaks in
the preserved volume. During maintenance flows in scenario 2, preserved volumes are more consistent
while reworked volumes are variable, though with both volumes higher than in scenario 1.
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In scenario 3, maintenance flow period results are similar to those of scenario 2, while high flow
periods show overall reduced preserved and reworked volumes. The preserved volume is more
consistent through time than in scenario 2, though several isolated spikes of higher preserved and
reworked volumes do occur periodically during the high flow periods.

153

Figure 5-10: Instantaneous volume of deposited sediment through time for a) Scenario 1 - Unaltered Sediment Load, b) Scenario
2 – High Flow with Enhanced Sediment Supply, and c) Scenario 3 – Reduced Flow with Enhanced Sediment Supply, computed
according to the methods of van der Vegt et al. (2016) (van der Vegt et al., 2016). The light blue area represents the volume of
delta sediment that is reworked in each time step, while the dark blue area represents the net volume of delta sediment that is
preserved in each time step. Note that the plotted areas are shown as a “stacked”-type plot, where the top of the reworked area
equals the total volume of deposited sediment (sum of preserved and reworked portions).
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a) Scenario 1 ‐ Unaltered
Sediment Load

b) Scenario 2 ‐ High Q +
Enhanced SSC

c) Scenario 3 ‐ Reduced Q
+ Enhanced SSC

Figure 5-11: Instantaneous volume of reworked vs. preserved sediment and corresponding water level at upstream boundary
(plotted point colors) for a) Scenario 1 - Unaltered Sediment Load, b) Scenario 2 – High Flow with Enhanced Sediment Supply,
and c) Scenario 3 – Reduced Flow with Enhanced Sediment Supply.

Figure 5‐11 compares the simultaneous preserved and reworked volumes at each output time of
the simulation along with the corresponding water level at the model upstream boundary for the three
scenarios. For scenario 1, the cluster of points during high flow operations shows the relatively constant
preserved sediment volume (at approximately 2.5x105 [m3]) with varying reworked volume and water
levels generally increasing along with the reworked sediment volume. In Scenario 2, a similar cluster is
observed at the same relatively constant preserved sediment volume of approximately 2.5x105 [m3],
representing the first high flow period when boundary conditions are identical to those of scenario 1. An
additional cluster of points is evident with preserved volumes of approximately 4x105 [m3] and varying
reworked volumes. The higher, variable preserved volumes are also indicated by the scattered points to
the right of the second relatively constant preserved volume cluster. Nearly all of instances of higher
preserved volume, both in the relatively constant cluster at approximately 4x105 [m3] and scattered
greater values, occur along with upstream water levels that are higher than all observed in scenario 1.
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5.4 Discussion
Visual and quantitative analysis of simulated delta morphologies confirm that a diversion
operational scheme incorporating enhanced sediment supply during low, maintenance flow periods can
build greater land areas than a similarly sized diversion that only supplies significant suspended sand
during the high flow operational periods. In the scenario tested in this work, the suspended sediment
concentrations for the three sand classes (medium, fine, and very fine sand) are tripled compared to the
concentrations typically available in the diverted flow during high flow operational periods; however,
typical dredged slurries discharging into the maintenance flow effluent could produce suspended sand
concentrations that are significantly higher, and thus results from our study can be considered very
conservative. If diversion conveyance channels are designed to efficiently transport these elevated sand
loads to the diversion outfall areas without channel sedimentation, the presented benefits of increased
land building would be conservative.
With enhanced sediment supply, land building is increased both with a larger delta (defined by
the enclosed limits of the deltaic shoreline) as well as a larger proportion of elevations within the delta
that are greater than MSL. The high sand load during maintenance flows also increases land elevations
in proximal portions of the delta by several meters compared to the scenario with typical low flow
sediment concentrations. Consistent with previous results investigating the influence of sediment
cohesiveness on delta morphology, increasing the relative portion of sand supplied to the delta with the
enhanced SSC scheme (thereby decreasing the cohesive portion) produces broader, less‐elongated delta
(Caldwell & Edmonds, 2014). A limitation of the current approach is the inflow boundary condition type,
where both operational and maintenance flow discharges are specified without regard to the hydraulic
head differentials required to drive them or the long‐term reduction of diversion discharge capacity with
delta growth under relatively constant head conditions. While this approach has been used to
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successfully project long‐term land building from diversions (Baustian et al., 2018), it neglects feedbacks
between land‐building and discharge that could influence future sediment supply. Still, results
developed using discharge instead of head‐driven boundary conditions are applicable to the early years
of delta development form diversions before RSLR reduces head differentials.
Delta growth rates during maintenance flows are an order of magnitude lower than during high
flow operational periods, regardless of the SSC scenario. While enhanced SSC slightly increases the
growth rate during the maintenance flow period when sand SSC is elevated, growth rates during
subsequent high flow periods are also increased despite identical sediment input during these periods
(see Figure 5‐8b). The channel aggradation in primary distributary channels that is accelerated with
enhanced SSC appears to promote the development of a more efficient distributary system for distal
deltaic deposition and reworking of previously deposited sediments to increase land‐building rates. With
enhanced delta growth rates in subsequent periods after the enhanced SSC periods, increased growth
rates may potentially be achieved in later operational years after optimized enhanced SSC applications
only in the initial years after diversion construction.
While an enhanced sediment supply scheme during low, maintenance flow periods does
promote land building benefits, they are still secondary in importance to the high‐flow operational
period discharge capacity and associated sediment load. Operational Scenario 3 builds delta areas that
are proportionally greater than the high flow operational period discharge ratio (i.e. high‐flow discharge
that is 50% of scenarios 1 and 2); however, increased land‐building with enhanced SSC is not large
enough to allow for significant reductions in high‐flow diversion capacity.
The dual flow and sediment supply regimes during high flow operations and maintenance flows
produce corresponding modes of morphologic development. During high‐flow operational periods,
significant delta progradation occurs through the typical river‐dominant growth mechanisms of
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subaqueous levee channel extension, bifurcation around mouth bars, and avulsions (Wright, 1977;
Wright & Coleman, 1973). During low flow periods without enhanced SSC (in Scenario 1), flow is largely
confined within the channel network created during the previous high‐flow period, and deposition from
the fine‐only sediment load is limited to channel and bank aggradation. Conversely, the enhanced SSC
during maintenance flow periods for scenarios 1 and 2 forces aggradation of proximal channels that is of
sufficient magnitude to produce avulsions and continued expansion of the distributary network (though
with lower expansion rates than during the high‐flow periods).
The modeled low‐ and high‐flow morphologic development modes mimic the natural variation
in seasonal development patterns in river‐dominant sub‐deltas of the MRD. With much‐lower sediment
loads composed exclusively of fines outside of seasonal floods (Allison, 2011; Allison et al., 2012;
Ramirez & Allison, 2013), the Wax Lake Delta, Atchafalaya Delta, and Cubits Gap crevasse splay all
display little change in distributary network during lower‐flow periods (Cahoon et al., 2011; Esposito et
al., 2013; Shaw et al., 2013; van Heerden & Roberts, 1988). Instead, low‐flow periods are more evident
in depositional feature stratigraphy, where cyclic fine‐ to coarse‐sequences mark the minor deposition
of fines during non‐flood periods in mouth bars along the delta shoreline and at channel margins
(Hanegan, 2011; Wellner et al., 2005).
During high flow operations for these modeled deltas (see Figure 5‐4a) and spring floods for
natural analogues (Shaw et al., 2016; Shaw & Mohrig, 2013), major channels incise to below existing
receiving basin depths despite the overall depositional regime. With the enhanced SSC scheme,
reworking of sand deposited as channel aggradation and subaerial lobe aggradation in the proximal
delta during maintenance flows is a much larger component of morphologic activity in subsequent high
flow periods (see Figure 5‐10). With enhanced SSC increasing the time‐averaged ratio of sediment load
to discharge, numerical results also agree with those of physically modeled deltas and previous
158

numerical studies. In the work of Straub and Esposito, 2013, relatively high water and sediment loads
produced the highest channel mobility, where deeper channels reworked a greater portion of the
deposited sediments. Conversely, decreasing the sediment load to discharge ratios reduced channel
mobility and degree of reworking (Straub & Esposito, 2013). Similarly, Van Der Vegt et al., 2016 found
that numerical deltas with higher non‐cohesive sediment loads had higher volumes of reworked
sediment (van der Vegt et al., 2016). The enhanced sediment supply scheme encourages more‐frequent
autogenic reorganization of deposited sediments within the delta, with greater reworking encouraging a
wider distribution of sediments into the receiving basin.

5.5 Conclusions and Recommendations
5.5.1 Conclusions
In this study, numerical modeling of conceptual delta building was used to investigate enhanced
sediment supply operational schemes for proposed Mississippi River sediment diversions. Results show
that the tested scenario of providing suspended sand concentrations three times greater than typical
operational period concentrations during subsequent low, maintenance flow periods is effective in
increasing land building, producing a larger delta with higher proximal elevations.
Enhanced sediment supply increases coarse sediment storage in the delta, producing a broader,
less‐elongated delta planform consistent with previous findings. During high‐flow operational periods,
the primary delta growth mechanism for all scenarios is distal levee extension for a few dominant,
avulsing channels. In the enhanced sediment supply schemes, the increased sand load forms many
smaller, migrating channels dominated by overbank deposition, building higher elevations and a more
radially uniform deposition pattern. The greater sediment supply encourages more‐frequent autogenic
reorganization of the distributary channel network, with higher delta progradation.
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Importantly, increasing sand concentrations during maintenance flows increases deltaic growth
rates during subsequent high flow periods, when discharge and sediment loading are identical. The
coarse sediment deposited in proximal channels during maintenance flows increases sediment
reworking and channel mobility during high flows, with sediment distribution to the delta front
increasing progradation. With the diversion operating at half the discharge capacity, enhanced sediment
supply can still build a delta two‐thirds the size of the original delta, demonstrating the feasibility of the
enhanced sediment supply concept to enable smaller diversions. The results of this study can be used to
inform operations and adaptive management of projects meant to restor MRD, and the research and
restoration techniques utilized here can be applied to the restoration of other deteriorating deltas
(Syvitski et al., 2009) around the world (Edmonds, 2012).

5.5.2 Recommendations
While focusing on a schematized, conceptual basin allowed us to isolate the influences of
varying flow and sediment inputs, several aspects of the modeling could be improved to be more
representative of upper Barataria Bay and Breton Sound. The initial bed composition was highly
schematized; however, the composition could be updated to include volume fractions and stratigraphic
layering that is more consistent with MRD receiving basins (Li et al., 2019; Xu et al., 2016). Modeling
scenarios could also include several additional processes that could impact projected land‐building,
including a non‐stationary receiving basin tide, compaction of the basin substrate with sediment loading
as well as regional subsidence (Tornqvist et al., 2008; Wolstencroft et al., 2014; Yuill et al., 2009),
stabilizing effects of vegetation colonization (Nienhuis et al., 2018; Olliver & Edmonds, 2017; Olliver et
al., 2020), and the gradual loss of stream power with a growing distributary channel network (Nienhuis
et al., 2018)under similar river‐basin head differentials that would limit long‐term delta growth.
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Chapter 6: Conclusions
The research documented in this dissertation has been organized into four independent but
related topics, each investigating the processes and mechanisms of morphologic change of coastal
systems through numerical modeling. The first three chapters focus on the sediment fluxes and
morphologic development of tidal basins exposed to allogenic forcing, including SLR and tropical
cyclones. Tidal basins are connected to the coastal ocean via tidal inlets that punctuate barrier
shorelines and are widely distributed along sandy, micro‐ and meso‐tidal coasts. Tidal basins support
coastal communities, shipping and navigation, and productive marine and wetland habitats, especially
salt marshes which are vulnerable to collapse with accelerating SLR. The sustainability of backbarrier
marshes depends on the on the residual sediment flux into or out of the basin, and the redistribution of
externally or internally sourced sediments onto the marsh platform.
In Chapter 2, the long‐term morphologic response of a conceptual meso‐tidal basin to SLR was
investigated, with a focus on shifts in residual sediment fluxes over decadal timescales due to evolving
tidal hydrodynamics and asymmetries. Apart from tidal residual processes, episodic impacts from
intense storms can also contribute substantially to residual fluxes into or out of the basin and influence
morphologic development. In Chapter 3, net sediment fluxes due to tropical cyclones at a the same
conceptual mixed‐energy, meso‐tidal basin are analyzed to determine the influence of the relative
phasing of tides and surges and storm characteristics. In Chapter 4, the work of Chapter 3 is extended by
applying similar storm boundary conditions to the Plum Island Sound tidal basin in northern
Massachusetts.
Finally, Chapter 5 presents research applicable to the restoration of deteriorated, submerging
tidal basins in the transgressive Mississippi River Delta with sediment diversions to reinitiate the delta
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building process. With the large mid‐basin sediment diversions moving forward into the engineering and
design phase the restoration community has increasingly focused on optimizing diversion operations to
maximize land building while minimizing both ecologic and socio‐economic disruptions. This research
analyzed the efficacy of diversion sediment augmentation as a coastal restoration strategy in the
context of recent advances in the simulation and quantification of numerical (conceptual) delta
morphologies, focusing on the aspects of delta hydrodynamics and morphology that correlate to
restoration goals.
Each of the research topics addressed in this dissertation are presented in independent chapters
that form the main body of this document. While topic‐specific conclusions are included with each
chapter, conclusions from all research activities are summarized here. In Chapter 2, links between SLR
and the hydrodynamic and morphologic response of tidal inlet and basin system features. The process‐
based simulation results confirm the Fitzgerald et al., 2008 conceptual model of tidal inlet, basin, and
ebb‐delta system response to SLR. The process‐based model reproduces the basin trajectory (measured
by aggregate morphologic parameters) that is positively correlated with tidal prism, simulating all but
the final, barrier‐disintegration stage of FitzGerald’s runaway transgression conceptual model.
Conclusions from this work are summarized below:


With SLR, the basin hydrodynamics shift from ebb‐ to flood‐ dominance due to changing basin
hypsometry. Accretion on tidal flats does not keep pace with SLR, reducing the channel ‐flat
variation in tidal wave propagation speed at high tide that promotes higher peak ebb‐velocities.



Contrary to previous studies of meso‐tidal systems, results show an expanding ebb‐tidal delta
with SLR.



Different sediment classes respond differently despite a hydrodynamic shift from ebb‐to flood‐
dominant. Coarse sediments shift from exporting to importing, while fine sediments are
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continually exported. Continued loss of fine mineral sediment to the open coast further
threatens backbarrier marshes whose persistence depends on fine sediment supply.


The expanding ebb‐tidal delta and shift from exporting to importing coarser sediment will
sequester increasing volumes of sediment from within the nearshore littoral zone.
In Chapter 2, sediment fluxes at a conceptual, meso‐tidal inlet during tropical cyclones are

investigated with process‐based modeling, with particular focus on the processes responsible for
residual fluxes, the contributions of varying sediment types and sources to the overall sediment budget,
and the influence of both relative surge/tidal phasing and SLR on storm impacts. A unique approach to
bed sediment partitioning also allowed the provenance zone source of imported sediments to be
determined. Conclusions from this work include:


Results show that the relative surge/tidal phasing has as much influence on the net sediment
transport into the basin as the characteristics of the storm, within the range of characteristics of
the 10 simulated storms that are representative of New England hurricane climatology.



While residual transport varied among simulations, storms were found to generally import
sediment into the basin for all but a single storm with a unique track and surge impact. Results
confirm numerous other research that finds storms provide an important source of sediment to
backbarrier tidal flats and marsh.



Updrift, downdrift, and ebb‐delta‐sourced sediments were residually imported by storms, while
basin and inlet‐sourced sediments were exported. Very fine sand (100 μm d50) formed the bulk
of imported sediment. For the few cases where a net export occurs, it is dominated by fine sand.



Deposited sediment on backbarrier flats and marshes is primarily from the updrift provenance
zone and from internal redistribution of basin sediments.
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For most simulated storms, wave‐enhanced flood currents at the shallower inlet marginal flood
channels produce higher sediment import than the subsequent ebb‐directed outflow surge
currents confined to the inlet throat, a mechanism that enables net import for most storms
across all phasing alternatives



The Influence of SLR on net sediment flux is dependent on surge/tidal phasing. SLR increases
sediment import when the peak surge and tide are out of phase or when the peak surge leads
the high tide by 3 hours and generally decreases import (or increases export) when the peak
urge and tide are in phase or when high tide leads the peak surge by three hours. SLR increases
both ebb and flood tidal currents, contributing to higher sediment import when surge inflows
coincide with flood tides and lower import when surge inflows coincide with ebb tides.
In Chapter 4, the research extending from Chapter 3 is presented as a second part, where similar

research questions are investigated using a previously developed model of Plum Island Sound. The
model is updated to include sediment transport and a realistic initial bed configuration so that sediment
fluxes and redistribution with tropical cyclone impact can be simulated. Major conclusions from part II of
this research include:


Consistent with the results of Chapter 3, the relative surge/tidal phasing has a large influence on
the net sediment transport during storms for all simulated sediment sizes.



Storms are an important source of sandy, nearshore sediments for the sediment‐starved PIS
estuary, though on net storms are unable to counteract the ebb‐dominance of the system that
continues to export muddy sediments from the backbarrier. Imported fine sand is deposited in
proximal tidal creeks and on tidal flats near the inlet without significant deposition on the
marshes, though subsequent tidal and other processes (i.e. ice‐rafting) could eventually
transport a portion of the storm‐imported sand to marsh platforms. Accretion of channels and
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flats due to imported sediment alone is on the order of millimeters, with additional accretion
adjacent to marshes experiencing edge erosion.


Clays suspended from the backbarrier channels and flats during storms are exported from the
basin during outflow surges and subsequent ebb‐dominant tidal currents. Marine clays in
suspension enter and leave the basin without deposition. The net export of clay is greater than
the net transport of any other sediment type for all scenarios, dominating the total sediment
residual fluxes.



Consistent with previous work, marsh edge erosion during storms, especially in the lower PIS
basin more exposed to storm waves penetrating from offshore, internally redistributes
sediments from the edges of marsh platforms onto proximal flats and channels.
In Chapter 5, the impacts of augmenting the coarse sediment load of river diversions during low‐

flow operational periods on land‐building, delta morphology, and sediment reworking are also
investigated using process‐based modeling of a conceptual diversion and receiving basin. Results and
conclusions from this chapter are summarized below:


Results show that the tested scenario of providing suspended sand concentrations three times
greater than typical operational period concentrations during subsequent low, maintenance
flow periods is effective in increasing land building, producing a larger delta with higher
proximal elevations.



Enhanced sediment supply increases coarse sediment storage in the delta, producing a broader,
less‐elongated delta planform consistent with previous findings. During high‐flow operational
periods, the primary delta growth mechanism for all scenarios is distal levee extension for a few
dominant, avulsing channels. In the enhanced sediment supply schemes, the increased sand
load forms many smaller, migrating channels dominated by overbank deposition, building higher
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elevations and a more radially uniform deposition pattern. The greater sediment supply
encourages more‐frequent autogenic reorganization of the distributary channel network, with
higher delta progradation.


Increasing sand concentrations during maintenance flows increases deltaic growth rates during
subsequent high flow periods, when discharge and sediment loading are identical to the non‐
augmented case. The coarse sediment deposited in proximal channels during maintenance flows
increases sediment reworking and channel mobility during high flows, with sediment
distribution to the delta front increasing land building.



With the diversion operating at half the discharge capacity, enhanced sediment supply can still
build a delta two‐thirds the size of the original delta, demonstrating the feasibility of the
enhanced sediment supply concept to enable smaller diversions that more‐efficiently build land.
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