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Abstract

Gated storm surge barriers are increasingly being considered as part of coastal protection plans for urbanized areas located on
estuaries. Barriers remain open to tidal exchange during non-storm periods, but blockage of the cross-section causes locally
accelerated velocities and associated drag results in decreased tidal amplitude inside the estuary. This modeling study of
a storm surge barrier near the mouth of the Hudson River estuary examines potential impacts of the alterations to flow on
sediment dynamics in the system. Within about a tidal excursion of the barrier, increased bottom stresses result in erosion
and coarsening of the bed. Reduced availability of fine sediment on the bed causes a reduction in suspended sediment con-
centration (SSC) near the barrier. Inside the estuary, reductions in tidal amplitude result in increased trapping of sediment
input from the watershed due to increased stratification and a landward shift in the salinity intrusion. Despite the increased
trapping, SSC in the estuary decreases due to the reduction in tidal bed stresses. Sharp velocity and stress asymmetries at
the barrier openings create a divergence in sediment transport capacity that reduces export of sediment from the estuary
during high discharge periods and reduces the return of sediment from offshore during low discharge. In the Hudson, the
reductions in SSC (~ 10 to 20%) are modest and not expected to have major impacts on water clarity or marsh sustainability.
Surge barriers may have more substantial impact on sediment dynamics in estuaries with lower background SSC or limited
watershed inputs.
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Introduction

Gated storm surge barriers are among the shoreline pro-
tection measures being considered for many coastal cit-
ies facing increased risk of inundation with sea level rise
(Mooyaart and Jonkman 2017; Nicholls et al. 2019). Surge
barriers are closed temporarily during storm surge events
to protect populated areas from inundation by coastal water
level setup. During non-storm periods, gated openings allow
for tidal exchange between the estuary and coastal ocean as
well as navigation by vessels. Gated openings represent only
a fraction of total width, and permanent infrastructure of
the barrier blocks the rest of the estuary cross-section. The
reduction in flow cross-sectional area affects tidal exchange

Communicated by Eduardo Siegle.

< David K. Ralston
dralston @whoi.edu

Woods Hole Oceanographic Institution, Woods Hole, MA,
USA

Published online: 08 February 2023

and can significantly alter conditions inside the estuary,
potentially including the sediment dynamics.

Increased tidal velocities through the constrictions of
barrier openings result in greater hydrodynamic drag due
to a combination of bottom friction and form drag, and
this causes a reduction in tidal amplitude inside the estuary
(Nienhuis and Smaal 1994; Du et al. 2017; Ralston 2022).
For example, a barrier constructed across the mouth of the
Eastern Scheldt in the Netherlands in 1986 caused the tidal
amplitude inside the estuary to decrease from 3.70 to 3.25 m
(Nienhuis and Smaal 1994). Reductions in tidal amplitude
with a barrier also affect salinity conditions in the estuary.
In parts of the Eastern Scheldt, the salinity increased from
about 28 to 31 psu and stratification more than doubled after
the barrier, but the system remained relatively well mixed
due to its large tidal range and shallow bathymetry (Bakker
et al. 1990; Brand et al. 2016). Modeling studies of surge
barriers for the Chesapeake and Hudson estuaries, systems
that are deeper and more stratified than the Eastern Scheldt,
project increases in the salinity intrusion and stratification
with barriers (Du et al. 2017; Ralston 2022). Changes in
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the salinity dynamics in those systems are linked to reduc-
tions in tidal velocity and turbulent mixing inside the estu-
ary and strengthening of the estuarine exchange flow. In
contrast, velocity increases through the barrier openings
cause increased turbulent mixing that can locally reduce
the stratification and the exchange flow (Ralston 2022).
Both the velocity and salinity fields illustrate differences
between local impacts close to a barrier and changes far-
ther into the estuary due to the reduction in tidal amplitude.
Sediment resuspension, transport, and accumulation depend
directly on tidal velocities and the salinity distribution, so
correspondingly the effects of a surge barrier on sediment
processes are likely to be different near the barrier and far-
ther inside estuary.

Few studies have examined the impacts of surge barriers
on estuarine sediment dynamics. As is the case more gener-
ally for surge barrier impacts, the Eastern Scheldt is the sub-
ject of the bulk of the literature on the topic. There, reduc-
tions in tidal amplitude after barrier construction resulted in
reductions in tidal sediment resuspension, decreased SSC,
and increased water clarity (Bakker et al. 1990; Brand et al.
2016). Reductions in tidal amplitude were also linked to
changes in bed sediment composition and morphology in
the estuary. Weaker tides reduced the landward sediment
transport by flood-dominant currents and led to net erosion
of tidal flats by wind waves, which were relatively unaf-
fected by the barrier (de Vet et al. 2017). Tidal channels
inside the estuary that were predominantly sandy before the
barrier accumulated finer grained sediment, consistent with
the reduction in tidal resuspension (Ten Brinke et al. 1994).
Morphological changes were also observed on the ebb delta
seaward of the barrier, where shoals eroded and channels
experienced sedimentation, reorientation, and an overall
decrease in the magnitude of sediment transport (Eelkema
et al. 2013). Closer to the barrier, increased tidal veloci-
ties resulted in scour and bed erosion that was greater than
anticipated (Broekema et al. 2018).

The Eastern Scheldt provides a useful case study for
potential impacts of barriers, but variation in hydrody-
namic or sediment transport characteristics among estuar-
ies is also an important consideration. The Eastern Scheldt
has strong tides, weak stratification, a predominantly sandy
bed, and minimal watershed inputs of freshwater or fine
sediment (Nienhuis and Smaal 1994; Brand et al. 2016;
de Vet et al. 2017). Estuaries that have weaker tidal forc-
ing, more substantial river inputs, or are deeper are likely
to be more stratified, have stronger estuarine circulation,
and have more fine sediment on the bed and in the water
column (Geyer and MacCready 2014). Decreases in tidal
amplitude may not only affect local resuspension, but also
the location of sediment trapping at the limit of the salinity
intrusion (Postma 1967; Burchard et al. 2018). Changes in
net sediment transport may depend on the increases in the
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strength of the estuarine circulation as well as changes to the
magnitude or asymmetry of tidal currents.

The Hudson River estuary provides an example of a
partially mixed estuary where sediment dynamics could
be altered by construction of surge barrier. In 2012, storm
surge from Hurricane Sandy resulted in a total water level
that was 3.4 m above MSL (Talke et al. 2014; Orton et al.
2016), causing extensive economic damage and loss of
life (Strauss et al. 2021). Risks from coastal flooding are
increasing with sea level rise, with projected annualized
costs for the region exceeding $10B year~! by 2100 (US
Army Corps of Engineers 2019). In light of this, the US
Army Corps of Engineers has conducted feasibility studies
to assess coastal protection strategies (US Army Corps of
Engineers 2019). The most favorable configuration emerg-
ing from that study included a storm surge barrier located
at the mouth of the Hudson between Upper and Lower New
York Harbor (Fig. 1).

Potential impacts of a barrier at the mouth of the Hudson
on tidal and salinity dynamics were examined in a recent
modeling study (Ralston 2022). The present analysis builds
on results from that study to assess alterations to the sediment
dynamics from a realistic storm surge barrier. Effects of the
barrier on bottom stress, suspended sediment concentration
(SSC), bed composition, sediment accumulation and export,
and sediment transport mechanisms are examined using ide-
alized model simulations for a range of river discharge and
tidal forcing conditions. The results inform assessment of
impacts on the Hudson as well as for other partially mixed
estuaries with comparable sediment dynamics.

Methods
Hudson River Estuary

Sediment dynamics in the Hudson have been examined
extensively in previous studies (Panuzio 1965; Bokuniewicz
and Arnold 1984; Geyer et al. 2001; Woodruff et al. 2001).
The Hudson estuary extends from New York Bight to its
tidal limit near the convergence of the Mohawk and Upper
Hudson Rivers at Troy NY. Together, the Mohawk and
Upper Hudson have a mean discharge of 420 m® s~! and
account for about 60% of the total freshwater input to the
estuary, with the rest coming from smaller side tributaries
(Lerczak et al. 2006; Wall et al. 2008). The total sediment
discharge to the tidal Hudson averages about 1.2 Mt year™!,
and about half of that comes from the Mohawk and Upper
Hudson (Ralston et al. 2021).

The Hudson is a partially mixed estuary where stratifi-
cation and the salinity intrusion vary with tidal amplitude
and river discharge (Abood 1974; Ralston et al. 2008).
Tides at the mouth have a mean range of about 1.5 m and
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Fig. 1 Model bathymetry.
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a spring-neap tidal range of 2.0 to 0.5 m. The estuary is
oriented approximately north—south. Distances along the
estuary are reported from The Battery at the southern tip of
Manhattan, although the mouth of the estuary is about 20 km
south at Ambrose Bar. The distance along-estuary following
the thalweg and the straight-line distance north from the Bat-
tery are similar (Fig. 1), so for simplicity the latter are used
in the results presented here. During the spring freshet, the
combined river discharge is often in the range of 2000—4000
m’s~! and the salinity intrusion on average is around 40 km
north of The Battery. During the late summer, discharge
can decrease to 100-200 m3s~! for extended periods and
the salinity intrusion moves landward more than 100 km.
The salinity intrusion shifts landward during neap tides and
seaward during spring tides with the respective increase and
decrease in the strength of the estuarine circulation. Spring-
neap variation is amplified during high discharge periods
compared with its more muted response for low discharge
conditions (Ralston et al. 2008).

Suspended sediment concentrations in the estuary vary
seasonally in magnitude and spatial distribution. The pri-
mary estuary turbidity maximum (ETM) is located 10-30 km
from the Battery, centered near the constriction at the George
Washington Bridge (Geyer et al. 2001). During the spring
freshet, SSC in the ETM can exceed 1000 mg L~! and short-
term bed sediment accumulation rates can equal 10 s of cm
year™! (Feng et al. 1998; Woodruff et al. 2001; Traykovski
et al. 2004). During lower discharge periods, a second-
ary ETM is found in Haverstraw Bay around 60 km north

500 1000 1500 2000
across channel (m)

(Bokuniewicz and Arnold 1984). Maximum near-bottom sed-
iment concentrations in the upper ETM are around 500 mg
L~! and the region is highly depositional (Nitsche et al.
2010; Ralston et al. 2012). Long-term accumulation rates
in the Hudson are consistent with the local rate of sea level
rise of about 3 mm year_1 (Olsen et al. 1978; Klingbeil and
Sommerfield 2005; Slagle et al. 2006), although short-term
rates can be significantly greater (Sommerfield 2006).

Model Setup

The research approach uses a hydrodynamic and sediment
transport model to assess changes in conditions resulting
from realistic storm surge barrier near the mouth of the estu-
ary. The model grid and forcing are the same as was used to
assess effects of the barrier on tidal and salinity dynamics
(Ralston 2022). The circulation model is the Regional Ocean
Modeling System (ROMS) (Shchepetkin and McWilliams
2005; Haidvogel et al. 2008). A nested grid is used to increase
resolution near the barrier (Fig. 1). The outer grid includes
the tidal Hudson River and New York Harbor, and it has
open boundaries in New York Bight and western Long Island
Sound. The along-estuary grid resolution of the outer grid is
100-200 m, and across-estuary grid resolution is 50-100 m.
A nested, inner grid focuses on the Verrazano Narrows
region and has 5 times the horizontal resolution of the outer
grid: 25-30 m along-estuary and 20 m across-estuary. The
model has 16 terrain-following, uniformly spaced layers in
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the vertical. Additional details on the circulation model are
provided in Ralston (2022).

Sediment transport is integrated with ROMS with the
Community Sediment Transport Model (Warner et al. 2008).
The setup of the sediment transport model is the same as in
previous studies of the Hudson that included comparisons
with observations (Ralston et al. 2012; Ralston et al. 2013;
Ralston and Geyer 2017; Chant et al. 2021). Multiple
sediment size classes are represented, and new sediment
inputs with river discharge are tracked separately from sedi-
ment initially on the bed. The initial conditions for the bed are
derived from observations of bed composition using sidescan
sonar and grab sampling (Nitsche et al. 2007). Bed sediment
is divided into three size classes: medium sand (settling veloc-
ity w,=40 mm s™; critical stress for erosion 7,,=0.5 N m™2),
fine sand (w,=5 mm s~!; 7,,=0.1 N m~2), and medium silt
(w,=0.6 mm s~!; 7,,=0.05 N m~2). New sediment inputs
with river discharge are divided into two size classes: fine silt
(w,=0.2 mm s~ 7,.=0.05 N m~2, 80% of river input) and
very fine silt (w,=0.01 mm s™'; 7,,=0.05 N m~2, 20%). The
slower settling river sediment is representative of washload
and particularly affects the total SSC during high discharge
events (Ralston et al. 2013). The two river sediment classes are
a crude representation of the continuous distribution of particle
sizes in the real world, but the approach has been effective in
comparisons with observations and is useful for assessing the
influence of settling velocity on transport processes. Sediment
in the model is non-cohesive and so it does not represent floc-
culation or transport processes at long-time scales. Watershed
sediment inputs that are retained in the estuary for extended
periods interact with other sediment and organic matter to form
faster-settling flocs. The flocculated fine sediments found in
the saline estuary are represented in the model by the “medium
silt” settling velocity of the bed (Traykovski et al. 2004).
Despite the simplifications, the settling velocity size classes
have proven useful in comparisons with suspended sediment
observations at event to seasonal time scales (Ralston et al.
2012, 2013; Ralston and Geyer 2017).

The model is run in two bathymetric configurations: a
baseline representing present conditions and a storm surge
barrier case. The surge barrier is based on a conceptual
design in the New York—New Jersey Harbor and Tributaries
(NYNJHAT) Coastal Storm Risk Management Feasibility
Study Interim Report (US Army Corps of Engineers 2019).
That study examined multiple potential approaches for storm
surge mitigation including different barrier configurations
and shoreline protection measures. The configuration here is
a surge barrier located north of Verrazano Narrows between
Upper and Lower New York Bays (Fig. 1). The flow cross-
section in the model grid is blocked at locations where
there would be permanent infrastructure housing the navi-
gational and tidal flow gates in the conceptual design. The
total cross-section remaining open to flow in the model grid
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(58.3%) is similar to that in the conceptual design (58.5%)
(US Army Corps of Engineers 2019; Ralston 2022).

The model is run with idealized forcing to assess the
influence of the barrier on sediment dynamics over a range
of conditions. Tidal forcing at the open boundaries is sim-
plified to the three largest components (M2, S2, and N2)
to retain monthly asymmetry in the spring-neap cycle, but
the total tidal amplitude comparable to the full set of tidal
constituents. Constant river discharge cases are run across
the seasonal range: 125, 500, and 2000 m? s~!, which rep-
resent low (5th percentile), average (50th percentile), and
high discharge conditions (98th percentile). Suspended sedi-
ment concentration in the river discharge is based on rating
curves from observations (Ralston et al. 2021). For both the
baseline and barrier cases, the bed sediment distribution is
allowed to adjust over a spin-up period of 2 months to reduce
the influence of transients from the initial condition. This
spin-up primarily influences the bed near the barrier, where
high velocities through barrier openings erode fine sediment
and coarsen the bed relative to the base case (Fig. 1). The
bed is then re-initialized with the size class distribution from
the end of the spin-up and a uniform thickness of 30 cm.
This initial bed thickness is sufficient such that it does not
limit sediment availability for erosion over the simulation
period. Each of the six scenarios (with and without a barrier,
three constant discharges) is then run for about 2 months
(55 days) to cover the range of tidal forcing and establish
quasi-steady state distributions of salinity and SSC.

Results

Constriction of the tidal flow through barrier openings
causes alterations to conditions both near the barrier and far-
ther inside the estuary, and the response often changes with
distance from the barrier. For example, depth-averaged tidal
velocities in the barrier openings increase by about a factor
of 2 with the reduction in cross-sectional area, but farther
inside the estuary tidal velocities decrease by 5-10% due
to loss of tidal energy from the drag at the barrier (Ralston
2022). Similarly, stronger tidal velocities cause increased
mixing and reductions in stratification near the barriers, but
farther inside the estuary, weaker tides result in reductions
in mixing and increased stratification. Tidal velocities play
a central role in sediment transport, so the alterations to the
suspended and bed sediment conditions vary with distance
from the barrier.

For illustration, time series of mean bottom stress and
near-bed suspended sediment concentration are averaged
over regions near the barrier and in the lower ETM (Fig. 2).
In both regions, bottom stress and SSC vary by more than a
factor of 2 over the spring-neap cycle. Near the barrier, the
average bottom stresses increase by about 40% compared
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Fig.2 Time series of conditions near the barrier and in the lower Hud-
son estuarine turbidity maximum (ETM) for the moderate discharge
case. a Spring-neap variations in water level during the simulation

with the base case over most of the simulation period.
The increase in bottom stress is greater during flood tides
(40-50%) than during ebbs (30-40%). The differences in
stress are less pronounced during the weakest neap tides
(days 12—16) than other tidal conditions. Average SSC near
the barrier decreases moderately (10-20%) with the barrier
despite the overall increase in bottom stress. This reduction
in SSC results from the reduction in the availability of fine-
grained bed sediment for resuspension in the barrier case.
In contrast, both bottom stress and SSC decrease in the
ETM with the barrier compared to the base case. Sus-
pended sediment concentrations are much greater in the
ETM region than near the barrier due to the differences
in bed sediment composition and sediment trapping.
Decreases in average bottom stress in the ETM are 5-10%
due to the decrease in tidal amplitude with the barrier.

period. b Laterally averaged bottom stress and ¢ suspended sediment
concentration near the barrier (-9 to—7.5 km north); d laterally aver-
aged bottom stress and e in the lower Hudson ETM (15 to 25 km north)

Fractional decreases in tidal maximum SSC in the ETM
region are similar to the stress at around 5-10%.

The selected time series highlight the spatial differences
in sediment response between the region near the barrier
(increased bottom stress, decreased SSC) and the rest of the
estuary (decreased stress, decreased SSC). The subsequent
results are organized according to this spatial gradient, rec-
ognizing that the changes in conditions with distance from
the barrier occur along a continuum and vary with river
discharge, tidal forcing, and sediment characteristics.

Stress, Suspended Sediment, and Bed Composition
Near the Barrier

The obstruction of the tidal flow by the surge barrier piers
causes increased tidal velocities, with jets of higher velocity
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emanating from the barrier openings (Fig. 3). The velocity
field near the barrier is tidally asymmetric, with enhanced
flood-oriented velocities landward of the openings during
flood tides and ebb-oriented velocities seaward of the open-
ings during ebbs. Correspondingly, the bottom stress near the
barrier is sharply asymmetric. The high velocities through the
openings cause flow separation downstream of the barrier
piers, and in the separation zones the tidal flow is weakened
or reversed (Ralston 2022). The flow separation causes eddy
shedding, and the near-bottom SSC distribution reflects the

km east
5 45 4 35 -3

km north

velocity structure of the eddies due to local enhancement of
the bottom stress and resuspension (Fig. 3). Near-bottom sedi-
ment concentrations are also enhanced in the centers of the
eddies where the flow converges and decelerates. The lateral
gradients in near-bottom SSC also depend on the bed compo-
sition, with predominantly sand in the middle of the channel
and finer sediment on the lateral shoals (Fig. 1). Fine sediment
supply from the bed is limited other than at the edges of the
channel, and thus the SSC distribution does not necessarily
correspond with the velocity or bottom stress distribution.

FLOOD

km north

EBB

vel avg (m/s) SSC bot (kg/m®) SSC bot (kg/m®)
1 05 0 05 1 0 0.1 0.2 0.3 0 0.1 0.2 0.3
E e [ T [ T

Fig.3 Spring tide conditions (day 22, see Fig. 2) near the barrier for the moderate discharge case during a—c flood tide and d—f ebb tide. a,
d Northward depth-averaged velocity; b, e near-bed suspended sediment concentration (SSC) of sand; ¢, f near-bed SSC of fine sediment
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The presence of the barrier induces tidal asymmetry in the
resuspension by altering the flow patterns. For example, on the
relatively muddy eastern shoal resuspension is greater seaward
of the barrier during flood tides and greater landward of the
barrier during ebbs. During both phases of the tide, the barrier
piers enhance the flow separation that results from the channel
curvature and thereby expand the shadow zone of low velocity
and low SSC on the eastern shoals downstream of the barrier.
In contrast, the velocity and SSC distributions in the base case
vary smoothly and do not exhibit strong tidal asymmetries
in magnitude and structure (see Supplementary Material).
The example (Fig. 3) is for spring tides when velocities and
flow separation at the barrier are strongest and the differences
between the base and barrier cases are most pronounced.

Bottom stress directly affects sediment resuspension and
near-bed SSC, so tidal asymmetries in velocity near the

Mean stress

barrier openings impact the net sediment transport. In the
base case, mean bottom stress is flood-dominant in the deep,
central part of the channel and mean stress is ebb dominant
on the lateral shoals (Fig. 4a)). Note that bottom stress has the
opposite sign as the near-bottom velocity, so bottom stress
during flood tide is negative. This lateral stress distribu-
tion is consistent with results from elsewhere in the estuary
where sediment transport is predominantly landward in the
deep channel and seaward on the shoals due to the increas-
ing influence of the estuarine circulation with water depth
(Ralston and Geyer 2009; Ralston et al. 2012). Note
also there is asymmetry in transport associated with flow cur-
vature on the east side of the channel, where flow separation
near the bed apex causes a change in sign of the mean stress.
In the barrier case, this stress asymmetry is shifted landward
from the bend apex to the barrier and it expands out into the
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Fig.4 Mean bottom stress (upper panels) and maximum bottom stress
amplitude (lower panels) near the barrier for the 500 m’~! discharge
case averaged over the simulation period (55 days). a Mean bottom stress

km east

km east

in base case; b mean bottom stress with barrier. d Maximum stress in
base case; e maximum stress with barrier; f ratio of maximum stresses
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channel (Fig. 4b)). The barrier marks a distinct separation
between strongly flood-oriented mean stresses landward of
the barrier and strongly ebb-oriented stresses seaward of the
openings. This sharp divergence in mean stress at the barrier
openings indicates the potential for divergence in sediment
transport, depending on sediment availability. The opposite
is the case adjacent to the barrier piers where mean stresses
are oriented toward the piers due to the flow separation and
recirculation, indicating the potential for sediment conver-
gence and accumulation near the piers.

The effect of the barrier on mean bottom stress varies
with river discharge. Considering the laterally averaged
bottom stress, the distance over which the barrier alters
the flow varies inversely with river discharge (Fig. 5a)—)).
For the low discharge case, landward stresses with the bar-
rier increase more than 5 km into the estuary, whereas for

high discharge the influence on the mean stress diminishes
around 2 km from the barrier. In both the base and barrier
cases, increasing river discharge increases the stratifica-
tion and the estuarine exchange flow, and thus enhances
the landward bottom stress (Ralston 2022). Close to the
barrier, strong flood velocities through the barrier open-
ings add to the mean landward stress from the estuarine
circulation. Similarly for the ebb currents and seaward
of the barrier, the offset in mean bottom stress between
the base and barrier cases extends farther seaward in the
low discharge case than the high discharge case. Strong
velocities through the barrier openings locally increase
the turbulent mixing and shift the mean stresses seaward,
but the greater stratification in the high discharge case
dampens alterations to the mean stress compared with the
low discharge case.
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Fig.5 Mean bottom stress near the barrier location. Left panels: lat-
erally averaged bottom stress for the base and barrier cases with river
discharge of a 125 m3s~!, b 500 m3s~!, and ¢ 2000 m3s~!, averaged
over the simulation period (55 days). Right panels: histograms of bot-
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Mean stresses can be indicative of the direction of net
sediment transport, but the instantaneous tidal stresses
greatly exceed the mean values and directly affect sediment
resuspension. In the model, the formulation for erosion from
the bed is proportional to the excess shear stress above a
critical threshold (Ariathurai and Arulanandan 1978; Warner
et al. 2008). Histograms of laterally averaged bottom stress
are shown for cross-sections landward and seaward of the
barrier (Fig. 5). In the base case, the stress distributions are
relatively symmetric in all the cross-sections, and maximum
stresses are typically less than 2 Pa. With the barrier, the
amplitude of the maximum stresses increases to about 3 Pa
in the cross-sections landward of the barrier during flood
tides, and the amplitude reaches 4 Pa seaward of the bar-
rier during ebb tides. The stress distributions shift toward
lower amplitude during the opposite phase of the tide, so
tidal stresses are reduced on average in the cross-sections
landward of the barrier during ebbs and stresses are reduced
seaward of the barrier during ebb. The shifts in the stress
distributions result from the asymmetry in the tidally revers-
ing jet-sink flow through the barrier openings.

Map views of the distributions of the maximum stress
with and without the barrier illustrate the effect of flow
through openings (Fig. 4). In the base case, maximum
stresses occur in the deepest part of the constriction at
Verrazano Narrows, and over most of the region the maxi-
mum stresses are around 1 Pa (Fig. 4c)). With the barrier,
the maximum tidal stresses occur in the openings and are
greater than 2 Pa over large areas (Fig. 4d)). The ratio of

the maximum tidal stresses with the barrier to the base case
correspond with the alterations to the tidal currents (Fig. 3).
Bottom stresses increase in regions influenced by the veloc-
ity jets through the openings and stresses decrease in separa-
tion zones near the piers. Several km away from the barrier
the maximum stresses increase by a factor of 1.5 more, and
the increase exceeds a factor of 2 close to the barrier.

The changes in the bottom stress with the barrier broadly
correspond with changes in bed sediment thickness and
composition (Fig. 6). Regions of erosion and net decrease
in sediment bed sediment thickness are located landward
and seaward of the barrier openings and extend into the mid-
dle of the Upper Bay. Sediment accumulates on the lateral
shoals, particularly landward of the barrier and on the west
side of the Upper Bay. Differences in bed sediment com-
position reflect the differences in erosion and deposition,
with accumulation of fine sediment in depositional areas
and loss of fine sediment in erosional areas. Near the barrier
openings and in the deep, central parts of Upper Bay the bed
sediment coarsens. On the shoals landward of the barrier
piers and on the west side of the bay the fine fraction in the
bed increases. The spatial patterns of erosion and coarsen-
ing are consistent with increased stresses causing increase
resuspension of fine sediment up to several km from the
barrier openings. Some of this fine sediment deposits in
lower stress regions at the edges of the estuary and in flow
separation zones near the barrier piers. The example shown
is for the moderate discharge of 500 m? s~!, but the spatial
patterns of erosion and deposition are similar for the other

Fig..6. Differences in bed com- a)A bed thickness l ' ‘ b)A fine fraction' : ' ‘
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discharge cases. In the low discharge case, the region of ero-
sion and coarsening extends farther landward into the Upper
Bay, whereas in the high discharge case the region of fine
sediment accumulation is more extensive on the west side
of the Upper Bay (not shown). The greater landward extent
of the changes in bed thickness and composition for the low
discharge case results from the more extensive alteration to
the flood-dominant bottom stresses (Fig. 5).

Sediment Distribution and Retention in the Estuary

Stronger tidal flows through barrier openings locally increase
bottom stress amplitudes and cause erosion and coarsen-
ing of the bed in the main channel. Farther landward, tidal
velocities are weaker with the barrier than in the base case,
which reduces the tidal stresses, shifts the salinity distribu-
tion landward, and increases stratification (Ralston 2022).
The presence of the barrier alters both the amplitude of the
tidal stresses and the mean bottom stress. Reductions in tidal
velocity cause an overall reduction in bottom stress ampli-
tude, and greater stratification reduces the eddy viscosity
and decreases the bottom stress for a given depth-averaged
velocity. For example, in the 500 m®s~! case the magnitude
of the bottom stress in the lower Hudson (e.g., 040 km)
with the barrier decreases by 5—10% compared with the base
(Fig. 7a)). Decreases in the magnitude of the tidal velocity,
and correspondingly the magnitude of the tidal bottom stress,
are similar for the low and high discharge cases.

The mean bottom stress depends on asymmetries between
flood and ebb velocities, which are shifted to be more flood-
oriented in the estuary with the barrier. Weaker tides and
decreased mixing allow for stronger estuarine circulation
and enhanced landward-oriented near-bottom velocities
(Ralston 2022). The extent of influence of the increased
estuarine circulation depends on the location of the salin-
ity intrusion, which varies inversely with river discharge.
For the low discharge case, the mean stress is consistent
with mean landward near-bottom velocity up to the limit of
the salinity intrusion around 110 km north, and the mean
stress becomes more landward with the barrier than without
it (Fig. 7b)). For the higher discharge cases, the transition
from landward-oriented mean bottom stress in the estuary
to seaward-oriented stress in the tidal river occurs near the
salinity intrusion limit, and the mean stresses are shifted
to be more landward within the salinity intrusion with the
barrier (Fig. 7¢)—d)).

The reduction in tidal stress amplitude and landward
shift in the mean stress results in increased trapping of new
sediment input with the river discharge (Fig. 7). The along-
estuary distribution of the river sediment depends on the dis-
charge and the location of the salinity intrusion, as well as on
along-estuary bathymetry that affects frontal formation and
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localized sediment trapping (Ralston et al. 2012). The later-
ally integrated mass of new sediment is greater with the bar-
rier than without it, particularly within the salinity gradient.
For the low discharge case, the enhanced trapping extends
landward more than 100 km, whereas for the high discharge
case the enhanced trapping is restricted to the lower 50 km,
corresponding with the location of the salinity intrusion for
each. In all discharge cases, more river sediment is retained
in the lower Hudson ETM (centered around 20 km) with
the barrier than without. Farther seaward, less river sedi-
ment accumulates with the barrier for all the discharge cases,
which is consistent with the overall increase in erosion and
coarsening of the bed in the Upper Bay (Fig. 6).

The increased mobilization of bed sediment (Fig. 6)
near the barrier and the trapping of river inputs farther
landward (Fig. 7) affect the sediment distribution along
the estuary and the export of sediment to the coastal zone.
Differences in sediment mass between the base and barrier
cases are grouped by region for the three discharge cases
(Fig. 8). Considering all fine sediment (initial bed plus
river inputs), the biggest difference with the barrier is the
loss of sediment from the Upper Bay. This primarily rep-
resents bed material eroded by the increased bottom stress,
and it is redistributed both landward to the lower Hudson
and seaward to the Lower Bay. In contrast, new river inputs
are retained more in the Hudson with the barrier, and this
corresponds with a reduction in delivery of new sediment
to regions farther seaward (Fig. 8). The river inputs are
retained both in the tidal river and the saline estuary, which
is defined here as up to 120 km north. Transport of new
river sediment beyond the barrier and accumulation in the
Lower Bay and New York Bight regions are reduced. The
fractional reductions in sediment export are greatest in the
low discharge case, but the mass of sediment delivered off-
shore increases with discharge, so the magnitude of sedi-
ment export is most affected in the high discharge case.
New sediment inputs also accumulate less in the Upper Bay
due to the increased tidal velocities that enhance scour and
limit deposition in this region.

Changes in SSC along the estuary depend on a combina-
tion of factors including the changes in bottom stress and
the sediment mass distribution along the estuary. An exam-
ple from spring tides in the moderate discharge case illus-
trates the contributing factors (Fig. 9). Near-bottom SSC
is maximum on the western shoals in the ETM, and SSC
decreases farther seaward (Fig. 9a). With the barrier, SSC
decreases compared to the base case in most of the estuary
(Fig. 9b). The decreases in SSC during spring tides are
typically in the range of 20—100 mg L', and fractionally
represent changes of around 15-30% near the barrier and
around 5-10% in the ETM. The decrease in SSC near the
barrier is due to loss of fine sediment in the bed available for
resuspension, whereas farther into the estuary the reduction
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Fig.7 Along-estuary distributions of bottom stress and sediment
mass at the end of the simulation period. a Mean bottom stress ampli-
tude for the base and barrier cases for Q,=500 m>s~" averaged over
the simulation period (55 days). b—d Mean bottom stress for the base

in SSC is because of weaker tidal velocities and reduced bot-
tom stresses. Considering only new sediment input from the
river, enhanced trapping with the barrier results in regions
of increased sediment resuspension (Fig. 9c—d). This new
sediment represents only a small fraction of the total sedi-
ment in suspension including bed material, so while the con-
centration of new sediment in the water column increases,
the total SSC decreases. The faster-settling size class of river
sediment accumulates and is resuspended predominantly in
the ETM, whereas the slower settling class is transported
farther downstream in resuspended in the Upper and Lower
Bay near the barrier.

Changes in SSC with the barrier also depend on the
salinity distribution through its influence on the estua-
rine circulation and stratification, and thus vary with river
discharge and tidal amplitude (Fig. 10). Near the barrier,

and barrier cases and the fractional difference in sediment mass input
with the river discharge for Q,=125 (b), 500 (c), and 2000 m3s7! (d).
Noted on the right axis for each discharge case is the range of the 1
psu isohaline of bottom salinity

increased mixing reduces stratification and causes a reduc-
tion in near-bottom salinity. Inside the estuary, the reduc-
tion in tidal amplitude causes an increase in the length
of the salinity intrusion and an increase in stratification.
The landward shift in salinity and stratification leads to
a region of increased SSC near the limit of the salinity
intrusion (Fig. 10). The increase in total SSC here is pri-
marily due to an increase in river sediment being retained
near the salinity limit, with the greatest increase occurring
toward the end of neap tides when the salinity intrusion is
farthest landward. This increase in SSC near the limit of
the salinity intrusion varies with the strength and position
of the bottom salinity front. Along the rest of the estuary,
SSC decreases regardless of discharge and tidal amplitude
because of the reduction in tidal amplitude and resuspen-
sion of bed sediment.
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Fig.8 Differences in sediment mass between the base and barrier cases
for different regions, as shown in panel on the right. Here, the tidal river
is the region north of 120 km (extending to the tidal limit near 225 km),
and the saline estuary is categorized as the region from O to 120 km.

Sediment Transport Mechanisms

Tidal velocity, bottom stress, and suspended sediment are
most altered near the barrier and in the Upper Bay. With-
out the barrier, mean bottom stress in the channel is land-
ward due to the estuarine circulation, and tidal stresses are
slightly greater during flood tides than ebbs over most of
this region (Fig. 5). The estuarine circulation can drive
landward net sediment transport because SSC is greater
near the bottom where the density-driven residual veloci-
ties are landward. Tidal asymmetries in velocity also drive
net sediment transport due to correlations between bot-
tom stress and SSC, with the direction of the net transport
depending on the velocity asymmetry and sediment availa-
bility for resuspension (Meade 1969; Scully and Friedrichs
2007). In the Hudson ETM, an observational study found
that the tidal correlations dominated the landward sedi-
ment transport and the tidal transport was greatest during
spring tides and low discharge (Geyer et al. 2001). The
subtidal advective flux that includes the mean flow and
the estuarine circulation was generally smaller, with sea-
ward transport during high discharge periods and spring
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km east

a All fine sediment, including the initial bed and river inputs; b sedi-
ment input with river discharge. Differences in sediment mass for each
region are shown for the discharge cases: 125, 500, and 2000 m3s~!

tides and more landward advective transport during low
discharge and neaps.

The net along-estuary sediment transport in the model is
compared for the three discharge cases (Fig. 11). The net trans-
port is also decomposed with temporal and spatial averaging
to quantify the contributing components: a cross-sectionally
averaged and tidally filtered mean component from the river
discharge and mean SSC; a tidally filtered, spatially varying
steady component from the estuarine circulation and mean ver-
tical profile of SSC; and a tidally and spatially varying com-
ponent from tidal correlations in velocity and SSC (Burchard
et al. 2018). Tidal variability is removed using a Godin filter
(Walters and Heston 1982). The sediment flux decomposition
is similar to that for salt flux in which the estuarine circulation
is the dominant component of the landward salt flux in the
Hudson (Lerczak et al. 2006).

The influence of the barrier on the net sediment trans-
port is most apparent within about 10 km of the barrier
for the low discharge conditions (Fig. 11a). In the base
case, the total transport is generally landward through this
region, with spatial variability indicating convergence and
divergence and net bed sediment accumulation or loss.
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Fig.9 Near-bottom SSC during spring tides for Q,=500 m’~! (aver-
aged over days 32 to 34). a Near-bottom SSC in the base case; b differ-
ence between the barrier and base cases in near-bottom total SSC; ¢ dif-

Decomposing the total transport into its components, the
mean transport is seaward due to the river outflow and the
steady transport is landward due to the estuarine circulation.
The tidal sediment transport is the largest term over much
of the region and is the main source of spatial variability in
the total. Addition of the surge barrier causes the greatest
changes in this tidal transport term, and it dominates the dif-
ferences in the total transport between the base and barrier
cases. Landward of the barrier, the tidal sediment transport
becomes more landward due to the strong velocities through
barrier openings during flood tides. Seaward of the barrier,
the tidal transport becomes strongly seaward due to the
increased velocities through the openings during ebbs. The
overall increase in tidal currents and turbulent mixing also
weaken the estuarine circulation locally, and this results in a
decrease in the landward steady sediment transport.

The barrier causes similar shifts in the net transport
at higher discharges. In the moderate and high discharge

ference in SSC of river sediment with settling velocity (w,)=0.2 mm/s;
c difference in SSC of river sediment with w,=0.01 mm/s

cases, the net transport is greater than the low flow case,
it is generally seaward, and it decreases in magnitude
with distance toward the mouth as sediment accumulates
on the bed (Fig. 11). Correspondingly, the mean trans-
port associated with the mean volume flux from the river
decreases toward the mouth as SSC decreases downstream
of the ETM. The steady circulation component is gener-
ally landward, particularly in the lower Hudson north of
the Battery. The tidal sediment transport varies spatially
but is generally seaward. The barrier alters the tidal com-
ponent locally, making it more landward on the landward
side of the barrier and more seaward on the seaward side.
The remote impacts on the sediment transport inside the
estuary are most apparent in the high discharge case. In
the lower ETM (e.g., near 20 km north), the net seaward
transport decreases with the barrier because the mean and
tidal components are less seaward due to the reductions in
tidal velocity and SSC.
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Fig. 10 Differences in salinity and SSC with the barrier. Left panels

are Q,=125 m3s~! and right panels are 500 m>s~!. a, b Differences in

near-bottom salinity between the base and barrier cases, with bottom

Summary and Discussion

The direct effect of the flow constriction through barrier
openings is to increase the tidal velocities both landward
and seaward of the structure. The flow patterns are sharply
asymmetric between flood and ebb, with jets of high veloc-
ity downstream of the openings and flow blockage upstream
(Fig. 3). The tidal asymmetries in velocity result in tidal asym-
metries in bottom stress (Figs. 4 and 5). The net effect is to
increase seaward sediment transport seaward of the barrier
and increase landward transport landward of the barrier. For
moderate and high discharge conditions with the greatest
watershed sediment inputs, the barrier causes increased reten-
tion of sediment in the estuary. During low discharge periods,
the barrier can change the sign of the transport and reduce
import of sediment from offshore. Reductions in sediment
import have also been linked to the Eastern Scheldt barrier
(de Vet et al. 2017). Thus, the velocity asymmetry from tidal
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salinity contours for the base case; ¢, d differences in near-bottom total
SSC, with bottom salinity contours; e, f differences in near-bottom
SSC from river inputs, with bottom salinity contours

flow through barrier openings creates a divergence of sedi-
ment transport capacity that tends to isolate the estuary from
the coastal zone. Flood-oriented velocity jets on the landward
side promote retention of river inputs, and ebb-oriented jets
on the seaward side reduce import from offshore.

The increased velocities near barrier openings also
increase bed sediment remobilization, resulting in erosion
and coarsening of the bed (Fig. 6). The reduction in avail-
ability of fine sediment for resuspension causes reductions in
SSC near the barrier and in the Upper Bay. Direct influences
of the barrier on bottom stress and bed sediment extend
5-10 km landward and seaward of the barrier, similar to a
tidal excursion. The influence of the barrier on bed stress
and SSC is greatest during low discharge periods, while for
higher discharges increased mean flow and stratification
reduce the direct impacts.

Reductions in tidal amplitude due to the barrier decrease sed-
iment resuspension and increase the trapping of fine sediment
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in the estuary (Figs. 7 and 8). In the tidal river, reductions in
tidal amplitude reduce sediment resuspension and seaward
transport (Wall et al. 2008; Ralston and Geyer 2017).
Within the salinity intrusion, sediment trapping is increased but
spatially variable (Fig. 7). Weaker tides mean stronger estuarine
circulation, stronger stratification, and reduced resuspension
by tidal currents, all of which tend to increase sediment trap-
ping at bottom salinity fronts. As river discharge increases, the
location of trapping shifts seaward with the salinity intrusion.
Retention of river sediment in the estuary is on average a few
percent greater with the barrier than without it, but locally the
increase in sediment accumulation can be up to 10% depending
on discharge. In the Upper Bay, retention of river sediment is
reduced due to the increase in bottom stresses and bed coarsen-
ing (Figs. 7 and 8).

Despite the increase in sediment trapping, suspended
sediment concentrations in the estuary decrease due to the

-100 0 100
mean transport (kg/s)

-600 -400 -200 0
mean transport (kg/s)

averaged mean component, the tidally averaged, cross-sectionally vary-
ing steady component, and the tidally and cross-sectionally varying tidal
component. Barrier location is shown with a horizontal-dashed line

decrease in tidal amplitude and resuspension (Fig. 9). Over
much of the estuary, the reductions in SSC with the barrier are
10% or less. As with the patterns of sediment accumulation,
the differences in SSC vary with discharge and the salinity
intrusion (Fig. 10). Increases in SSC from river inputs are
apparent near the fresh-salt interface and in the ETM, consist-
ent with the enhanced accumulation in those regions, but over-
all SSC decreases due to the reduction in tidal resuspension.
The fractional reductions in SSC in the Upper Bay are around
15-30%, but for different reasons—scour from the high tidal
velocities near the barrier leave less fine sediment in the bed
for resuspension. Note that the bed near the barrier is likely
to continue to evolve at time scales longer than the 2-month
simulation period. For example, in the Eastern Scheldt scour
of up to 40 m has been observed near barrier openings and
the morphology continues to evolve more than three decades
after barrier construction (Broekema et al. 2018).
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Potential Implications

Like many urbanized estuaries, the bed sediments of the Hud-
son estuary contain extensive contamination from historical
industrial and municipal discharges (Olsen et al. 1993). In
the Upper Bay sediments, major contaminants include PCBs,
heavy metals, and PAHs (Wolfe et al. 1996; Steinberg et al.
2004; Rodenburg and Ralston 2017). The increase in bed
stress near the barrier openings have the potential to remobi-
lized contaminants adsorbed to sediment that had previously
been buried below the layer of active resuspension. Remobi-
lized sediment is likely to deposit in lower stress regions on
the shoals of the Upper and Lower Bay or in the lee of the
barrier structure (Fig. 6). Sediment mobilized from deeper
in the bed is likely to contain higher levels of contamination
than sediment presently at the surface and could potentially
increase ecological risk to benthic organisms.

The reductions in SSC along the estuary could increase
water clarity and potentially increase biological productiv-
ity. In the Eastern Scheldt, suspended particulate matter at
a monitoring station dropped from an average of around
300 mg L~! before the barrier to 50100 mg L=! afterward,
and this corresponded with increases in primary productivity
and benthic biomass (Brand et al. 2016). In the Hudson, the
modeled decrease in SSC is less and the background sedi-
ment concentrations are greater, suggesting less impact on
water clarity. The diffuse light attenuation coefficient (K,)
in the Hudson varies seasonally, with larger K, during the
winter when higher river discharge increases SSC (Stross
and Sokol 1989; Caraco et al. 1997). Light attenuation also
varies spatially with values K; of around 1-3 m~! in much
of the estuary and tidal river, but in the ETM K ; increases to
5-8 m~! and light penetration decreases (Stross and Sokol
1989). Light attenuation scales approximately linearly with
SSC in many estuaries and coastal zones including New
York Bight, San Francisco Bay, Delaware Bay, and Chesa-
peake Bay, with a typical slope of around 0.06 m~!/(mg L™
(Malone 1977; Pennock 1985; Cloern 1987; Turner et al.
2021). Projected reductions in SSC of 10-20% in the Upper
Bay with the barrier would correspond with similarly mod-
est fractional increases light penetration depth. For example,
assuming K,= 1.5 m~! for summer conditions, the depth of
the 1% of the surface irradiance level would increase from
3.1 to 3.7 m. In the ETM, the fractional decreases in SSC
with the barrier are less and the light penetration in exist-
ing conditions is more limited, so there would be even less
change in water clarity.

The decrease in SSC, in combination with the decrease
in tidal amplitude and marsh inundation, could affect sedi-
ment accumulation rates in marshes and their ability to keep
pace with sea level rise. For example, reductions in marsh
inundation due to surge barrier closures are of concern for
marsh sustainability in the Venice Lagoon (Tognin et al.
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2022). Along the tidal Hudson, accretion rates in natural
marshes are similar to sea level rise, and accretion rates in
marshes created by anthropogenic disturbances exceed sea
level rise due to the high sediment concentrations in the
estuary (Yellen et al. 2021). Given these rapid accumula-
tion rates under present conditions, the modest reductions
in SSC and tidal amplitude with the barrier seem unlikely
to substantially alter marsh sustainability along the Hudson.

Effects on marshes located seaward of the barrier may
differ from those landward. For example in Jamaica Bay
(Fig. 1), extensive marsh loss over recent decades has coin-
cided with anthropogenic modifications including shoreline
hardening, dredging of navigational channels and borrow
pits, and nutrient inputs (Hartig et al. 2002; Renfro et al.
2016). Marsh sediment cores indicate that accumulation
rates in Jamaica Bay are consistent with sea level rise, but
the inorganic fraction has decreased compared to the pre-
development era suggesting a decrease in sediment supply
(Peteet et al. 2018). Local watershed inputs are minimal, so
sediment supply to Jamaica Bay comes primarily from sea-
ward sources. Estimates using multiple methods indicate that
sediment supply from marine sources are less than would be
needed to maintain the current marsh extent under acceler-
ating sea level rise (Renfro et al. 2016; Chant et al. 2021).
The effect of the barrier on sediment supply to Jamaica
Bay was not evaluated directly because the simulations did
not include wave processes that are important for sediment
delivery into the bay (Hu et al. 2018; Chant et al. 2021).
However, the reductions in sediment export from the Hudson
into the Lower Bay and New York Bight (Fig. 8) have the
potential to further reduce the sediment supply to Jamaica
Bay and other coastal embayments and could further reduce
marsh sustainability.

Additional Considerations

In addition to the large barrier at the mouth of the Hudson,
smaller surge barriers are being considered for Jamaica Bay
and other nearby coastal embayments (US Army Corps of
Engineers 2019; US Army Corps of Engineers 2021). In
estuaries where sediment supply comes predominantly from
seaward rather than from the local watershed, the velocity
asymmetries at barrier openings and increased mixing are
likely to reduce sediment import through the inlet. This
reduction in transport due to the stress divergence at the
barrier is in addition to any changes in export of sediment
from the Hudson that may impact availability of coastal zone
sediment. Alterations to sediment exchange may also depend
on the design of the barrier. The fractional closure of the
cross-section is the main factor affecting the increase in tidal
velocities through the gates and the associated reduction in
tidal amplitude, and thus affects the sediment transport.
Details of the barrier design may contribute to the response,
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if for example tidal lift gates with shallower depths and nar-
rower openings result in different stress asymmetries than
wider, deeper navigational openings.

Barrier closures during storm events can also affect sedi-
ment transport, depending on closure frequency and duration
as well as on the conditions inside the estuary including the
river discharge. In shallow embayments, feedbacks among
water level, wind waves, and marsh edge erosion mean
that reductions in water level during storms could cause
increased marsh edge erosion (Hu et al. 2018; Tognin et al.
2022). For the Hudson barrier, waves are expected to play a
minor role in sediment transport due to the relatively large
water depth, strong tidal currents, natural protection from
ocean swell, and limited fetch for local wave generation.
However, barrier infrastructure may influence wave condi-
tions in other estuaries where waves play a more substan-
tial role in sediment resuspension, even during non-storm
conditions. Barrier closures could also result in greater
sediment trapping in the estuary due to the high discharge
and sediment loading that often accompany coastal surge
events. Impacts of barrier closure are not assessed here, but
projections of increasing closure frequency with sea level
rise (Chen et al. 2020) suggest that they could significantly
influence morphological response over time.

Alterations to estuarine sediment dynamics from con-
struction of a storm surge barrier should be considered in
the context of the broader set of anthropogenic modifications
(Wang et al. 2015). Sediment supply from the watershed
can be altered by dam construction, flow regulation, land
use changes, or trends in mean river discharge with climate
change, and such factors can increase or decrease SSC and
sedimentation rates (Cloern and Jassby 2012; Wang et al.
2018; Russ and Palinkas 2020). Shoreline armoring can
reduce sediment inputs from wave-driven coastal erosion
and cause reductions in SSC (Turner et al. 2021). Shore-
line encroachment or wetland restoration can alter estuarine
morphology to increase or decrease sediment availability
(Klingbeil and Sommerfield 2005; Shellenbarger et al. 2013).
Alterations to the tidal and salinity dynamics by dredg-
ing can increase sediment trapping in channels (Ellsworth
1986; Jal6n-Rojas et al. 2016; Eidam et al. 2021) and poten-
tially lead to hyperturbid conditions (Winterwerp et al. 2013;
van Maren et al. 2015). Dredging also removes sediment
from the system and can create deficits that lead to erosion
and morphological adjustment (Cox et al. 2021). In the Hud-
son, alterations to sediment supply by dams and shoreline
erosion are likely to be limited (Ellsworth 1986; Ralston
et al. 2021), but dredging has, and is likely to continue to be,
a factor (Panuzio 1965). For comparison, the projected land-
ward shift in the location of the salinity intrusion with the
Hudson surge barrier is similar to that from a recent dredg-
ing project that increased the navigational channel depth in
the Upper Bay (Ralston 2022). However, changes in tidal

amplitude with a barrier have the opposite sense of that with
dredging. Tidal amplitude generally increases with dredging
and decreases with the barrier, so the impacts on SSC and
sediment accumulation are likely to differ. Most estuaries
that are candidates for storm surge barriers have undergone
substantial modification of some kind by development, so
changes resulting from a barrier should be assessed in the
framework of an altered system and weighed against poten-
tial surge protection benefits.
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