
1. Introduction
Due to sea level rise, increased intensity of coastal storms, and continued growth of coastal populations, flood-
ing due to storm surge increasingly threatens lives and property in coastal cities around the world (Vitousek 
et al., 2017; Vousdoukas et al., 2018; Wahl et al., 2017). To reduce the risks and impacts associated with storm 
surge, an potential mitigation measures include ecosystem-based approaches like wetland restoration or artificial 
reefs, conventional coastal engineering with seawalls or shoreline hardening, and managed retreat from vulnera-
ble areas (Temmerman et al., 2013). For cities with dense populations, valuable infrastructure, and limited space, 
construction of gated storm surge barriers can be an effective means for establishing or improving coastal flood 
protection.

Gated storm surge barriers can be closed temporarily during coastal storm events to prevent flooding in the basin 
landward of the barrier, and during non-storm periods the gates remain open to tidal exchange and navigation. 
Fewer than 20 storm surge barriers have been constructed globally, but the rate of construction and size of the 

Abstract Storm surge barriers are increasingly being considered as risk mitigation measures for coastal 
population centers. During non-storm periods, permanent barrier infrastructure reduces the flow cross-sectional 
area and affects tidal exchange. Effects of barrier structures on estuarine tidal and salinity dynamics have not 
been extensively examined, particularly for partially mixed estuaries. A nested, high-resolution model is used to 
characterize impacts of a potential storm surge barrier near the mouth of the Hudson River estuary. Maximum 
tidal velocities through barrier openings are more than double those in the base case. Landward of the barrier, 
tidal amplitude decreases on average by about 6% due to increased drag. The drag coefficient with the barrier 
is about 5 times greater than the base case due primarily to form drag from flow separation at barrier structures 
rather than increased bottom friction. The form drag scales with barrier geometry similar to previous studies 
of flow around headlands. Tidal water levels are reduced particularly during spring tides, such that marsh 
inundation frequency is reduced up to 25%. Strong tidal velocities through barrier openings enhance salinity 
mixing locally, but overall mixing in the estuary decreases due to reduced tidal velocities. Correspondingly, 
stratification decreases near the barrier and increases landward in the estuary. The salinity intrusion length 
increases by 5%–15% depending on discharge due to the decreased mixing and increased exchange flow. 
Exchange flow increases near the barrier due reflux into the lower layer with the increased mixing, which has 
the potential to increase estuarine residence times.

Plain Language Summary Storm surge barriers are increasingly being considered as mitigation 
strategies for flooding of coastal cities. Barrier infrastructure partially blocks tidal flow during non-storm 
periods and can alter conditions inside the estuary. A high-resolution numerical model is used to assess 
potential impacts of a storm surge barrier on the Hudson River estuary. In the barrier openings, tidal velocities 
are more than doubled compared to present conditions. Increased bottom friction and form drag from flow 
through barrier openings results in a sharp decrease in tidal amplitude inside the estuary. The increase in drag 
with the barrier is comparable to drag from topographic features like sharp headlands. Mixing of fresh and salt 
water increases near the barrier due to the greater velocities, but inside the estuary mixing decreases along with 
the tidal amplitude. As a result, salinity stratification increases in the estuary and salty water moves farther 
landward. Changes to the circulation patterns with the barrier have potential implications for biogeochemical 
processes and human uses of the estuary. For example, the barrier would decrease marsh inundation frequency 
along the estuary and increase the risk of salinity contamination of drinking water supplies drawn from the tidal 
river.
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barriers have been increasing in the past decade (Mooyaart & Jonkman,  2017). Barriers have predominantly 
been built on broad, shallow deltas (e.g., Eastern Scheldt, New Orleans), in tidal rivers (e.g., Thames River, Ems 
River), or in small harbors with limited freshwater inputs (e.g., New Bedford, New Haven). Most of the existing 
barriers are modest in size, as only six are greater than 1 km in length and only three have individual gate open-
ings of 200 m or more (Mooyaart & Jonkman, 2017).

Constriction of the tidal flow through open gates increases tidal velocities, which can have negative impacts on 
navigation and cause scour around barrier support structures. Flow constriction and acceleration through open 
gates can also affect tidal propagation, affecting the tidal amplitude and circulation patterns in the basin interior. 
The Eastern Scheldt in the Netherlands, a shallow, well-mixed estuary with modest freshwater inputs, has the 
most extensive documentation of changes after storm surge barrier construction (Brand et al., 2016; Nienhuis 
& Smaal, 1994). Barrier construction was completed in 1986 as part of the Delta Works project, and that along 
with damming of side embayments to reduce the tidal prism caused the mean tide range in the Eastern Scheldt to 
decrease from 3.70 to 3.25 m (Nienhuis & Smaal, 1994). Decreased tidal currents after barrier construction caused 
increased stratification, reduced suspended sediment concentrations, increased water column transparency, and a 
shift in the phytoplankton assemblage (Bakker et al., 1990). Reductions in high tide water level reduced inunda-
tion frequency and changed the vegetation species composition in surrounding marshes (de Leeuw et al., 1994). 
Decreased tidal currents also increased water residence times by a factor of 2–3 (Nienhuis & Smaal, 1994). The 
barrier and reduced velocities led to a reduction in sediment supply from seaward sources and subsequently to the 
erosion of tidal flats and loss of critical habitat for wading shorebirds (de Vet et al., 2017).

The Eastern Scheldt is shallow, has large tides, and minimal freshwater inputs, and was a well-mixed estuary prior 
to barrier construction. Effects of surge barriers on the physical conditions in partially mixed estuaries, which 
typically are deeper, have more freshwater input, and are more stratified, have not been documented observation-
ally. A modeling study on Chesapeake Bay provides some guidance on the potential impacts of surge barriers on 
partially mixed estuaries (Du et al., 2017). Barrier configurations blocking 60% and 85% of the flow cross-sec-
tion were examined and corresponded with reductions in the M2 tidal amplitude of 13%–20%. With the barriers, 
the salinity intrusion and stratification increased, estuarine exchange flow decreased, and water residence time 
increased.

In the aftermath of flooding due to Hurricane Sandy, storm surge barriers to protect the New York City region 
have been examined by the US Army Corps of Engineers (USACE) (Chen et al., 2020; US Army Corps of Engi-
neers, 2019). In 2012, the total water level from Hurricane Sandy was 3.4 m above Mean Sea Level, which was 
the highest since at least 1700 (Orton et al., 2016; Talke et al., 2014). Flooding from Sandy caused dozens of 
deaths and damages in excess of $60B (Strauss et al., 2021). With sea level rise, predictions of annualized coastal 
flood risk costs for the New York City area are projected to increase from $5.1B yr −1 to $13.7B yr −1 by 2100 (US 
Army Corps of Engineers, 2019). A feasibility study examined several potential storm surge barrier configura-
tions intended to reduce the flooding risk to the New York City region (US Army Corps of Engineers, 2019). The 
most favorable barrier configuration in the study, described in more detail below, would include a gated opening 
for the main navigation channel that would be the largest in the world at 430-m wide, superseding the 360-m span 
of the Maeslant Barrier in the Netherlands (Kluijver et al., 2019). New York is not alone among coastal regions 
considering major surge barriers. For example, the US Army Corps of Engineers (USACE) is involved in studies 
for barriers for Galveston Bay to protect Houston, Texas (US Army Corps of Engineers, Galveston District and 
Texas General Land Office, 2021), for subestuaries of Chesapeake Bay to protect Norfolk, Virginia (US Army 
Corps of Engineers, Norfolk District and City of Norfolk, 2018), and for parts of the New Jersey Back Bays 
region (US Army Corps of Engineers, Philadelphia District, 2021).

The surge barrier being considered to protect New York City is located at the mouth of the Hudson River, a 
partially mixed estuary that differs in physical characteristics from estuaries currently with storm surge barri-
ers. To develop a more quantitative understanding of the potential impacts of a realistic storm surge barrier on 
a partially mixed estuary, this study examines potential changes in the tidal and estuarine dynamics with the 
conceptualized barrier design. The approach builds on previous modeling studies of the Hudson by increasing 
the model grid resolution to better represent the tidal flow through open barrier gates. Barrier and baseline cases 
are compared for changes in tidal amplitude, salinity intrusion, and stratification across a range of discharge 
conditions. The momentum budget is evaluated for changes in the total drag coefficient, and differences in the 
salinity distribution are linked to changes in the mixing and exchange flow. The results are relevant to decisions 
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regarding surge barriers protecting New York City region, but the dynamical changes apply broadly to barriers 
in other partially mixed estuaries.

2. Methods
The Regional Ocean Modeling System (ROMS) is used to simulate the hydrodynamics and salinity distribution in 
the Hudson River estuary. Regional Ocean Modeling System (ROMS) is a free-surface, terrain-following, struc-
tured grid numerical ocean model (Haidvogel et al., 2008; Shchepetkin & McWilliams, 2005). The model set-up 
builds on several previous studies of the Hudson using Regional Ocean Modeling System (ROMS) (Ralston 
et al., 2012, 2013; Warner et al., 2005, 2020). In this application, the model grid is modified to use a nested grid 
approach to provided higher resolution of the potential storm surge barriers. The outer grid extends the tidal 
limit at Troy, NY and has open boundaries in New York Bight and Western Long Island Sound (Figure 1). The 
outer grid is 500 cells by 1,200 cells, with horizontal resolution of 100–200 m in the along-channel direction 
and 50–100 m across-channel in the estuary. The nested, inner grid is centered on Verrazano Narrows between 
Upper and Lower New York Bay (Figure 1), increasing the grid resolution by a factor of five in this region. The 
inner grid is 267 cells by 282 cells, with horizonal resolution of 25–30 m in the along-channel and 20 m in the 

Figure 1. Model bathymetry. (a) Lower Hudson River and New York Harbor in outer grid; the full grid extends north to the tidal limit of the Hudson and includes 
regions to the east (Western Long Island Sound) and west (Newark Bay, Arthur Kill). Distance from The Battery (km) and the locations of the nest zoom and the 
along-channel transect in Figure 4 are marked in red. (b) Zoom on center of nest grid at Verrazano Narrows for base case. Gray lines mark every fifth grid cell, and 
A-A' marks the cross-section in the lower panel. The black box outlines the control volume for the drag calculations. (c) Center of nest grid for barrier cases. (d) Cross-
section at location of barriers, with bathymetry for base case (blue markers) and barrier case (red markers).
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across-channel. Nesting is two-way, with information exchange between the outer and inner grid each time step. 
The model has 16 uniformly spaced layers in the vertical and uses the generic length scale turbulence closure 
with Kantha-Clayson quasi-equilibrium stability functions. A constant, uniform, low level of horizontal viscosity 
of 0.5 m 2 s −1 is applied to aid in numerical stability. The external time steps are 6.0 s for the outer grid and 1.0 s 
for the inner grid.

Model simulations were run in two modes: with realistic forcing for a period in 2004 with observations for model 
calibration and with idealized forcing for analysis of barrier impacts. For forcing at the open boundaries, tidal 
amplitudes were extracted from the ADCIRC database (Mukai et al., 2002). For the realistic forcing case, nine 
harmonic constituents were used (K1, O1, Q1, M2, S2, N2, K2, M4, M6). For the idealized forcing cases, tides 
were simplified to just the three largest components (M2, S2, and N2), but the amplitude of each increased by 
30% to maintain a similar total tidal amplitude as the realistic forcing. Idealized tides simplify the analysis by 
reducing the influence of minor tidal constituents but retaining spring-neap variability with monthly differences 
between apogean and perigean tides.

River discharge was input at the head of tides. For the realistic forcing, discharge was taken from U. S. Geological 
Survey observations at Green Island (#1358000) and increased by a factor of 1.4 to account for freshwater inputs 
from seaward tributaries (Wall et al., 2008). For the idealized forcing, cases with constant river discharges of 
125, 500, and 2,000 m 3 s −1 were run. These represent low (fifth percentile), average (50th percentile), and high 
discharge conditions (98th percentile) based on the long-term record at Green Island increased by the factor of 
1.4 for seaward tributaries. Wind forcing was specified in the realistic case as spatially uniform and time-varying 
using data from Newark Airport (NJ). Wind forcing was not included in the idealized cases. For the idealized 
cases, the analysis period occurred after simulations had adjusted to quasi-steady state, with the salinity distribu-
tion varying at the monthly time scale with the tidal forcing but without longer term trends.

Model bathymetry was based on data from New York State Department of Environmental Conservation, 
the National Oceanic and Atmospheric Administration, and the U.S. Army Corps of Engineers (Ralston & 
Geyer,  2019). Regions discussed in the analysis include the Lower Hudson estuary extending north of The 
Battery, Upper Bay located between The Battery and Verrazano Narrows, and Lower Bay located seaward of 
Verrazano Narrows (Figure 1). Distance along the Hudson is reported relative to The Battery as in previous stud-
ies (in river km, or rkm), but the salinity distribution and estuarine dynamics are continuous to the ebb shoals at 
the entrance to Lower Bay (Ralston & Geyer, 2019).

In addition to the base case, the model grid was adapted to represent a plausible barrier configuration at Verrazano 
Narrows. Barrier geometry was based on a conceptual design analysis in the New York–New Jersey Harbor 
and Tributaries Coastal Storm Risk Management Feasibility Study Interim Report (US Army Corps of Engi-
neers, 2019). The report examines several potential configurations for surge barriers around New York Harbor. 
The focus here is on the conceptual design for a surge barrier just north of Verrazano Narrows, the main entrance 
to Upper New York Bay. The total cross-sectional flow area at the conceptualized barrier location is 33,000 m 2. 
The barrier would have a primary navigational passage 430 m wide and a total width of 980 m for the naviga-
tional passage including the piers for the sector gates. A secondary navigational passage located east of the main 
channel would be 60 m wide, with a total width of 140 m including the piers. Auxiliary flow lift gates span the 
remainder of the cross-section, each with an open flow width of 46 m and total width of 56 m. Total area open to 
flow in the conceptualized design is 19,300 m 2, or 58.5% of the existing flow area. In the model grid, the horizon-
tal grid resolution in the nest of about 20 m cannot represent well the flow through auxiliary flow gates as they 
are designed (∼2 grid cells), so the auxiliary flow gates in the model grid are combined to be twice the designed 
width (92 m opening, total width of 110 m). Sill depths of the gate openings in the model are prescribed as in the 
conceptualized design: 18 m for the primary navigational passage, 14 m for the secondary navigational passage, 
and 6–18 m for the auxiliary gates. The total area open to flow in the model grid is 58.3% of the cross-section, 
similar to the conceptualized design.

For model calibration, results with realistic forcing were compared against observations of water level, velocity, 
and salinity at locations along the estuary in 2004. Details on the model calibration and skill assessment are 
provided in the Supporting Information S1. The bottom roughness was adjusted to maximize model skill, result-
ing in z0 of 0.5 mm. The skill scores for water level and velocity were nearly the same for cases with z0 = 1.5 and 
0.5 mm, but the lower value of z0 gave slightly higher skill for bottom salinity. Model skills are similar to those 
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for the previous grid configuration, which had a similar number of grid cells as the new outer grid but no nesting 
(Warner et al., 2020). Calibration of the previous grid found an optimal z0 = 2 mm, greater than found here. The 
new grid configuration has finer grid resolution in the lower estuary, allowing for greater resolution of bathyme-
tric features and flow structure. Lower values of z0 were also found to be optimal with increasing grid resolution 
in a model study of the Connecticut River estuary (Ralston et al., 2017). Note that the drag coefficient for bottom 
friction increases less than linearly with z0. For example, assuming a typical depth water depth of 15 m, the three-
fold increase in z0 from 0.5 to 1.5 mm corresponds with an increase in the depth-averaged drag coefficient of 
about 30% (Lentz et al., 2017).

3. Results
3.1. Flow Near the Barrier

The reduction in flow area through the surge barrier openings causes local alterations to the tidal water surface, 
velocity field, salinity distribution, and mixing intensity compared to the base case. The bathymetry at the barrier 
location is the only difference between the baseline and barrier cases, so all the differences in the estuary at larger 
scales result from changes in flow conditions there. Example conditions are shown for the base and barrier cases 
during a spring, flood tide with moderate discharge (500 m 3 s −1) (Figure 2). A complementary snapshot during 

Figure 2. Snapshots of conditions during a spring flood tide (day 22.6, see Figure 5a) for the (a–d) base case and (e–h) barrier case. (a and e) Water surface elevation; 
(b and f) northward velocity, with streamlines traced from starting locations north and south of the barrier location; (c and g) surface salinity; (d and h) depth integrated 
salinity mixing.
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the subsequent ebb is provided in the Supporting Information S1. In the case with the barriers, velocities through 
the openings are greater than in the base case. Flow separation occurs downstream of the barriers (landward 
during flood and seaward during ebb), creating regions of low velocity in the lee of the piers. The flow separation 
zones have local minima in water surface elevation, and low-pressure eddies are periodically shed and advect with 
the tidal currents. A sharp drop in water surface elevation occurs across the barriers in the cross-section average. 
Streamlines calculated from the depth-averaged velocity fields illustrate recirculation zones downstream of the 
barrier piers corresponding with the eddies in the water surface elevation field.

The surface salinity fields downstream of the barriers reflect the complex structure of the eddy field. During 
flood tide, the center of the channel has higher salinity compared to the sides downstream (landward) of the 
barriers due to differential advection of the along-estuary salinity gradient by the higher velocities through the 
openings and trapping of lower salinity water at the channel edges (Figure 2). During ebb tides the opposite 
is the case, with fresher water near the main flow openings and saltier water trapped in the lee of the barriers, 
particularly on the eastern side (Figure S4 in Supporting Information S1). During both phases of the tide the 
lateral trapping of salinity is enhanced by the barriers, but lateral trapping also occurs in the base case due to flow 
curvature at the headland on the east side of Verrazano Narrows (Geyer & Signell, 1992). During both flood and 
ebb, vertical mixing of salinity is enhanced downstream of the barriers compared to the base case (Figures 2 and 
S4 in Supporting Information S1). Regions of enhanced mixing occur where there are strong spatial gradients in 
velocity and salinity from the flow through barrier openings.

Constriction of the flow through the barrier openings results in depth-averaged velocities that are greater than 
the base case by about a factor of 2 (Figure 3). Maximum tidal velocities in the barrier openings are 2 m s −1 or 
greater during both flood and ebb. The increase in tidal velocity extends over a region at least 2 km away from 
the barriers, where the maximum tidal velocities increase by at least 0.5 m s −1. The maximum tidal velocities 
depend moderately on river discharge (Figure 3), with the high discharge case (2,000 m 3 s −1) having stronger 
ebbs and weaker floods than the lower discharge cases, but the variability with discharge is small compared to 
the effect of the barriers. Surface velocities are greater than the depth-averaged velocities, and the alteration to 

Figure 3. Maximum depth-averaged tidal velocity for (a) flood and (b) ebb. Low, moderate, and high discharge results are 
shown for the base case (blue lines) and barrier case (red lines).
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flow at the surface by the barrier piers has greater tidal asymmetry (not shown). During flood tides in both the 
base and barrier cases the maximum surface velocities are 10%–20% greater than the depth averages. During ebb 
tides, flow in the base case is more strongly sheared due to the influence of stratification so that surface velocities 
are 20%–50% greater than the depth average, and the shear increases with river discharge. With the barrier, ebb 
surface velocities are only 10%–20% greater than the depth averages because stronger vertical mixing reduces 
the stratification and shear. However, the increase in velocity due to the flow constriction outweighs the reduc-
tion in velocity shear, so surface velocities in the barrier openings (2–2.5 m s −1) exceed those in the base case 
(1.5–2 m s −1).

3.2. Tidal Amplitude and Velocity

The reduction in flow area and increases in tidal velocity at the barrier openings (Figure 3) increase the hydro-
dynamic drag that removes momentum and energy from the tidal flow. As a result, the tidal amplitude decreases 
landward of the barrier (Figure 4). Tidal amplitude is calculated from water level time series along the estuary 
with harmonic fits to tidal constituents, which are predominantly M2, N2, and S2. With the barriers, tidal ampli-
tude in the lower Hudson (<30 rkm) decreases by about 6% (range 3%–8%), and in the upper estuary the aver-
age decrease is about 2% (range 1%–3%). The sum of the tidal constituent amplitudes is plotted, but fractional 
decreases in the M2 component are similar to the total. The effects of the barrier on the tides are greater during 
spring tides than during neaps, consistent with the increased tidal velocities and increased drag near the barriers. 
Typical high water levels during spring tides are reduced by about 8 cm in the lower estuary and 3 cm in the 
upper estuary (Figure 4). During neap tides, reductions in high water are smaller. The results shown here are for 

Figure 4. Tidal conditions along the estuary for the base (blue lines) and barrier case (red lines). (a) Tidal amplitude; (b) high tide elevation during spring tides (highest 
5% of tidal high waters, solid lines) and neap tides (lowest 5% of high waters, dashed lines); (c) tidal velocity amplitude during flood (solid lines) and ebb (dashed 
lines).
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the moderate discharge case (500 m 3 s −1). Decreases in tidal amplitude are similar for the low discharge case and 
are slightly greater for the high discharge case. For the higher discharge, the decrease in tidal amplitude in the 
lower estuary averages 7% (range 6%–8%), and the decrease in the upper estuary averages 9% (range 7%–11%).

Cross-sectional average tidal velocities at the barrier increase by 40%–50% compared to the base case, from 
0.8 to 0.9 m s −1 to 1.2–1.3 m s −1 (Figure 4). This increase in average velocity is consistent with the reduction in 
cross-sectional area of about 40%. Farther landward in the estuary, the cross-sectional average velocities decrease 
with the barrier by 5%–10%, similar to the decrease in tidal water level amplitude.

3.3. Drag Increases Near the Barriers

To diagnose the influence of the barrier on the tidal dynamics, we consider the depth-averaged momentum 
equation:
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where U is along-channel velocity, η is water surface elevation, H is water depth, S is salinity, g is gravitational 
acceleration, and β is the haline contraction coefficient. The left side consists of the unsteadiness and advec-
tive acceleration terms. The right side includes the barotropic and baroclinic pressure gradients, the horizontal 
viscosity, and the depth-averaged drag force represented with a quadradic drag coefficient Cd. A control volume 
to calculate the terms of the budget is defined in the nested grid centered on the barrier location and extending 
about 1 km north and south (Figure 1). Velocity and depth are averaged in the control volume, and gradients of 
velocity, water level, and salinity are calculated across the control volume.

To quantify the changes in drag resulting from the barriers, an effective drag coefficient is calculated from the 
momentum budget:
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where Cd represents the total drag needed to balance the other terms. Here the horizontal viscosity is abbreviated 
for clarity. The major source of drag in most estuarine flows is the bottom friction, which is determined in the 
model based on the bottom roughness (z0) and near-bottom vertical shear. The bottom stress within the control 
volume is calculated directly from the model results, and that can also be expressed in terms of a quadratic drag 
coefficient, Cf:
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where 〈τb〉 is the bottom stress, h is the local depth, and 〈τb/h〉 represents the spatially averaged bottom stress 
divergence.

The depth-averaged momentum budget terms are shown for the base and barrier cases over two spring-neap 
cycles (Figure  5). In the base case, the dominant terms are the surface pressure gradient, unsteadiness, and 
bottom stress. The horizontal viscosity term is an order of magnitude smaller than the advective acceleration, 
which is the next smallest term. The bottom stress has similar magnitude and phase as the sum of the terms in the 
numerator of Equation 2 (unsteadiness, advection, the surface and baroclinic pressure gradients, and viscosity), 
which is consistent with bottom stress being the dominant source of drag in the base case. The average total drag 
coefficient in the base case is Cd = 0.0034. The average drag coefficient calculated from the bottom stress is 
Cf = 0.0017.

The difference between the total and bottom drag coefficients indicates that factors in addition to bottom friction 
are contributing total drag. The discrepancy between the total drag and bottom friction is tidally asymmetric 
with a greater difference during ebb tide, as seen in the plots of the momentum budget terms versus -U∣U∣/H 
(Figure 5). The Cf for bottom friction is similar in both phases, but the total Cd is greater during ebb than flood. 
Form drag due to with flow separation around natural features like headlands or sills can be a momentum sink, 
and this region has complex topography and steeply sloping sidewalls. The snapshot from the base case during 
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a flood tide (Figure 2) illustrates a region on the west side near headland with flow separation and reversal in 
streamlines. Such small-scale anomalies occur during both flood and ebb and contribute to the factor of 2 differ-
ence between Cf and Cd in the base case.

In the momentum budget with the barrier, the most prominent difference compared to the base case is the increase 
in the magnitude of the surface pressure gradient term (Figure 5). The next biggest terms are the unsteadiness 
and bottom friction, as before, but they are much smaller than the pressure gradient. The horizontal viscosity 
has similar magnitude as the advective acceleration and is an order of magnitude less than the bottom stress. 
The bottom stress is greater than in the base case such that the average Cf increases to 0.0022, or by about 30%. 
However, the average total Cd required to balance the other terms increases to 0.016, or by a factor of 5 compared 
to the total Cd for the base case. The total Cd has similar magnitude between flood and ebb, which is consistent 
with the similarities in the flow separation and eddy fields generated by the barrier piers (Figures 2 and S3 in 
Supporting Information S1). The total Cd is calculated based on the average velocity in the control volume, which 
with the barrier is about 95% of that without the barrier. This small reduction in average velocity is due to the 
integrated effects of stagnant regions near the piers and accelerations through the barrier openings (Figure 3). 
With the quadratic drag, the effect of the velocity difference between the cases is about a 10%, which is much 
smaller than the difference in Cd.

The momentum budget terms are shown only for the moderate discharge case (Figure 5), but the increases in total 
Cd are similar for the low and high discharge cases (Figure 6). The average total Cd increases by about a factor of 

Figure 5. Depth averaged momentum budget near the barrier location for moderate discharge. (a) Tidal water level, with vertical lines marking period shown in lower 
panels (b and c) Momentum budget terms for the base and barrier cases. (d and e) Bottom friction term (green markers) and sum of momentum budget terms (black 
markers) versus U|U|/H at each maximum flood and ebb tidal velocity over the period in (a), marking best-fit slopes that correspond with drag coefficients Cf and Cd.
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5 in all three discharge cases. For the high discharge case, Cd is greater during flood tides both with and without 
the barriers.

The bottom friction Cf increases with the barriers in all three discharge cases, but the increases are 20%–40% and 
much less than the increases in total Cd (Figure 6). Intensification of the tidal velocities through the barrier open-
ings increases the average bottom friction in the control volume. Weaker stratification with the barrier (discussed 
below) also contributes to the increase in bottom friction. The Cf values are greater during flood than ebb for both 
the base and barrier cases, which is consistent with stronger stratification during ebbs. The Cf becomes more tidal 
asymmetric for the high discharge case because stronger stratification reduces the bottom friction preferentially 
during ebb tides.

The increase in total drag with the barrier results in a decrease in tidal water level and velocity in the estuary 
(Figure 4). The decrease in tidal energy flux through the barrier openings provides an alternative means for quan-
tifying the effect on the total drag. The along-estuary change in tidal amplitude can be written as

�‖�‖
��

= 0.5 (�� + �ℎ) ‖�‖ −
4���‖� 2

‖

3���cos(Δ�)
 (4)

where ‖η‖ is the tidal amplitude and ‖U‖ is the tidal velocity amplitude (van Rijn & Leo, 2011). Width and depth 
convergence coefficients γw = 1/Lw and γh = 1/Lh are based on e-folding scales Lw and Lh for along-estuary gradi-
ents in channel width and depth. �  is the average depth, Δϕ is the phase difference between tidal water level and 
velocity, and Cde is a drag coefficient based on the tidal energy flux. The first term on the right side represents 

Figure 6. Drag coefficients in the Verrazano Narrows nest region for the base (blue bars) and barrier (red bars) cases under low, medium, and high discharge forcing. 
(a) Total drag coefficient Cd based on the depth-averaged momentum balance, distinguishing mean values for ebb and flood; (b) bottom friction drag coefficient Cf, 
distinguishing mean values for ebb and flood; (c) drag coefficient Cde based on the tidal energy dissipation.
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amplification of the tide with channel convergence or shoaling, or the decrease in tidal amplitude with channel 
widening or deepening. The second term represents the loss in tidal energy due to drag. The drag coefficient can 
then be written as

��� =
(

−
�‖�‖
��

+ 0.5��‖�‖
)

3���cos(Δ�)
4‖� 2

‖

 (5)

where the along-channel geometry factors have been combined in a convergence parameter of γg = 1/Lg = (γw + γh). 
The channel width and depth in New York Harbor and the lower Hudson covary with the local geological 
constraints, so the geometric length-scale of Lg = 60 km is based on the large-scale gradient in cross-sectional 
area. Convergence length scales of 10–50 km have been reported for other estuaries (van Rijn & Leo, 2011), and 
being at the high end of this range reflects the relatively uniform width and depth along the lower Hudson. Lg is 
assumed to be the same for cases with and without barriers because it represents the larger scale convergence that 
affects shoaling of the tidal wave rather than local perturbations like the barriers. The value of the convergence 
parameter has ambiguity because the natural bathymetry does not conform to an exponential function, but it does 
not contribute to differences in Cde between the cases because it is assumed to be the same. Cde is calculated based 
on the change in tidal amplitude over the momentum budget control volume.

The drag coefficients based on the tidal energy flux have similar magnitude and variability with the forcing 
conditions as the total Cd from the momentum budget (Figure 6). Tidal amplitude and phase (M2) are calculated 
in 5-day blocks and used in Equation 5 to get a time series of Cde, but only average values for each case are shown 
because the temporal variability was small compared to the differences between cases. Without the barriers, Cde 
is around 0.004, consistent with dissipation of tidal energy that is primarily due to bottom friction. With the barri-
ers, Cde increases by a factor of about 6, with an average Cde = 0.023. This estimate of Cde has uncertainty associ-
ated with the geometric convergence parameter. For example, for Lg = 40 km, the average values of Cde without 
and with barriers are 0.006 and 0.025, whereas for Lg = 80 km the average Cde are 0.003 and 0.021. Therefore, 
over a reasonable range of convergence length scales the tidal energy flux provides a consistency check on the 
increase in total drag with the barrier.

3.4. Salinity and Stratification

Increased tidal velocities through the barrier openings, locally increased drag, and reduced tidal amplitude land-
ward of the barrier alter the salinity distribution compared to the base case. In the Hudson, the length of the 
salinity intrusion depends on both river discharge and tidal amplitude. The salinity shifts seaward during peri-
ods of high discharge due to the increased mean outflow, and it shifts seaward during spring tides due to the 
increased tidal mixing and decreased estuarine exchange flow (Ralston et al., 2008). Alternatively, the salinity 
intrusion moves landward during low river discharge and neap tides. Seasonally the salinity intrusion can vary 
between about 30 rkm during the spring freshet and about 120 rkm during summer low discharge, neap tides 
(Abood, 1974; Bowen & Geyer, 2003).

With surge barriers, the salinity intrusion shifts landward compared to the base case (Figure 7). Here the intrusion 
is characterized based on the 0.5 psu isohaline of the tidally averaged near-bottom salinity, but results are similar 
for the 2 psu isohaline. With and without the barriers, the salinity intrusion at low discharge is relatively steady 
over the spring-neap cycle due to the slow response time with a long estuary (Lerczak et al., 2009). Including the 
barriers results in a landward shift of the salinity intrusion by 4–6 km, or an increase of 4%–5% compared to the 
base case. The salinity intrusion with moderate and high discharge displays greater spring-neap variability and 
the maximum is during the neap-to-spring transition (Ralston et al., 2008). The landward shifts for the moderate 
discharge case are greater than for the low discharge case and represent a fractional increase of 5%–15% compared 
with the base case. For the high discharge case the changes were small in both absolute and relative terms.

Stratification in the estuary depends on the length of the salinity intrusion and the strength of the tidal mixing. In 
the immediate vicinity of the barriers, the increased tidal velocities through the barrier openings increase mixing 
and reduce stratification. This occurs for all the discharge cases, with an overall reduction in the stratification 
seaward of The Battery regardless of spring-neap phasing (Figure 8). Farther into the estuary, the increased salin-
ity intrusion and reduced tidal velocities combine to increase stratification. This is most apparent at low discharge 
where enhanced stratification propagates up the estuary during neap tides with the salinity intrusion (Figure 7). 
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Stratification shown is the difference between surface and bottom salinity in the thalweg. In all cases, the salinity 
distribution is more landward and more stratified with the barrier, and this shifts destratification to later in neap 
tides. This spring-neap lag in the destratification is about 2 days greater with the barrier than in the base case.

3.5. Mixing Increases Near the Barriers and Decreases in the Estuary

The flow constriction causes changes in mixing both locally near the barrier and more broadly within the estuary. To 
quantify the changes in mixing, we calculate the dissipation of salinity variance (Burchard & Rennau, 2008).  The 
tracer variance calculation includes the explicit, turbulent mixing due to the eddy diffusivity from the turbulence 
closure as well as the numerical mixing that results from discretization errors in the advection scheme. Including 
the numerical mixing component is particularly important in regions with sharp spatial gradients in bathymetry, 
velocity, and salinity, as has been found in the Hudson as well as other estuaries (Ralston et al., 2017; Rennau & 
Burchard, 2009; Warner et al., 2020).

Comparison of the time-averaged, depth-averaged salinity variance decay for moderate discharge illustrates the 
local influence of the barrier (Figure 9). Mixing is enhanced near the barrier openings during both flood and ebb 
tides. The increased mixing extends more than 1 km away from the barriers in the flow direction. Natural varia-
bility in the bathymetry and shoreline also affect the spatial distribution of mixing, with enhanced mixing on the 
lateral shoals and downstream of the headlands that bracket Verrazano Narrows, particularly during ebb tides.

The mixing calculation incorporates both the resolved mixing due to the turbulence closure and the numerical 
mixing from the advection scheme, and the relative contribution of the numerical mixing increases in the barrier 
case. In the region within 2 km of the barrier, numerical mixing on average represents 5.9% of the total during 
flood tides in the base case and 8.2% of the total mixing during ebb tides. In the barrier case, numerical mixing 
accounts for 15.4% of the total mixing near the barrier during floods and 18.6% of the total during ebbs. This 
increase in the numerical mixing results from the stronger velocities and generation of sharp salinity gradients at 
the barrier openings (Figure 2). While increased relative to the base case, the numerical mixing with the barrier 
is not dominant compared to the turbulent mixing.

Figure 7. Salinity intrusion for the base (blue lines) and barrier case (red lines). (a) Tidal water level; (b) salinity intrusion 
location based on the 0.5 psu isohaline for the low, medium, and high discharge forcing.
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Figure 8. Differences in stratification between the barrier and base cases for (a) low discharge, (b) moderate discharge, and (c) high discharge forcing. Results are 
tidally filtered, and positive values represent stronger stratification in the barrier case. Labeled contours are near-bottom salinity isohalines, and the top panel shows 
tidal water level.

Figure 9. Depth-averaged mixing (combining turbulent closure and numerical diffusion) during (a and b) flood tides and during (c and d) ebb tides for the (a and c) 
base and (b and d) barrier cases.
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The total mixing in the nested grid increases with the barrier during both spring and neap tides, but the differ-
ence is greatest during the neap-to-spring transition when stratification is decreasing (Figure 10). Mixing occurs 
predominantly during ebbs in both cases. The ebb tide peaks in mixing are enhanced with the barrier for the 
moderate discharge case by up to 50%. On average, mixing in the nested grid during neap tides is increased by 
about 20% and the increase is about 30% during spring tides. For the low discharge case the average mixing 
increases by 15%–25%, and for the high discharge case the increase is about 20%.

In the estuary overall, mixing also occurs primarily during ebbs (Figure 10). Previous analysis of salinity variance 
in the Hudson also found that mixing occurred primarily during ebbs, and was localized to frontal regions near 
topographic constrictions (Warner et al., 2020). With barrier, the ebb tide peaks in total mixing in the estuary 
decrease by about 10% compared to the base case. The tidally averaged differences are less than 5% and depend 
in part on the differences in the stratification and salinity intrusion between the cases. For example, during the 
neap-to-spring transition (day 18–20) mixing with barrier is greater than in the base case because the estuary 
remains stratified and can be mixed, whereas in the base case stratification is weak and there is less potential for 
mixing (Figure 8).

3.6. Exchange Flow Increases Near the Barriers and in the Estuary

The increase in the salinity intrusion with barriers indicates an increase in the landward salt flux. To quantity 
the salt flux at locations along the estuary we use the total exchange flow (TEF) framework (MacCready, 2011). 
Total exchange flow (TEF) uses isohaline coordinates to calculate salt transport through a cross-section. Total 

Figure 10. Volume integrated mixing in the base (blue lines) and barrier (red lines) cases for moderate discharge forcing. (a) Tidal water level; (b) volume integrated 
mixing near the location of the barrier, including tidally varying (thin lines) and tidally averaged (thick lines) quantities; (c) volume integrated mixing in the estuary 
landward of the barrier, also with tidally varying and tidally averaged values. Gray shading marks flood tides.
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exchange flow (TEF) incorporates both the tidal and subtidal components of the salt flux, and has been used to 
quantify the exchange flow in estuaries with a range of dominant transport processes (Burchard et al., 2018; Chen 
et al., 2012; Conroy et al., 2020; Rayson et al., 2017; Sutherland et al., 2011).

The exchange flow is calculated at multiple cross-sections through New York Harbor and the lower Hudson 
(Figure 11). Cross-sections are aligned with the model grid to reduce interpolation errors. At each cross-section, 
volume and salt transport from hourly output are sorted into salinity classes (0.05 psu interval) and tidally aver-
aged. Inflowing and outflowing components of the transport are distinguished based on the global maximum of 
Q(s), where Q is the volume transport in salinity bin s (Lorenz et al., 2019; MacCready et al., 2018). The sum of 
the inflowing volume transport is Qin, and the flux-weighted salinity of the inflow is Sin. The outflowing transport 
and salinity, Qout and Sout, are calculated similarly, and Qout is negative in the sign convention.

The tidally averaged, volume integrated salt balance landward of a section can be written as

𝑑𝑑

𝑑𝑑𝑑𝑑 ∫ 𝑆𝑆𝑑𝑑𝑆𝑆 = 𝑄𝑄𝑖𝑖𝑖𝑖𝑆𝑆𝑖𝑖𝑖𝑖 +𝑄𝑄𝑜𝑜𝑜𝑜𝑑𝑑𝑆𝑆𝑜𝑜𝑜𝑜𝑑𝑑 (6)

where the left side represents the time rate of change of salinity in the estuary, or correspondingly the length of 
the salinity intrusion. The exchange flow can be defined as the average of the inflowing and outflowing transport 
at each cross-section:

Figure 11. Total exchange flow (TEF) in the base (blue lines) and barrier (red lines) cases at sections along the estuary for moderate discharge forcing. (a) Tidal water 
level; (b) exchange flow (Qe = (Qin – Qout)/2) at four sections along the lower Hudson estuary (locations in map on the right); (c) salinity difference between TEF 
inflow and outflow ΔS = (Sin – Sout) at the same sections along the lower Hudson; (d) Qe at three sections in New York Harbor; (e) ΔS at the same sections in New York 
Harbor.
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𝑄𝑄𝑒𝑒 =
(𝑄𝑄𝑖𝑖𝑖𝑖 −𝑄𝑄𝑜𝑜𝑜𝑜𝑜𝑜)

2
 (7)

(MacCready et  al.,  2021). The mean salinity is the average of the inflowing and outflowing salinities, 
𝐴𝐴 �̄�𝑆 = (𝑆𝑆𝑖𝑖𝑖𝑖 + 𝑆𝑆𝑜𝑜𝑜𝑜𝑜𝑜) ∕2 , and the difference between the inflowing and outflowing salinity is analogous to a mean 

stratification, ΔS = Sin − Sout. The salt budget can then be rewritten as

𝑑𝑑

𝑑𝑑𝑑𝑑 ∫ 𝑆𝑆𝑑𝑑𝑆𝑆 = 𝑄𝑄𝑟𝑟�̄�𝑆 +𝑄𝑄𝑒𝑒Δ𝑆𝑆 (8)

where the terms on the right represent the balance between the seaward transport by the river flow and the land-
ward transport by the exchange flow (MacCready et al., 2021).

As an alternative to TEF, the volume and salt fluxes at a cross-section can be decomposed spatially and sepa-
rated into subtidal and tidal components (Fischer, 1972; Lerczak et al., 2006). In much of the lower Hudson, the 
steady component of the Eulerian exchange dominates the total salt transport, and it is well represented by the 
exchange flow driven by the salinity gradient (Bowen & Geyer, 2003; Lerczak et al., 2006; Ralston et al., 2008). 
However, in regions with bathymetric complexity such as constrictions and channel junctions the tidal component 
of salt flux can be locally enhanced and even greater than the steady component (Geyer & Nepf, 1996). The flow 
constriction and strong tidal velocities associated with the barriers are likely to enhance the tidal salt flux and to 
reduce the subtidal salt flux, but TEF approach captures the net effect on the total salt flux.

In the lower Hudson, the exchange flow increases during neap tides and decreases during spring tides due to the 
inverse dependence of the gravitational circulation on tidal mixing (Figure 11), as has been observed (Lerczak 
et  al., 2006). The low discharge case is shown to illustrate conditions when the salinity intrusion is greatest. 
Exchange flow generally decreases in the landward direction, consistent with the decreasing salt transport. The 
effect of the barriers is to moderately increase the exchange flow compared to the base case, particularly during 
neap tides. Similarly, the TEF stratification ΔS increases during neap tides and is slightly greater with the barri-
ers than in the base case. Thus the reduction in tidal amplitude due to the drag at the barriers leads to increased 
exchange flow and increased stratification farther up the estuary, and consequently greater salinity intrusion.

In contrast to the lower Hudson, ΔS decreases in New York Harbor with the barrier (Figure 11). The change in 
TEF ΔS corresponds with the decrease in mean stratification because of the stronger tidal velocities and mixing 
(Figure 9). However, the effect of the barrier on the exchange flow is more complex. Overall, the exchange flow 
tends to decrease from the mouth toward the limit of the salinity intrusion, and this is generally true for the base 
case. With the barrier, this also holds for neap tides, but during spring tides the exchange flow in the Upper Bay 
is greater than in the more seaward sections (Figure 11).

Strong tidal mixing induced by flow constriction at the barrier contributes to this enhanced exchange flow in the 
Harbor. The effect of vertical mixing on the exchange flow has been noted in strongly tidal sill regions of Puget 
Sound and described as complementary processes of efflux and reflux (Ebbesmeyer & Barnes, 1980; MacCready 
et al., 2021). Efflux is the mixing of deeper, landward flowing water into the surface layer and reflux is the mixing 
of surface water down into the lower layer. The effect of the reflux is to transfer seaward flowing water upstream 
of the sill or barrier into the landward flowing lower layer and increase recirculation. With TEF this manifests as 
a local increase in the exchange flow (MacCready et al., 2021). The Hudson does not have sharp sills separating 
deep basins as in Puget Sound, but the increase in mixing with the barriers (Figure 9) causes similar reflux and 
creates a local increase in the exchange flow (Figure 11), which contributes to the landward shift in the salinity 
intrusion.

4. Discussion
Using a realistic configuration and a nested, high-resolution hydrodynamic model, we quantify potential impacts 
of storm surge barriers on a partially mixed estuary. Compared with existing surge barriers, the conceptualized 
barrier at Verrazano Narrows would be distinctive in terms of its size and the type of estuary. The primary naviga-
tional gated opening would be larger than any existing barrier, and the total area open to flow would be relatively 
large at almost 60%. Most of the existing barriers have cumulative gated openings that are much less than half the 
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total barrier length, the main exception being the Venice MOSE project that uses inflatable flap gates (Mooyaart 
& Jonkman, 2017).

The relatively large open cross-sectional area results in modest decreases in tidal amplitude compared to other 
barriers. The decrease in tidal amplitude in the estuary averages 2%–7%, which during spring tides corresponds 
to decreases in high water ranging from 8 cm in the lower estuary to 3 cm in the tidal river. Tidal marshes along 
the Hudson are located in the upper half of the tidal frame, with low marsh elevations centered around mean 
high water (Tabak et al., 2016). Marshes are inundated primarily during spring tides, so modest reductions in 
spring tide water levels can result in proportionally greater reduction in marsh inundation, potentially affecting 
sediment delivery and ecosystem function. For example, Piermont (37 rkm) is a salt marsh and Tivoli (156 rkm) 
and Schodack (212 rkm) are tidal fresh marshes that are part of the Hudson National Estuarine Research Reserve 
(Yellen et al., 2021). Potential effects on inundation frequency at these marshes are assessed by comparing the 
mean elevation of the marsh platforms with the tidal water levels in the simulations. The model does not include 
wetting-and-drying nor does it simulate inundation of the marshes, so the analysis is based on water levels adja-
cent to the marsh locations. For low and moderate discharge, the fraction of tides above the marsh elevation 
is reduced by about 25% for the Piermont and Tivoli marshes and by about 10% for the Schodack marsh. For 
the high discharge case the effect of the barrier on the inundation frequency is less with reductions of 5%–10% 
because the mean water surface along the estuary is higher due to the greater river flow.

The increased tidal velocities through the gated opening are potentially of concern for navigational and environ-
mental impacts. Maximum surface velocities in the barrier case are over 2.5 m s −1, exceeding the typical design 
aim for navigation of 1.5 m s −1 (Mooyaart & Jonkman, 2017). Similarly, a design study for a barrier in Boston 
Harbor calculated maximum tidal velocities up to 2.4  ms −1 and noted potential challenges to navigation for 
small vessels (Kirshen et al., 2018). Increased tidal velocities can cause increased bed scour, requiring protec-
tion measures and maintenance as for barriers in Germany and the Netherlands (Mooyaart & Jonkman, 2017), 
or potentially remobilizing contaminated bed sediments of the Upper Bay into the water column (Rodenburg & 
Ralston, 2017; Steinberg et al., 2004).

The increase in total drag with the barriers is not due primarily to increased bottom friction, but instead flow 
separation and eddy generation downstream of the barrier piers that causes form drag. Form drag is a major 
factor in other shallow flows with bathymetric complexity, including tidal flow around headlands (Edwards 
et al., 2004; McCabe et al., 2006; Warner & MacCready, 2014), over ridges or sills (Horwitz et al., 2021; MacK-
innon et al., 2019; Nash & Moum, 2001), and through channel bends (Bo & Ralston, 2020). To characterize the 
role of form drag compared with bottom friction we follow an approach used to scale form drag from tidal flow 
past a headland (McCabe et al., 2006). The drag force depends on the pressure gradient created by the water 
surface anomalies in the eddies downstream of the barrier piers. Using the maximum tidal velocity through the 
barrier openings to scale the surface perturbations and the projected frontal area of the barrier piers, form drag 
scales as

𝐷𝐷𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 ∼ 𝜌𝜌𝜌𝜌 2

𝜃𝜃
𝑊𝑊𝑏𝑏𝑏𝑏𝑓𝑓𝐻𝐻𝑏𝑏𝑏𝑏𝑓𝑓 (9)

where Uθ is the flow through the barrier openings, and Wbar and Hbar are the width and depth of the barrier piers. 
For bottom friction, the drag is represented with a drag coefficient Cf as in Equation 3,

𝐷𝐷𝑏𝑏𝑏𝑏𝑏𝑏 ∼ 𝜌𝜌𝜌𝜌𝑓𝑓𝑈𝑈
2

𝑏𝑏 𝑊𝑊𝑏𝑏𝑏𝑏𝑏𝑏𝐿𝐿𝑏𝑏𝑏𝑏𝑏𝑏 (10)

where Ut is the average tidal velocity in the region, and Wbot and Lbot are the width and along-channel distance of 
the control volume. For the bottom friction drag, representative values are Cf = 0.0025, Wbot = 3 km, Lbot = 2 km, 
and Ut = 1.0 m s −1. The constrictions of the barrier openings cause local increase in velocity by a factor of 
2 (Figure 3), so Uθ ≈ 2Ut. The average depth at the barriers is Hbar = 15 m, and the cumulative pier width is 
Wbar = 1,400 m. Based on these values, the ratio Dform/Dbot is 5.6, which is similar to the ratio of the total drag to 
that frictional drag of about 5 (Figure 6).

Alternatively, the form drag can be written in terms of a bluff body drag coefficient Cbb:

𝐷𝐷𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 =
1

2
𝜌𝜌𝜌𝜌𝑏𝑏𝑏𝑏𝑈𝑈

2

𝑡𝑡 𝑊𝑊𝑏𝑏𝑏𝑏𝑓𝑓𝐻𝐻𝑏𝑏𝑏𝑏𝑓𝑓 (11)
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Using the average tidal velocity and the cross-sectional area of the piers (MacCready & Pawlak, 2001). The bluff 
body drag coefficient required to have form drag that is a factor of 5 greater than the bottom friction is Cbb = 7. 
For comparison, the bluff body drag coefficient for tidal flow around a headland in Puget Sound was found to 
be about 9 (Warner & MacCready, 2009), and for flow over a sharp sill in the Bay of Fundy the bluff body drag 
coefficient was found to be 3–4 (Horwitz et al., 2021). The estimated drag coefficient for the barrier is similar 
to the drag coefficients for these other tidally energetic flows and sharp bathymetric features, which provides 
guidance for scaling the drag impacts of other barriers.

The enhanced mixing in the vicinity of the barrier also is analogous to that at sills or constrictions, where 
increased tidal velocities provide energy for mixing. In this case, the increase in mixing is large enough to affect 
the exchange flow by mixing seaward flowing, near-surface water downward into the landward-flowing lower 
layer. Similar reflux occurs due to intensified mixing at sills in Puget Sound, and the recirculation of upper 
layer can increase residence time in the estuary by 10%–30% (MacCready et al., 2021). The reduction in tidal 
amplitude also increases the stratification in the estuary, so the combination of increased residence time and 
increased stratification could affect biogeochemical processes in the estuary as well as distributions of nutrients 
and dissolved oxygen.

The landward shift in the salinity distribution and increase in stratification could affect the ecosystem function, 
as seen with changes in zooplankton and marsh vegetation linked to salinity changes with the Eastern Scheldt 
barrier (Bakker et al., 1990; de Leeuw et al., 1994). The simulated changes in salinity intrusion in the Hudson 
with the barriers are relatively modest and are much less than the landward shifts that have resulted from channel 
deepening for navigation. Since major dredging efforts began in the late 1800s, channel depths in the Harbor 
and lower Hudson have increased by 10%–30%, and this overall deepening has increased the estuarine circula-
tion, increased stratification, and caused landward movement of the salinity intrusion by about 30% (Ralston & 
Geyer, 2019). The more modest projected impacts of the barrier on the salinity intrusion from these model results 
are comparable to those for the recent channel deepening completed in 2016 that increased controlling depths 
in the Harbor from 45 to 50 ft. For example, the barrier increased the salinity intrusion in the low discharge 
case (125 m 3 s −1) by 4–6 km (Figure 7), and model results indicated that the recent harbor deepening increased 
the salinity intrusion by about 5 km at similarly low discharge (150 m 3 s −1) (Hoagland et al., 2020; Ralston & 
Geyer, 2019). Such landward shifts in the salinity intrusion in the Hudson have the potential to increase the risk 
of contamination municipal drinking water supplies with intakes along the tidal Hudson. For example, the harbor 
deepening was found to increase the risk of salinity threatening the drinking water intake for the Poughkeepsie, 
NY (112 rkm), increasing potential mitigation costs (Hoagland et al., 2020). A similar approach could be used to 
assess how landward shifts in the salinity intrusion from surge barriers could alter conditions at drinking water 
intakes in the Hudson and other estuaries.

An additional consideration for the impacts on the New York Harbor and the Hudson is that the storm surge 
protection plan would also likely include barriers at Throgs Neck in the East River and in Arthur Kill to the west 
of Staten Island, in addition to Verrazano Narrows (US Army Corps of Engineers, 2019). The other barriers are 
smaller and likely have less influence on the tidal and estuarine dynamics, but increased drag and mixing would 
be expected there as well. The combination of the Verrazano Narrows, Throgs Neck, and Arthur Kill barriers 
represents just one of several alternatives being considered for storm damage risk reduction in the New York 
Harbor area. Other approaches include an Outer Harbor barrier between Sandy Hook and Breezy Point that would 
span nearly 9-km, as well as alternatives with multiple smaller barriers located inside the Harbor (US Army 
Corps of Engineers, 2019). The impacts on the tides and circulation in the estuary of each alternative are likely to 
depend on barrier locations and the reductions in flow cross-sectional area.

The modeling approach aimed to simulate realistic conditions by using a nested model and barrier configuration 
based on a conceptualized design, but the range of scales between the barrier (gated openings of 10s of m) and the 
estuary (length scales of 100s of km) remains challenging to resolve. The horizontal grid resolution in the inner 
grid was about 20 m, but even higher grid resolution would have better represented the flow through the smaller 
openings. Flow separation and form drag likely depends on the design of the barrier piers, which was simplified 
for the model resolution here. Constructed barriers could include design features to streamline the piers and 
reduce flow disturbance, potentially reducing the drag. Higher resolution modeling of pier designs would be 
needed to evaluate their influence on the larger scale dynamics, including nonhydrostatic effects. Vortices shed 
downstream of the piers have horizontal length scales similar to pier widths and can be greater than the water 
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depth, and thus have characteristics of 2-d turbulence in shallow flows (Uijttewaal & Jirka, 2003). In shallow 
flows the depth constrains the vertical dimension, and turbulent kinetic energy is transferred to larger scales 
rather than an energy cascade from larger to smaller scales and dissipation with 3-d turbulence. Reynolds-av-
eraged models can simulate shallow flows downstream of piers, but they must be able to represent interactions 
between the 2-d eddies and the 3-d turbulence from the bottom boundary layer with a fully 3-d k-epsilon style 
turbulence closure (Kimura et al., 2009). Reynolds-avereraged Navier-Stokes models with 3-d turbulence closure 
could better represent the lateral eddy viscosity of these large-scale vortices, but such models require much higher 
resolution than is possible at the estuary scale and typically include simplifications like a rigid lid or idealized 
domain. How the details of the barrier structure design influence the flow locally and then at larger scales remains 
an important gap in our understanding of their potential environmental impacts.

5. Summary
A realistic, high-resolution model of storm surge barriers for New York Harbor is used to quantify potential 
impacts on conditions in the Hudson River estuary. Flow constriction through gated openings causes local 
increases in maximum tidal velocities by more than a factor of 2. The barrier structures also increase the hydro-
dynamic drag, which results in decreased tidal amplitude landward of the barrier. For the conceptualized barrier 
configuration, the tidal amplitude decrease is about 6% in the lower estuary and about 2% farther landward, with 
corresponding decreases in tidal velocity and high-water levels. The total drag near the barriers increases by a 
factor of 5, primarily due to form drag from flow separation at the barrier piers rather than increased bottom 
friction. The effective bluff-body drag coefficient for the barrier is similar to that for natural topographic features 
like headlands and sills in other estuaries.

The increased tidal velocities through barrier openings results in increased salinity mixing near the barriers. In 
contrast, decreased tidal amplitude in the estuary results in decreased salinity mixing. As a result, the stratifi-
cation, exchange flow, and length of the salinity intrusion all increase moderately inside the estuary. Increased 
mixing near the barriers causes reflux of surface water into the lower layer, locally increasing the exchange flow 
and potentially increasing residence times.

The changes in estuarine dynamics are not large enough to cause a major regime shift, in that it remains a partially 
mixed estuary with the barriers. Due to the linkages among the flow constriction, tidal velocity, drag, mixing, 
and the exchange flow, the estuarine response to a storm surge barrier depends centrally on the fraction of the 
cross-section with gated openings for tidal flow, a key consideration in transferring results to other partially 
mixed estuaries. Uncertainties remain regarding interactions between the tidal flow and barrier structures that 
require modeling approaches with higher resolution and added dynamical complexity to represent key physical 
processes at length scales on the order of the water depth.
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Data for the manuscript are posted at https://doi.org/10.5281/zenodo.5703524.
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