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Abstract
Phragmitesmarshes, which are found in every continent except in Antarctica, are being removed by
resource managers in the US because it is considered an invasive species with little ecosystem
service value. Here we present a comprehensive study on the ecosystem service value of an invasive
Phragmitesmarsh vs a native Typhamarsh for flood protection during tropical cyclones. Using a
vegetation-resolving three-dimensional surge-wave model and observed vegetation and building
data, we assessed the value of the Piermont Marsh in buffering Piermont Village, New York, USA
from wave, flood, and structural damage during Superstorm Sandy in October 2012. Observed and
simulated wind and water level data along the Hudson River were used as boundary conditions.
Model results showed that the Marsh, with predominantly invasive Phragmites australis, dissipated
more than half of the wave energy, but negligible flood, at the Village during Sandy. River-borne
debris could not be transported across the Marsh to the Village. If Phragmites were replaced with
the shorter, native cattail, Typha angustifolia, simulations of Sandy suggested that Piermont Marsh’s
wave and debris buffering capacity would be preserved. However, had Sandy occurred in
non-growth season when Typha is much shorter and sparser, the Marsh would be unable to buffer
the wave and debris. Simulated residential structure damage during Sandy (>$10 M) agreed well
with reported losses. If the Marsh were absent, the total loss would have increased by 26%. Since
damage is dependent on the storm characteristics, we estimated the protective value of the
Phragmitesmarsh for a 1% annual chance flood and wave event to be more than $2 M. This
confirms the significant value of Piermont Marsh in protecting Piermont Village from flood and
wave damage. To develop a balanced restoration plan, marsh managers should consider
biodiversity as well as the significant ecosystem service value of Phragmites-dominated marsh for
flood protection.

1. Introduction

Coastal wetlands are natural and nature-based fea-
tures which can protect coastal communities from
damage due to coastal inundation during storms,
high tides, and sea-level rise (SLR). Coastal com-
munities and government resource managers are
eager to understand and take advantage of the ecosys-
tem service value of coastal wetlands for flood protec-
tion. Recent studies (see e.g. Sheng et al 2012, Hu et al
2014, Paramygin et al 2017, Losada et al 2018) showed

that tidal marshes and mangroves with adequate
stem density and height as well as cross-shore and
alongshore widths can buffer storm-induced coastal
flooding. During Superstorm Sandy in October 2012,
coastal communities in New Jersey (NJ), New York
(NY), and Connecticut (CT) experienced significant
flooding damage [Federal Emergency Management
Agency (FEMA) 2013]. Based on numerical simula-
tion of coastal flooding during Sandy and damage
analysis, Narayan et al (2017) claimed that coastal
marshes and woody wetlands significantly reduced
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Figure 1. (a) Large-scale model domain of this study; (b) lower Hudson River (marked by the blue rectangular in (a)); (c) model
domain of Piermont Marsh (enclosed by the black dashed polygon) and Village of Piermont (bounded by the black solid lines);
(d) aerial view of Piermont Village and Marsh from the northeast (Photograph credit: Jeff Anzevino/Scenic Hudson. Reproduced
with permission); (e) best track of Superstorm Sandy in 2012 (adapted from Blake et al (2013). Image stated to be in the public
domain).

property damage along the tri-state coasts. Their
predictions, however, were not verified against the
National Flood Insurance Flood Program (NFIP) loss
payout data ($3.9 B for NJ alone) and their model
did not incorporate detailed wetland data (plant spe-
cies, height, and density). Using actual loss andmarsh
data, Lathrop et al (2019) found that the presence
of Spartina marshes in south NJ had little role in
buffering exposed residential structures from storm
surge, due to the low (0.3–1 m) marsh height, con-
sistent with the high NFIP payouts there. Sheng
et al (2021) conducted a comprehensive study on the
role of tidal marshes in affecting coastal inundation
along NJ/NY/CT coasts during Sandy, a hypothetical
extreme Black Swan storm, and the 1% annual chance
flood and wave event.

During Sandy, residents in the Piermont Vil-
lage (figure 1), approximately 15 miles upstream of
New York City (NYC) along Hudson River, exper-
ienced minor flood damage (with $3.56 M NFIP
payout) in comparison to other coastal communit-
ies in the tri-state region due to sheltering of the
Piermont Marsh to the south. The tall (>2 m) and
dense vegetation (>200 stems m−2) in the Marsh is
predominantly (92%) the non-native invasive com-
mon reed, Phragmites australis. Phragmites grows
on all continents except Antarctica and is among
the most prolific invasive plants in North Amer-
ican wetlands, including fresh, brackish, and salt

marshes located along the Hudson River (Kettenring
et al 2011). Before the widespread invasion of
Phragmites, cattail,Typha angustifolia, a native species
that experience more significant seasonal die-back
than Phragmites was regionally prevalent in brack-
ish, tidal marshes like Piermont. Due to Phragmites’
ability to alter biodiversity and ecosystem functions,
marsh managers have focused on marsh restora-
tion in Phragmites-dominated ecosystems via invas-
ive plant removal which can be very challenging and
costly (Kettenring and Adams 2011). On the other
hand, numerous studies have found that Phragmites
marshes do offer valuable ecosystem services by
providing habitats to many fish and bird species
(Benoit and Askins 1999, Weinstein and Balletto
1999, Weinstein et al 2000, Hanson et al 2002, Weis
and Weis 2003, Weis 2005, Kiviat 2013). Phragmites
marshes are effective in removal of nutrient (Toyama
et al 2016) and heavy metal (Windham et al 2001),
carbon sequestration (Lal 2004), and combating SLR
(Rooth and Stevenson 2000, Theuerkauf et al 2017).
The role and value of Phragmitesmarsh in flood pro-
tection, however, is not well understood. While res-
idents of the Piermont Village would like to keep the
PiermontMarsh as a barrier to reduce storm-induced
flood damage, marsh managers have been consider-
ing a potential restoration plan which may include
partial Phragmites removal. Residents and managers
agreed that, prior to developing any restoration plan,
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a study is needed to understand the role of Piermont
Marsh in protecting residents of Piermont Village
from storm-induced flood damage.

The physiological and phenological differences
between the two species in this study, P. australis
and T. angustifolia, as well as the positioning of this
marsh adjacent to a built community affected by an
intense storm event, make Piermont Marsh an ideal
study site to investigate the role of marsh vegeta-
tion in protecting coastal communities from storm-
induced flooding and waves. With abundant veget-
ation data (plant species, distribution, height, and
stem density) as well as other data (water level, wave,
and damage) during Sandy, this study used a three-
dimensional vegetation-resolving surge-wave model
CH3D-SWAN (Sheng et al 2012, Sheng and Zou
2017) to quantify the role Piermont Marsh played in
buffering residents of the Village of Piermont from
massive flood-related damage during Sandy andother
potential storms. Value of the Piermont Marsh was
assessed by comparing the effects of two vegetation
types (Phragmites, Typha, and a no vegetation con-
trol) on storm surge, wave energy, flood extent, and
structural damage during storm events. Following
the schematics shown in figure SI 1 (available online
at stacks.iop.org/ERL/16/054008/mmedia), this study
focuses on the simulation of flood and wave in the
high-resolution Piermont region while using results
from the large-scalemodel simulation for the tri-state
region (see SI and Sheng et al 2021 for description).
The surge-wave model CH3D-SWAN and simulation
results are described in sections 2–4, while the eco-
nomic analysis is described in section 5, followed by
conclusions in section 6.

2. Method

2.1. A 3D vegetation-resolving surge-wave model
CH3D-SSMS is an integrated storm surge mod-
eling system, incorporating a coastal surge model
CH3D (Sheng 1986, 1989) and a wave model SWAN
(Booij et al 1999). CH3D and SWAN are dynamic-
ally coupled to simulate the time-varying surge and
wave fields. Details of the couplingmechanism can be
found in Sheng et al (2010). CH3Duses the Reynolds-
averaged Navier–Stokes (RANS) equations to com-
pute water elevation and current velocities. To rep-
resent the vegetation-induced drag forces to themean
flow, extra profile drag DP and skin-friction drag DS

are included in the RANS equations. The drag forces
were formulated as (Lewellen and Sheng 1980):

DPi = Cp

(
u2j + q2

)1/2
Afui, i= 1, 2 (1)

DSi = CfAwqui, i= 1, 2 (2)

where i= 1, 2 refer to x and y coordinate, respectively,
ui is the mean horizontal flow velocity component in

the ith coordinate, Cp is the profile drag coefficient,
Cf is the skin friction coefficient, Aw is the wetted area
per unit volume,Af is the frontal area per unit volume,
q is the square root of twice the turbulence kinetic
energy. All variables in equations (1) and (2) can vary
in the vertical direction, which usually has 4–16 lay-
ers. The profile drag coefficient Cp is predetermined
with typical values between 0.1 and 1.0, and the skin
friction coefficient Cf is computed from:

Cf = c1

(
ν

qΛ

)1/4

(3)

where ν is the kinematic viscosity, which equals
1.004× 10−6m2 s−1, and c1 is an empirical constant
set to 0.125 (Schlichting 1968), consistent with pre-
vious studies of Sheng and Zou (2017) and Lapet-
ina and Sheng (2015). According to the experimental
study of Tanino and Nepf (2008), the profile drag
coefficient Cp depends on the solid volume fraction
occupied by the vegetation elements ϕ, stem diameter
bv, and stem Reynolds number Rec = ūbv/ν (Rec is
the Reynolds number for current, and ū is the mean
flow), and it has an inverse relation with Rec, up to
Rec = O

(
103

)
, then converges to a constant value.

Meanwhile, Sheng and Zou (2017) found that the
model results did not show high sensitivity to Cp in
a range from 0.1 to 0.3 which are comparable to those
used by den Hartog and Shaw (1975), Uchijima and
Wright (1964), and those determined by Nepf (1999)
for dense vegetation in a laboratory flume. Doubling
the Cp values resulted in negligible changes in the
simulated inundation, hence no attempt was made
to implement more complex forms of Cp which vary
with stem density and Reynolds number based on
vegetation length scale (see e.g.Mazda et al 1997,Nepf
and Vivoni 2000, Wamsley et al 2010, Nepf 2012, Hu
et al 2015). Marsh breakage was not considered for
simplicity.

In the vegetation-resolving SWAN model of
Suzuki et al (2012), vegetation is treated as cylinder
units, and the plant-induced forces (drag and iner-
tia forces) are modeled using the formula of Mendez
and Losada (2004) to account for irregular waves and
depth-varying bottom, i.e. a vertical layer schematiz-
ation for representing vegetation structure and cal-
culating the dissipation term in the spectral action
balance equation as:

εV =
1

2
√
π
ρCDbvNv

(
kg
2σ

)3 sinh3kαvh+ 3sinhkαvh

3kcosh3kh
H3
rms

(4)

where ρ is the water density, CD is the bulk drag coef-
ficient,Nv is the stem density, k is the wave number, σ
is the angular frequency, αv is the submergence ratio
(vegetation height over water depth), h is the water
depth, and Hrms refers to the root-mean-square wave
height. For irregular waves, σ and k are associated
with the peak wave period. Ozeren et al (2014) found
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that the inertial force is much less significant com-
pared with the drag force for the Keulegan–Carpenter
number (KC) greater than 10, thus the ignorance of
inertial force is a reasonable assumption for this study
in which the KC’s of all simulated cases are much
greater than 10.

A theoretical expression for the wave dissipation
length LD when the root-mean-square wave height at
the marsh edge Hrms,0 is reduced by a ratio α was
derived. Assuming rigid vegetation and linear wave
theory in shallow waters:

LD =
2

A0Hrms,0

(
1

α
− 1

)
(5)

A0 =
CDbvNv

2h
. (6)

Just like the turbulent eddy coefficient, drag coeffi-
cient CD has no exact solution and has to be determ-
ined empirically. We considered eight empirical for-
mulas for CD based on mostly laboratory studies
with artificial and live vegetation (Kobayashi et al
1993, Mendez and Losada 2004, Jadhav 2012, Koftis
et al 2013, Anderson and Smith 2014, Möller et al
2014, Ozeren et al 2014) and one field study (Garzon
et al 2019). A summary of these empirical formu-
las is presented in table SI 1. The proposed empir-
ical relations have different definitions for Re and KC,
depending on the corresponding definitions of uc.
Although the experiments used to fit the ensemble of
empirical formulas included vegetation with stiffness
from flexible to rigid and spatial scale from laboratory
flume to the field, each formula is limited to certain
vegetation types and hydrodynamic regimes.

Before applying CH3D-SWAN to the Piermont,
we conducted simulations of two laboratory experi-
ments, one involving flow in and around vegetation
(Zong and Nepf 2010), and another involving break-
ing wave over a vegetated sloping bed (Wu et al 2011),
to validate the accuracy of the model and to determ-
ine the sensitivity ofmodel results to drag coefficients.
Moreover, the model was applied to simulate wave
dissipation data measured by Garzon et al (2019) in
the Chesapeake Bay region. Results of these simula-
tions agreed very well with measured data and are
presented in the supplementary information.

3. Simulation of surge, wave, and flow in
PiermontMarsh and Village

3.1. Study site
Piermont Marsh, one of four main tidal wetlands
under the management of Hudson River National
Estuarine Research Reserve (HRNERR), is located
40 kmnorth ofNYC, immediately south of the Village
of Piermont. It is a relatively narrow marsh (approx-
imately 1.15 km2) bounded by the Hudson River with
3.2 km shoreline to the east and the uplands Tallman

Mountain State Park to the west. The width of the
Marsh starts from 100 m at the southern tip and
increases to 600 m at the northern end. Phragmites
dominates expansive swaths of the Marsh, including
the entire margin of the Marsh abutting the Hudson
River, as well as a complex network of tidal creeks.

The Marsh is a semidiurnal microtidal system
with 1.21 m tidal range, and the average elevation
of marshland is around 0.8 m, higher than the mean
higher high water (0.63 m) (United States Geological
Survey [USGSa]). Therefore, the peak high tides are
usually below the marsh platform, even for spring
tide conditions. With meteorological forcing, water
from the Hudson River can flood the marsh plat-
form irregularly. However, due to climate change, the
coastal area around NYC is experiencing accelerated
SLR with approximately twice the global rate (Hor-
ton et al 2015). The effect of SLR on the Marsh is not
addressed here for simplicity but will be addressed in
a future article.

3.2. Vegetationmapping andmeasurement
As shown in the vegetation map (figure 2(a)), Pier-
mont Marsh is a typical example where Phragmites
monocultures have overtaken previously biologically
diverse brackishmarsh plant communities (Mills et al
1996). In 2014, the area of Phragmitesmarsh in Pier-
mont increased to 0.94 km2, about 92% of the total
marsh area.

Natural resource managers in the eastern US,
including those at HRNERR and New York State
Department of Environmental Conservation (NYS-
DEC), are concerned about the reduction of local
biodiversity and productivity by the prolific Phrag-
mites (Chambers et al 1999). Restoration efforts
that replace Phragmites marshes with native species
have often been suggested by marsh managers; for
example, the restoration of nativeTyphahas been pro-
posed and is underway in three other HRNERR tidal
wetlands, i.e. Tivoli Bays, Stockport Flats, and Iona
Island Marsh.

Besides biodiversity-conservation considerations,
the coastal protection functions of marshes, includ-
ing those in the HRNERR, are also receiving more
attention, especiallywith accelerating SLR and intens-
ification of storms in the future. Vegetation charac-
teristics, e.g. diameter, density, height, morphological
structure, and mechanical properties, play significant
roles in the vegetation–flow interactions and affect
energy dissipation as well as flow pattern (Tempest
et al 2015), which may change landscape morpho-
logy over the long term. Phragmites stems are con-
siderably taller and stiffer and possess a larger dia-
meter than previously dominant native plants, such
asTypha, in the region (Bellavance and Brisson 2010).
The sediment accretion rate in Phragmites marshes
also tends to be higher than in those with nat-
ive species, such as Spartina alterniflora (New Jersey
Department of Environmental Protection (NJDEP)
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Figure 2. (a) Map of ecological communities in the Piermont Marsh Reserve (provided by NYSDEC) is based on a 2014
orthoimage using NY Natural Heritage Program Community Classification, and the surveyed transects (red solid lines); vertical
layered structures of (b) the frontal area per volume (Af) and (c) the wetted area per volume (Aw) for Phragmites australis in the
Piermont Marsh and Typha spp. in the Iona Island Marsh surveyed in May and September of 2017. Map reproduced from
Piermont Marsh Storm Protection Study (2020). Image stated to be in the public domain.

2020). Therefore, it is necessary to develop a better
understanding of Marsh’s unique capability to atten-
uate storm-induced flood and wave damage on resid-
ential structures before carrying out any restoration
project.

Two field surveys were conducted in May (late
spring) and September (early fall) 2017 to measure
the vegetation structure in both seasons in the study
area. The height, diameter, stem density, and leaves
were measured along transects (red solid lines in
figure 2(a)) for Phragmites and native species (Scirpus
spp. and Spartina patens) in the Piermont Marsh.
The same data were collected for Typha in the nearby
Iona Island Marsh (18 miles north of the Piermont
Marsh). The vertically varying frontal area per volume
Af and the wetted area per volume Aw were then cal-
culated (figures 2(b) and (c)) from measured stem
density and diameter and leaf area following Lapetina
and Sheng (2014). A Typha plant is characterized by
long strap-like leaf blades branching out from shoot
base; whereas the leaf blades of a Phragmites plant are
relatively shorter and grow between the middle and
upper levels of the stem. Denser leaf blades of Typha
greatly increase thewetted area comparedwith Phrag-
mites. In May, canopies are mixed with short young,
broken, and unbroken dead stems, resulting in mul-
tiple layered morphological structures—and this ver-
tical variation of stem density is more pronounced
for Typha—whereas themorphology is relatively uni-
form in September as live plants are fully grown. The
frontal areas of Phragmites and Typha at the bottom
layer in late spring are greater than those in early fall
due to the existence of broken plant stems (left from
last growing season) and the seasonal emergence of
short new shoots. Phragmites produce more litter on
the surface, and this litter decays more slowly, and
therefore traps more sediment for a longer time.

3.3. Model setup
3.3.1. Hydrodynamic model setup
A high-resolution curvilinear grid, nested within a
regional-scale domain (figure 1(a)), was developed
for the Piermont area, nearby uplands, as well as the
surrounding tidal river (Hudson River) and creek sys-
tem (figure 1(c)). The grid had an average cell size
of 6.45 m, the minimum cell size reached 0.62 m in
the tidal creeks, and the resolution of land cells was
1–3 m, sufficient to resolve the flow in the main tidal
creeks and overland flooding. Hudson River bathy-
metry collected by NYSDEC with 1 m resolution in
2014–2015was used. For shallowwaters and land area
that the dataset did not cover, a seamless bathymetry
and topography dataset (1/9 arc-sec resolution) from
Hurricane Sandy Digital Elevation Models (National
Center for Environmental Information) was used.
All the vertical positions were referenced to the
NAVD88.

This study examined the impacts of the Piermont
Marsh on flooding, waves, currents, and structural
losses during Sandy. The open boundary conditions
along the southern and northern boundaries were
extracted from a large-scale domain Sandy simula-
tion. As shown in figure 3(a), the peak water levels
at the boundary cells lied in between the surveyed
high-water marks at NYROC07562 (USGSb) and
NYWES07662 (USGSc), indicating high confidence
of the boundary conditions for the fine-scale sim-
ulations. Winds (figure 3(b)) recorded at the Hud-
son River Environmental Conditions Observing Sys-
tem weather station at Piermont Pier were used to
provide the meteorological forcing. Before Sandy’s
landfall, the study area experienced north-easterly
wind. As the eye of Sandy approached NJ shore, wind
in Piermont gradually increased to 19.65 m s−1 and
switched clockwise to easterly-south-easterly. In the
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Figure 3. (a) Time series of water elevation specified as
open boundary conditions on the southern and northern
boundary cells. The water elevation data were computed
from the large-scale domain simulation; (b) time series of
recorded wind speed (m s−1) and direction at Piermont
Pier during Sandy (data from Hudson River Environmental
Conditions Observing System).

meantime, as the peak storm tide reached Piermont
from NYC, it was 9.5 ft (2.9 m).

3.3.2. Input for vegetation module
Due to high Re (O

(
103

)
) during storm conditions,

the profile drag coefficient Cp is in the convergence
region. As in Sheng and Zou (2017), a series of Cp

values (0.1–0.3)were tested, with negligible difference
for the flooding results. Therefore,Cp was set to 0.2 to
account for the lower modulus of elasticity of marsh
vegetation compared with rigid cylinders.

For simulating wave dissipation by vegetation, we
calculated the values of CD using the empirical for-
mulas discussed earlier and the vegetation and wave
orbital velocity data of Piermont Marsh. We chose
to use a value of 0.86, about half of the value given
by Ozeren et al (2014), for Piermont Marsh due to
the good performance of Ozeren et al (2014) for the
laboratory experiments and the more flexible nature
ofPhragmites stems compared to the Birch dowel used
by Chapman et al (2015). Unless indicated explicitly,
the vegetation characteristics surveyed in September
2017 and CD of 0.86 were used in the model. Sensitiv-
ity analysis showed that the increased drag coefficient

would slightly reduce the dissipation distancewithout
changing the results at Piermont Village.

Multiple-layeredAf andAw shown in figure 2were
input to the model to represent the Phragmites and
Typha marshes, and a uniform morphological struc-
ture with a density of 600 stems m−2, stem diameter
of 3.5 mm, and height of 0.9 m, was used to com-
pute Af and Aw for the small native marsh patches
where Scirpus and S. patens were dominant. In com-
parison, Piermont Marsh had a stem density of∼100
stems m−2, stem diameter of ∼0.5 cm, and a height
of 3.38 m.

4. Simulation results

To understand the role of Piermont Marsh in redu-
cing damage to the Village of Piermont during Sandy,
we simulated the flooding, currents, and wave in the
Piermont Marsh and Village area. The results are
summarized below.

4.1. Simulated inundation during Sandy
As shown in figures 4(a) and (b), inundation in the
Village was barely reduced (<2 cm) by the Marsh,
due to its relatively narrow width (∼500 m) along the
mostly Easterly peak wind direction. The results were
similar if theMarsh were replaced by Typha, as shown
in figure 4(c). During Sandy, the simulatedmaximum
water level was 2.88 m at a house in the southern
Village and 2.86 m at the Village Pier (figure 4(d)),
within 3% of the observed values. If the Marsh were
removed, the corresponding values would become
2.89 m and 2.86 m. The residential properties of the
Village are shown in figure 4(f).

4.2. Simulated currents during Sandy
As shown in figure 5, surface currents in the south-
ern Village would be very strong if the Marsh were
removed, while the existing Marsh as well as a 0917
(September 2017) Typha Marsh both significantly
reduced the surface currents from 60 cm s−1 (cur-
rent speed before thewater interactedwith themarsh)
to less than 5 cm s−1, which would minimize the
transport of debris from outside the southern edge
of the Marsh into the Village. With the 0517 (May
2017)Marsh structure, the existing PhragmitesMarsh
would significantly reduce the currents, while the
Typha Marsh with considerably shorter and sparser
plant canopy would not.

4.3. Simulated wave height
As shown in figure 6, without the Marsh, the signific-
ant wave height at the southern Village would have
been more than 50 cm, barely dissipated from the
wave height at the edge of the Marsh of about 60 cm.
With the existingMarsh or a 0917 TyphaMarsh, wave
height was significantly dissipated to about 15–20 cm.
Within about 150 m, the wave height was dissipated
by more than 50%, consistent with the dissipation

6



Environ. Res. Lett. 16 (2021) 054008 Y P Sheng et al

Figure 4. (a) Maximum inundation during Sandy with Marsh removed; (b) reduction in maximum inundation by the existing
Marsh; (c) reduction in maximum inundation by a Typha-based Marsh; (d) maximum inundation during Sandy with existing
Marsh; (e) maximum significant wave height during Sandy with existing Marsh; (f) residential properties map.

Figure 5. Surface-layer currents in the southern area of the Piermont Village at 0230 UTC 30 October from the simulations with
(a) no vegetation, (b) the original marsh in September, (c) the restored marsh in September, (d) the original marsh in May, and
(e) the restored marsh in May.
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Figure 6. Spatial distributions of maximum significant wave height from the simulations with (a) no vegetation, (b) the existing
Phragmitesmarsh in September, (c) the TyphaMarsh in September, (d) the existing Marsh in May, and (e) the TyphaMarsh in
May.

length shown in equation (5). With the 0517 Marsh
structure, the existing Phragmites Marsh would still
significantly reduce the wave height while the season-
ally lower TyphaMarsh would not.

5. Economic analysis of the role of
PiermontMarsh during Sandy

As a first step to assess the ecosystem service value
of the Piermont Marsh in reducing property dam-
age due to flood and wave during storms, we con-
ducted a parcel-based economic analysis using the
simulated inundation and wave along with the best
available building footprint data (NYS GIS Clearing-
house) and damage functions from the U.S. Army
Corps of Engineers (U.S. Army Corps of Engineers
(USACE) 2015). The height of the wave crest (WC)
curve was used in regions where the depth limited
controlling wave height HC was greater than 1.5 ft,

while flood depth curve was used elsewhere. Here,
WC is defined as:

WC= 0.7×Hc + d (7)

where d is the still water elevation. Our estimated
property damage of $3.72 M for the 41 properties
that received $3.56 M NFIP payouts had an error of
4.4%. The actual claims might have been greater than
the payouts because many claimers were either un-
insured or under-paid. Table 1 shows that flood and
wave accounted for ∼70% and ∼30% of the struc-
tural loss. If all the 500+ buildings in the Village were
included in the damage analysis, the estimated loss of
$11.9 M (with 71% being flood damage) is less than
the total estimated loss of $20 M (including losses
that were not included in our analysis) by the Village
of Piermont (2014), with an avoided loss of $902 K
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Table 1. Simulated flood loss, wave loss, and total loss for the with and without Piermont marsh scenarios during Sandy and for the 1%
annual chance flood and wave.

Cause of structural loss Structural loss Superstorm Sandy
Ensemble of storms
(1% annual event)

Flood With marsh $8 495 493 $11 128 825
Without marsh $8 497 893 $12 330 743
Avoided loss $2400 $1 201 918
Relative avoided loss
(% of with-marsh loss)

0.03% 10.80%

Wave With marsh $3 436 302 $7 691 374
Without marsh $4 335 763 $8 623 170
Avoided loss $899 462 $931 796
Relative avoided loss
(% of with-marsh loss)

26.18% 12.11%

Total With marsh $11 931 795 $18 820 199
Without marsh $12 833 656 $20 953 913
Avoided loss $901 862 $2 133 714
Relative avoided loss
(% of with-marsh loss)

7.56% 11.34%

(7.6% of the actual loss). The relative wave loss was
26.2%.

Sheng et al (2012) found that surge dissipation
varies significantly with local wetland type, cross-
shorewetlandwidth, and storm characteristics.While
theMarsh was not effective in reducing flood damage
during Sandy, it could significantly buffer flood dam-
age during a different storm with different intensity
and wind direction. Therefore, to calculate the value
of Piermont Marsh in reducing structural loss, it is
necessary to consider an ensemble of storms with
lesser intensity but higher frequencies. To this end,
we used the joint probability method with optimal
sampling JPM-OS (Condon and Sheng 2012, Yang
et al 2019) to generate a set of optimal storms to
represent all possible storms predicted by the North
Atlantic Stochastic Hurricane Model NASHM (Hall
and Jewson 2007,Hall andYonekura 2013). Following
Yang et al (2019), we calculated the 1% annual chance
flood and wave maps for Piermont and the associated
structural loss due to flood and wave. Table 1 shows
that the estimated structural loss for the 1% annual
chance event was $18.82Mwhere wave accounted for
∼60% of the loss. The relative avoided loss due to
flood and wave was 11.34% and 12.1%, respectively.

6. Conclusions

A comprehensive studywas conducted to examine the
role of the Phragmites-dominated Piermont Marsh in
buffering wave and flood-induced structural loss in
the Village of Piermont during Sandy. The study used
a vegetation-resolving three-dimensional surge-wave
modeling system CH3D-SSMS with 0.62–6.45 m res-
olution, with detailed marsh data and forcing con-
ditions provided by simulated and observed wind
and water level data at the air–sea interface and the
model open boundary, respectively. Before applica-
tion to Piermont, the model was used successfully

to simulate two laboratory experiments, one on flow
in vegetation and one on wave dissipation over a
sloping beach, plus one field measurement in the
Chesapeake Bay. Appropriate drag coefficients were
determined.

Our results showed that during Sandy, the high
wave energy in the Hudson River was significantly
(56%) dissipated by the Phragmites-dominated Pier-
mont Marsh before reaching the Piermont Village.
On the other hand, only 1% of the flood was dis-
sipated by the relatively narrow marsh width subject
to peak easterly wind. The Marsh was able to sig-
nificantly reduce the current and prevent the river-
borne debris from transporting across the Marsh and
reaching the Village. If the tall and rigid Phragmites
were replaced by the slightly shorter Typha found in
nearby Iona Marsh, the wave and debris buffering
capacity of theMarshwould have been preserved dur-
ing Sandy when both plants were tall and dense in the
fall. However, if the Marsh were replaced by Typha
and experienced a Sandy-like storm during the non-
growth season (e.g. May), theMarsh’s buffering capa-
city would be greatly reduced relative to the existing
Marsh. The shorter and sparser Typha marsh would
not have provided much buffering during the fre-
quent N’easters in winter and spring.

Using the simulated flood and wave over the
Piermont Village with residential property data and
damage functions, our estimate of structural loss
due to flood and wave during Sandy was $11.93 M,
compared to the more than $20 M losses including
rebuilding and income losses reported by Village of
Piermont. If the Piermont Marsh were absent, the
total loss would have increased by 8% to $12.83Mdue
to 26% increase in wave-induced damage. The estim-
ated losses for the 1% annual chance event at Pier-
mont Village are $18.82 M and without the Marsh,
they could reach $20.95 M. Thus, Piermont Marsh
is preventing $21 300 in annualized loss. While the
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avoided losses during Sandy were mainly associated
with wave-induced damage, the avoided losses of the
1% annual chance event were a combination of flood
(11%) and wave (12%) induced losses. Since the 1%
annual chance flood is generated by storm events that
are more frequent but less intense than Sandy, our
results are consistent with the claims by Rezaie et al
(2020) that wetlands are more efficient in buffering
more frequent storms with lower intensities relative
to less frequent, but more energetic events like Super-
storm Sandy.

Our comprehensive study confirmed that the
value of marsh for flood protection depends signific-
antly on vegetation type, storm characteristics, and
local community. The 200+ acre tall (>2 m) and
dense Piermont marsh is found to provide significant
protection for Piermont Village during storms. If the
marsh weremade of short (<1m) and sparse Spartina
along New Jersey coast, they would not have been
able to protect the Village from Sandy, consistent with
the finding of Lathrop et al (2019) for South Jersey.
Importantly, extensive model verification with avail-
able data (vegetation, water level, wave, and structural
loss) during Sandy confirmed the robustness of our
study. However, although detailed vegetation data
was used, we did not include the damage of veget-
ation due to excessive wind or hydrodynamic load-
ing. The damage assessment used actual building data
but relied on empirical damage functions. To reduce
uncertainties in the future, species-dependent storm-
induced vegetation damage can be investigated, and
more robust building-specific damage functions can
be developed. Nevertheless, our study provided real-
istic assessment on the value of the Piermont Marsh
for flood protection, which can be used as guideline
for resilience and restoration planning by the Vil-
lage and marsh managers. This study demonstrated
the significant value of the invasive common reed,
Phragmites, in protecting coastal communities from
storm-induced structural loss. Moreover, Rooth and
Stevenson (2000) and New Jersey Department of
Environmental Protection (NJDEP) (2020) found
that Phragmites enables marshes to elevate faster than
native species. Therefore, natural resource managers
considering eradicating Phragmites to enhance biod-
iversity and other ecosystem functions should weigh
the tremendous value of Phragmites in protecting
coastal communities from structural damage due to
storms and SLR to develop site-specific restoration
plans that balance biodiversity and coastal resilience.
The role of Piermont Marsh in protecting Piermont
Village from future flood and wave damage will be
examined in an upcoming paper.
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