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a b s t r a c t
The mitigation of storm tides by coastal wetlands is investigated by enhancing a well-established threedimensional hydrodynamic model to include vegetation effects on mean ﬂow and turbulence quantities. The
inﬂuence of vegetation upon the mean ﬂow characteristics is modeled through the stem-induced form drag
and inertia force incorporated into the momentum equations. Vegetative source and sink terms are added
to the transport equations of the Mellor–Yamada turbulence closure model in order to properly simulate the
vertical mixing process that takes place within vegetated water columns. The model adopts two well-established
empirical formulas to determine the vegetation drag coefﬁcient. Although these formulas have been established
under laboratory conditions that differ from those tested in the present study, quantitative and qualitative
comparisons reveal the satisfactory performance of the enhanced model to simulate complex ﬂow–vegetation
interactions. Model validation against laboratory experiments show that the vegetation-induced drag force
added to the momentum equations is the main contributor to the ﬂow-vegetation interactions. The original
model that lumps the resistance due to vegetation with the bottom roughness coefﬁcient produces locally incorrect vertical distributions of mean ﬂow velocity and turbulence quantities. The enhanced model is applied to
simulate the impacts of intertidal salt marshes of Jamaica Bay, NY, on the storm tide produced by Hurricane
Irene. The model results indicate that the salt marshes played only a minimal role in mitigating the peak water
elevations induced by Irene. On the other hand, the presence of the marshes causes higher velocities in nonvegetated areas such as deep channels, and lower velocities in vegetated areas, and thus redistributes energy
around the bay, with likely feedbacks on water quality, marsh stability, and the response to sea level rise.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction
Wetlands such as salt marshes are often integral components of
coastal ecosystems. Wetlands provide habitat and food sources for wildlife, improve water quality, protect coastal areas from tides and storm
surges, and mitigate shoreline erosion. For example, by protecting
against ﬂooding and climate instability, providing wildlife habitat and
other beneﬁts, Wisconsin's wetlands annually value between $3.3
billion and $152 billion to the local, regional, and national economy
(Earth Economic, 2012). Costanza et al. (2008) estimated that the coastal wetlands in the US provide annually $23.2 billion in storm protection
services. Ecological, economical, and social beneﬁts of wetlands have
increased the interest among city planners and decision makers to
consider coastal vegetation as green ﬂood protection measures. Flood
protection programs are increasingly leveraging numerical models to
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evaluate the hazard mitigation potential of wetlands (e.g. Cobell et al.,
2013). Adopting an appropriate approach to simulate the complex
ﬂow–vegetation interactions is essential for the development of numerical models, particularly when utilized as decision-support tools.
The presence of vegetation in estuarine and coastal systems alters
the mean ﬂow characteristics as well as the turbulence intensity. The
drag on vegetation locally decelerates the mean ﬂow due to an increase
in ﬂow resistance. On the other hand, vegetation stems increase the turbulence intensity by converting the mean kinetic energy to turbulence
kinetic energy within stem wake (Nepf, 1999). Laboratory experiments
have shown that the vegetation resistance creates a shear layer at the
boundary between the vegetated and non-vegetated zones (Shimizu
and Tsujimoto, 1993; Nezu and Onitsuka, 2001; White and Nepf,
2008). These complex ﬂow–vegetation interactions are neglected
in most numerical models. Instead, models often simply lump the
vegetation-induced resistance with the resistance due to the bottom
friction. However, this approach provides little information about the
mean ﬂow and turbulence structure within the water column (Nepf,
1999). In a physics-based approach, the three-dimensional ﬂow–
vegetation interactions are modeled through vegetation-induced drag
and inertia forces (Morison et al., 1950; Mendez and Losada, 2004; Li
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and Yan, 2007; Marsooli and Wu, 2014; Wu and Marsooli, 2012). In this
approach, the vegetation-induced forces are considered as additional
external body forces in the momentum budget as well as the budgets
of turbulence quantities.
The vegetation-induced inertia force is due to the ﬂuid acceleration
around the stems. For typical ﬂow conditions and vegetation canopies,
the inertia force is much smaller than the drag force (Mendez and
Losada, 2004; Henry and Myrhaug, 2013; Maza et al., 2013). The inertia
force is related to the temporal acceleration of ﬂow via the inertia
coefﬁcient, CM. The vegetative drag force due to the viscous effect
and the pressure gradient is characterized by the drag coefﬁcient, CD,
which strongly depends on the environmental conditions, such as
ﬂow velocity, as well as the biomechanical properties of vegetation,
such as stem diameter, height, and density (and, implicitly, stem
ﬂexibility). The drag coefﬁcient can be either calibrated based on measurements or approximated based on an empirical formula. Adopting
an empirical formula is beneﬁcial in cases with insufﬁcient data for
model calibration. However, these formulas are usually developed
based on laboratory experiments under limited range of ﬂow conditions
and vegetation properties. Application of such formulas to problems
with different conditions requires further investigation. We dedicate
parts of the present study to this topic.
Most of the coastal ocean models, such as the ADvanced CIRCulation
model (ADCIRC) (Luettich et al., 1992; Wamsley et al., 2010), the FiniteVolume Community Ocean Model (FVCOM) (Chen et al., 2003), and
the Regional Ocean Modeling System (ROMS) (Shchepetkin and
McWilliams, 2005), take the vegetation effects into account by adjusting
the bottom friction. Few models have adopted the physics-based
approach described above. For example, CH3D (Sheng et al., 2012)
and Delft3D (Temmerman et al., 2005) include the vegetation form
drag into the momentum equations. These models neglect the vegetation-induced inertia force. The turbulence closure model of CH3D, that
is a simpliﬁed version of the Reynolds Stress Model (RSM), considers
the effects of vegetation by adding a source term in the transport equation of turbulence kinetic energy, with a dissipation length scale which
is reduced based on the vegetation canopy geometry. Delft3D uses extra
terms in the transport equations of the k–ε turbulence closure model to
include the inﬂuence of vegetation on vertical mixing.
In this study, the three-dimensional hydrodynamic module of an
existing coastal ocean model, the Stevens Institute of Technology
Estuarine and Coastal Ocean Model (sECOM), is enhanced to simulate
the ﬂow–vegetation interactions. The vegetation-induced drag and
inertia forces are added to the momentum transport equations. The
model's turbulence closure, that is the Mellor–Yamada 2.5 level k–l turbulence closure model, is also modiﬁed by adding vegetative source and
sink terms in the transport equations of turbulence kinetic energy and
turbulence length scale. To the best knowledge of the authors of this
article, no previous study has modiﬁed the Mellor–Yamada turbulence
closure model for vegetated coastal and oceanic systems. The adequacy
of two empirical formulas to determine the vegetation drag coefﬁcient
is investigated. Moreover, the importance of the vegetative forces in
the modiﬁed momentum and turbulence transport equations is quantitatively and qualitatively investigated. We also evaluate the performance of the original model that represents the vegetation-induced
resistance with an increase in the bottom roughness, as done in most
other 2D and 3D models to date. The model performance is assessed
based on the quantitative and qualitative comparisons between measured and calculated mean ﬂow and turbulence quantities.
The model with ﬂow–vegetation dynamics is ﬁrst tested using
two laboratory experiments of ﬂows over submerged and emergent
vegetation. These test cases aim to validate the accuracy of the
modeled ﬂow–vegetation interaction, so that it can be used to simulate the larger-scale impacts of wetlands on coastal circulation and
storm tides (the water level rise due to the combination of storm
surge and astronomical tide). The validated model is implemented
to investigate the impacts of the intertidal salt marshes of Jamaica

Bay, located adjacent to the New York Harbor, on the storm tide
produced by Hurricane Irene.
2. Numerical model
The numerical model enhanced in the present study is the hydrodynamic module of the Stevens Institute of Technology Estuarine and
Coastal Ocean Model (sECOM). The model is a variant of the Princeton
Ocean Model (POM) that was originally developed by Blumberg and
Mellor (1980, 1987). sECOM is a three-dimensional, free-surface, hydrostatic, primitive equation model that has been successfully applied
to oceanic, coastal, and estuarine waters (e.g. Blumberg et al., 1999;
Blumberg and Georgas, 2008; Georgas, 2010; Georgas and Blumberg,
2010; Orton et al., 2012). sECOM is also the hydrodynamic module of
the New York Harbor Observing and Prediction System (NYHOPS).
NYHOPS, a forecasting resource for emergency preparedness in the
New York City area and coastal New Jersey, is designed to provide
information of meteorological and oceanographic conditions both in
real-time and forecasts out to 72 h (http://stevens.edu/SSWS/).
2.1. Mean ﬂow governing equations
The sECOM solves the Reynolds-Averaged Navier–Stokes (RANS)
equations under the hydrostatic pressure assumption. In a Cartesian coordinate system the continuity and momentum equations are
∇V ¼0

ð1Þ



∂u
1
1 ∂p ∂
∂u
þ V  ∇u−fv ¼ − f veg;x −
þ
2AM
ρ   ρ ∂x ∂x
∂t
∂x



∂
∂u ∂v
∂
∂u
þ
þ
AM
þ
KM
∂y
∂y ∂x
∂z
∂z
 

∂v
1
1 ∂p ∂
∂u ∂v
þ V  ∇v þ fu ¼ − f veg;y −
þ
AM
þ
ρ 
ρ ∂y
∂t
∂y
 ∂x
 ∂x
∂
∂v
∂
∂v
þ
þ
2AM
KM
∂y
∂y
∂z
∂z
ρg ¼ −

∂p
∂z

ð2Þ

ð3Þ

ð4Þ

where V is the ﬂow velocity vector; u, v, and w are the ﬂow velocity
components in longitudinal x, lateral y, and vertical z directions, respectively; ρ is the ﬂuid density; p is the hydrostatic pressure; f is the Coriolis
parameter; KM is the vertical eddy viscosity; AM is the horizontal eddy
viscosity, and fveg,x and fveg,y are the vegetation-induced forces in longitudinal and lateral directions, respectively. The model considers the
turbulence anisotropy through different eddy viscosities for vertical
and horizontal mixing processes. The eddy viscosities are calculated
from turbulence closure models described later.
The vegetation-induced forces include the form drag and inertia
force. The vegetation stems are treated as cylindrical elements with
diameter bv. The vegetative forces are formulated based on Morison
et al. (1950) as follows
2

f veg;i ¼

1
πb ∂V i
ρC D Nv bv V i jVj þ ρC M Nv v
4 ∂t
2

ð5Þ

where the ﬁrst term on the right-hand side is the vegetation-induced
drag force and the second term is the inertia force. Vi is the ﬂow velocity
in i direction (i = x and y), and Nv is the number of vegetation elements
per unit area. The vegetation inertia coefﬁcient CM is constant and is set
to 2 (Reeve et al., 2004, Marsooli and Wu, 2014). The sensitivity of the
model to the inertia coefﬁcient is investigated in Section 3.1. The vegetation drag coefﬁcient CD can be a calibration parameter, or estimated
using empirical formulas such as those developed by White (2005)
and Tanino and Nepf (2008), which are described later.
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The ﬂexibility of plants can affect the ﬂow–vegetation interactions.
As the ﬂow velocity and consequently the drag force exerted on the
plants both increase, ﬂexible stems start to move and bend. The effects
of stem motion, especially swaying motion under periodic short waves,
can be taken into account by replacing the ﬂow velocity in Eq. (5) with
the ﬂow velocity relative to the plant. On the other hand, the bending of
vegetation elements reduces the stem height. In comparison to upright
stems, bent stems occupy smaller portion of the water column and
consequently provide less vegetative resistance to the ﬂow. The enhanced model only considers the bending of stems. The bent stem
height for ﬂexible vegetation is calculated using the formula proposed
by Tsujimoto et al. (1996). They applied the ﬁnite deformation theory
of a cantilever beam to develop the following formula
2
hv;b
Nv hv EI
¼ 1−0:89 exp −4:66
4
hv
τ v hv

!

Sveg;l ¼ C l lSveg;q

ð10Þ

where Cq and Cl are empirical coefﬁcients which must be calibrated.
In this study, Cq is set to one and Cl is calibrated based on laboratory
measurements. This approach allows us to reduce the number of undetermined coefﬁcients in the model. Hiraoka and Ohashi (2008) also
utilized a similar approach to calibrate the coefﬁcients of an enhanced
k–ε model for plant canopy ﬂows.
sECOM uses the horizontal eddy viscosity AM to parameterize all
horizontal transport processes which are not resolved by the model
grid. The parameterization suggested by Smagorinsky (1963) as formulated by Blumberg and Mellor (1987), which depends on the horizontal
grid spacing and the ﬂow velocity gradient, is adopted in the model. The
horizontal viscosity is calculated as

ð6Þ
AM ¼ αΔxΔy

where hv and hv,b are the heights of the upright and bent stem, respectively, E is the stem modulus of elasticity, I is the stem area's second
moment of inertia, and τv is the vegetation stress that can be calculated
based on the vegetation drag force.
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where Δx and Δy are the horizontal grid spacing, and α is a constant
coefﬁcient that has ranged from 0.01 to 0.5 in different applications.
The coefﬁcient α is set to 0.05 in the present study.

2.2. Turbulence governing equations
2.3. Numerical methods
sECOM adopts the Mellor–Yamada 2.5 level k–l turbulence closure
model (“M–Y model” hereafter) to calculate the eddy viscosity KM and
in turn the vertical mixing processes in the water column. The M–Y
model characterizes the turbulence by transport equations for a turbulence velocity scale, which is the turbulence kinetic energy q2/2, and
the turbulence length scale l. In this study, we modify the M–Y model
to consider the effects of vegetation on vertical mixing processes. Basically, vegetation stems increase the turbulence intensity by converting
the mean kinetic energy to the turbulence kinetic energy within the
stem wake, and they also reduce the turbulence length scale by breaking the eddies. Therefore, we take these physical processes into account
by adding a vegetation-induced source term to the transport equation
for turbulence kinetic energy and a sink term to the turbulence length
scale equation. This approach is similar to that used in k–ε turbulence
models modiﬁed for vegetated water bodies (e.g. Hiraoka and Ohashi,
2008; Maza et al., 2013). However, the k–ε models consider the impacts
of vegetation through source terms added to both transport equations
of the turbulence kinetic energy k and the turbulence dissipation rate
ε. The source term is required in the ε equation because the turbulence
dissipation rate increases as the vegetation drag breaks up eddies and
reduces the turbulence length scale.
We formulate the transport equations of the modiﬁed M–Y model as
follows
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The governing equations are discretized using the ﬁnite-difference
method on an Arakawa C-grid with terrain-following (sigma) vertical
coordinate and orthogonal curvilinear horizontal coordinate. The
model uses the mode splitting technique to calculate the free surface
elevation. This technique separates the fast external gravity waves and
the slow-moving internal gravity waves. The external mode equations
are obtained by integrating the time-dependent 3D continuity and
momentum equations. More details of the numerical methods, boundary and initial conditions, and stability criterion can be found in the literature (e.g. Blumberg and Mellor, 1983, 1987; Blumberg and Herring,
1987; Blumberg et al., 1999; Georgas, 2010; Georgas and Blumberg,
2010).
3. Results: Model tests and application
The model is evaluated using two published laboratory experiments
in order to investigate its accuracy in capturing the actual small-scale
hydrodynamic–vegetation interactions. The ﬁrst experiment evaluates
the ability of the model to simulate the inﬂuence of submerged vegetation on ﬂow. The second experiment evaluates the model for emergent
vegetation. The model is then applied to study storm tide mitigation by
coastal wetlands, evaluating the impacts of intertidal salt marshes of
Jamaica Bay, NY, on the storm tide generated by Hurricane Irene.
The importance of the vegetation-induced modiﬁcations in the original M–Y turbulence closure model is investigated in the ﬁrst test case.
Thus, in addition to the enhanced model that includes the vegetationinduced forces in the governing equations of mean ﬂow and turbulence,
we investigate the performance of a partially enhanced model that
includes the vegetation-induced forces only in the mean ﬂow governing
equations. In other words, the partially enhanced model adopts the
original M–Y turbulence closure model.
3.1. Flow over submerged vegetation

where KM = lqSM and Kq = lqSq. The stability functions SM and Sq, the
~ , and the empirical coefﬁcients B1, E1 are
wall proximity function W
well described in the original M–Y model (e.g. Mellor and Yamada,
1982), thus are not repeated here. The vegetation-induced source and
sink terms are
Sveg;q ¼

1
ρC q C D Nv bv q2 jVj
2

ð9Þ

The model is ﬁrst validated using a laboratory experiment of fully
developed open channel ﬂow over submerged vegetation (Shimizu
and Tsujimoto, 1994). The ﬂow depth and depth-averaged velocity in
the ﬂume were 6.31 cm and 11.21 cm s−1, respectively. The entire
ﬂume was covered by artiﬁcial rigid vegetation with a density of
10,000 stems m−2, height of 4.1 cm, and stem diameter of 0.1 cm. The
measured vertical distributions of mean ﬂow velocity, Reynolds stress,
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and turbulence intensity are used to calibrate and validate the enhanced
model.
The vegetation-induced coefﬁcients CD and Cl are calibrated so that a
reasonable qualitative ﬁt is obtained between the measured and calculated ﬂow and turbulence quantities (Fig. 1). The calibrated CD and Cl are
1.2 and 0.01, respectively. The optimum horizontal grid spacing, in
terms of accuracy and computational expenses, was 2 cm. The vertical
grid resolution independence was tested by comparing the results calculated by models with 10, 25, and 50 vertical sigma layers. The models
with 25 and 50 layers produce accurate and nearly identical results. On
the other hand, Fig. 1 shows that the accuracy of the model with 10 vertical layers is also satisfactory. The vertical distribution of stream-wise
velocity shows that the mean ﬂow velocity is suppressed within the
vegetation. The high-velocity gradient between the faster ﬂow on the
top of the vegetation and the slower ﬂow within the vegetation forms
a shear layer zone near the vegetation interface. The Reynolds stress
and turbulence intensity reach their maximum values at the top of the
vegetation, and their minimum values near the bottom and near the
water surface. The vertical distribution of the ﬂow velocity shows that
the ﬂow structure within the water column can be divided into two
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Fig. 1. Inﬂuence of submerged vegetation on ﬂow and turbulence. Measured and
calculated vertical distributions of (a) mean ﬂow stream-wise velocity, (b) Reynolds
stress, and (c) turbulence intensity. Circles show measurements, the solid red lines
show the enhanced model results with 50 vertical layers, the dashed blue lines show
the enhanced model results with 10 vertical layers, and the horizontal dotted lines show
the vegetation height. The enhanced model parameters are CD = 1.2, CM = 2.0, Cq =
1.0, Cl = 0.01, and CD,b = 0.001. (For interpretation of the references to color in this
ﬁgure legend, the reader is referred to the web version of this article.)

zones. In the upper zone, which extends approximately from z/h =
0.4 to near the water surface, the ﬂow velocity gradient is large, and
consequently, the vertical turbulent exchange is important. This region
is called “vertical exchange zone” by Nepf and Vivoni (2000). In the
lower zone, approximately between the bottom and z/h = 0.4, the
ﬂow velocity gradient and in turn the vertical turbulent exchange are
small. This region is called “longitudinal exchange zone.”
A common but more simpliﬁed approach is to lump the ﬂow resistance due to vegetation with the resistance due to bottom friction.
In other words, the bottom roughness coefﬁcient of conventional
resistance equations, such as the quadratic friction law and Manning's
equations, is increased to account for the impacts of vegetation on
momentum and energy. We evaluate the performance of this approach
by using the original sECOM to simulate the vertical distributions of
ﬂow velocity and turbulence characteristics for the present model test.
In sECOM, the bottom friction is represented by the quadratic friction
law based on the bottom drag coefﬁcient. The model adopts the wellknown law of the wall to estimate a drag coefﬁcient as [κ/ln(zr/z0)]2,
where κ is the von Karman constant, zr is the distance from the bottom
to the nearest grid point, and z0 is the roughness length. The actual
bottom drag coefﬁcient is set to the larger of the value calculated
based on the law of the wall and a predeﬁned constant coefﬁcient CD,b.
In the enhanced model, the bottom roughness length is set to 10−6 m
and CD,b is 0.001 for the present model test. The coefﬁcient CD,b is set
to 0.1 for the model that lumps the resistance due to the vegetation
with the resistance due to the bottom surface.
Fig. 2 compares the measurements with the results calculated by
the original and enhanced models. The results calculated for the nonvegetated channel are also shown to better illustrate the impacts of
vegetation on the mean ﬂow and turbulence characteristics. The comparisons show that the original models lead to incorrect turbulence
budget, and vertical distribution of ﬂow and turbulence characteristics.
The large bottom roughness in the original model with CD,b = 0.1 forms
a thick near-bed boundary layer that encompasses the longitudinal exchange zone. The vertical velocity distribution within the longitudinal
exchange zone follows the classic logarithmic proﬁle whereas both
the measured data and the enhanced model show nearly a constant
velocity. The incorrect velocity distribution calculated by the original
model leads in turn to an incorrect turbulence structure within the
water column. While the Reynolds stress and turbulence intensity
reach their peak values within the vertical exchange zone in the vicinity
of the vegetation interface, the original model calculates the peak
values within the longitudinal exchange zone and near the bottom. In
a coupled hydrodynamic, and sediment and contaminant transport
model, lumping the vegetation-induced resistance with the resistance
due to the bottom roughness can adversely affect not only the hydrodynamic computations but also the sediment transport, and fate and
transport of contaminants.
Next, we investigate the importance of the modiﬁcations we made
to the original M–Y turbulence closure model. The measurements
as well as the calculated results have illustrated that the turbulence
characteristics are signiﬁcantly inﬂuenced by vegetation. The enhanced
model adopts the modiﬁed version of the M–Y model to capture
the vertical mixing processes in vegetated water bodies. The partially enhanced model uses the original M–Y model, but adopts the
vegetation-modiﬁed momentum transport equations. In other words,
the coefﬁcients Cq and Cl are set to zero in the partially enhanced
model. Fig. 3 shows that the vertical distributions of mean ﬂow and
turbulence quantities calculated by the partially enhanced model are
in a satisfactory agreement with those calculated by the enhanced
model. This reveals that the vegetation-induced source and sink terms
in the modiﬁed transport equations of turbulence kinetic energy and
turbulence length scale have relatively minor impacts on the model
performance. This is because the production of the turbulence kinetic
energy by shear, i.e. terms KM[(∂u/∂z)2 + (∂v/∂z)2] on the right hand
side of Eqs. (7) and (8), is a function of the mean ﬂow velocity ﬁeld
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Fig. 2. Inﬂuence of submerged vegetation on ﬂow and turbulence. Effects of different
approaches to incorporate the vegetation-induced resistance in the model. The
ﬁgure illustrates the measured and calculated vertical distributions of (a) mean ﬂow
stream-wise velocity, (b) Reynolds stress, and (c) turbulence intensity. Circles show
measurements, the solid red lines show results for the enhanced model. To contrast the
full physics cases, the dashed blue lines show results for the original model with CD,b =
0.1, the dashed-dotted green lines show results for the original model with CD,b = 0.001,
and the horizontal dotted lines show the vegetation height. The enhanced model
parameters are CD = 1.2, CM = 2.0, Cq = 1.0, Cl = 0.01, and CD,b = 0.001. (For
interpretation of the references to color in this ﬁgure legend, the reader is referred to
the web version of this article.)

calculated by the momentum equations. Because the vegetationinduced forces are included in the momentum equations in the partially
enhanced sECOM model, the vegetation impacts on turbulence quantities are taken indirectly into consideration through the turbulence
production terms.
Model performance is quantiﬁed using the root mean square error
(RMSE) in Table 1. A model parameter set to zero means that the
vegetation-induced term associated with that particular parameter is
neglected in the model. For instance, the enhanced model run with
ID = 1 neglects the inertia force, the second term on the right-hand
side of Eq. (5). Table 1 shows that the highest performance (smallest
RMSE) is obtained by the enhanced model runs 1 and 2. These runs
include the vegetation-induced forces in both mean ﬂow and turbulence governing equations. A comparison between the performance of
model runs 1 and 2 indicates the insigniﬁcant impact of the inertia
force on the model performance. Satisfactory performance is achieved
by the partially enhanced model, i.e. model run 3. This model run
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Fig. 3. Inﬂuence of submerged vegetation on ﬂow and turbulence. Effects of vegetationinduced terms in the modiﬁed M–Y turbulence closure model. The ﬁgure illustrates the
measured and calculated vertical distributions of (a) mean ﬂow stream-wise velocity,
(b) Reynolds stress, and (c) turbulence intensity. Circles show measurements, the solid
red lines show results for the enhanced model with CD = 1.2, CM = 2.0, Cq = 1.0, Cl =
0.01; the dashed blue lines show results for the partially enhanced model with CD = 1.2,
CM = 2.0, Cq = 0.0, and Cl = 0.0; and the horizontal dotted lines show vegetation
height. (For interpretation of the references to color in this ﬁgure legend, the reader is
referred to the web version of this article.)

neglects the vegetation-induced terms in the transport equations of
M–Y model. On the other hand, the poor performance of the original
model run 4 reveals the inaccuracy of the approach that lumps the
vegetation-induced resistance with the resistance due to the bottom

Table 1
RMSE between measured and calculated vertical proﬁles of velocity u, Reynolds
stress−u0 w0 , and turbulence intensity urms for different models.
RMSE

RMSE

RMSE

Model
ID

Model parameters
CD

CM

Cq

Cl

CD,b

u
(cm s−1)

−u0 w0
(cm s−1)2

urms
(cm s−1)

1
2
3
4
5

1.2
1.2
1.2
0.0
0.0

0.0
2.0
2.0
0.0
0.0

1.0
1.0
0.0
0.0
0.0

0.01
0.01
0.0
0.0
0.0

0.001
0.001
0.001
0.1
0.001

0.77
0.77
0.87
3.29
3.92

0.37
0.37
0.46
2.39
2.41

0.68
0.68
0.73
2.40
2.75

ID 1: Enhanced model without vegetation inertia force.
ID 2: Enhanced model.
ID 3: Partially enhanced model.
ID 4: Original model with an increased bottom friction due to vegetation.
ID 5: Original model without vegetation effects (neither drag force nor bottom fraction).
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CD ≈ 1 þ

10
Re2=3
c

ð12Þ

where Rec = udc/ν with dc being the cylinder diameter and ν the
kinematic viscosity.
Depending on the vegetation density, the drag coefﬁcient of an isolated cylinder may not properly represent the spatially averaged drag
coefﬁcient of a vegetation patch. When the Reynolds number increases,
the wakes and Karman vortex street formed behind each individual
stem affect the ﬂow velocity acting on the downstream stem and consequently the drag coefﬁcient. Tanino and Nepf (2008) conducted a series
of laboratory experiments to measure the spatially averaged drag coefﬁcient of randomly distributed, rigid, emergent circular cylinders.
Their experiments covered the solid volume fraction, φ = Ω v/Ω
where Ω v is the volume occupied by solid objects in total volume
Ω, between 0.091 and 0.35 and the plant Reynolds number, Rep =
ubv/ν, between 25 and 685. They related the vegetation drag coefﬁcient
to φ and Rep as


α0
C D ¼ 2 α1 þ
Rep

ð13Þ

where α0 and α1 are empirical coefﬁcients. Based on their measurements, Tanino and Nepf (2008) related α1 to φ as α1 = 0.46 + 3.8φ.
They also reported that α0 increases from 25 at φ = 0.091 to 84 at
φ = 0.15 and remains nearly constant for larger values of φ. Due to insufﬁcient measured data, they did not develop a relationship between
α0 and φ for φ b 0.15. On the other hand, Koch and Ladd (1997) numerically calculated α0 for φ b 0.15, which are plotted in Fig. 4 of the paper
by Tanino and Nepf (2008). Therefore, we use the data calculated by
Koch and Ladd (1997) together with the data measured by Tanino
and Nepf (2008) to establish a linear regression (r = 0.72) between
α0 and φ as α0 = 3.3 + 181.8φ for φ b 0.15.
The empirical formulas of Tanino and Nepf (2008) (“T&N” hereafter) and White (2005) (“White” hereafter) are incorporated in
the model and tested using the present model test. Fig. 4 shows the
results obtained from the models with T&N and White formulas.
The model with T&N formula captures well the distributions of
ﬂow velocity and turbulence quantities whereas the model with
White formula overestimates the Reynolds stress and the turbulence
intensity. This is due to the overestimation of the drag coefﬁcient by
the White formula, as shown in Table 2. The RMSE values in Table 2
also indicate the best accuracy of the model is achieved using the
T&N formula. The model with the calibrated drag coefﬁcient possesses slightly larger RMSE values. This may be because the model
calibration has been carried out based on qualitative comparisons
between measurements and calculated results. A more extensive calibration for the vegetation drag coefﬁcient may reduce the RMSE
values of the calibrated model.
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friction. The original model run 5 that completely neglects the presence
of vegetation possesses the poorest performance.
The vegetation drag coefﬁcient CD in the enhanced model was calibrated by setting Cq = 1.0 and Cl = 0.01, and changing CD in an attempt
to obtain the match between measured and calculated data within
some acceptable discrepancy. Calibrating the drag coefﬁcient requires
well characterized measured data. Lack of proper data can result in a
model with a drag coefﬁcient which is not representative of actual
ﬁeld conditions. Therefore, it is beneﬁcial to adopt an empirical formula
to properly estimate the vegetation drag coefﬁcient.
The vegetation drag coefﬁcient may be approximated based on the
well-understood drag coefﬁcient of an isolated cylinder. White (2005)
proposed an empirical formula based on the measured data for drag
of cylinders. His proposed curve-ﬁt formula depends on the cylinder
Reynolds number Rec as follows:
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Fig. 4. Inﬂuence of submerged vegetation on ﬂow and turbulence. Effects of different
approaches to determine the vegetation drag coefﬁcient. The ﬁgure illustrates the
measured and calculated vertical distributions of (a) mean ﬂow stream-wise velocity,
(b) Reynolds stress, and (c) turbulence intensity. Circles show measurements, the solid
red lines show results for the enhanced model with calibrated drag coefﬁcient, dashed
blue lines show results for the enhanced model with T&N formula, dashed-dotted green
lines show results for the enhanced model with White formula, and the horizontal
dotted lines show vegetation height. The enhanced model parameters are CM = 2.0,
Cq = 1.0, Cl = 0.01, and CD,b = 0.001. (For interpretation of the references to color in
this ﬁgure legend, the reader is referred to the web version of this article.)

3.2. Flow over emergent vegetation
The ability of the model to simulate the impacts of emergent vegetation on ﬂow is investigated using the laboratory experiment conducted
by Li et al. (2015) in a 30 m long, 0.5 m wide, and 1 m deep ﬂume. The
ﬂow depth in the ﬂume was 0.5 m. Artiﬁcial plants with a foliage section
and ﬂexibility characteristics similar to Phragmites australis were placed
in a staggered-like arrangement. The vegetation zone was 7 m long, 0.5
wide, and began 15 m from the upstream inlet of the ﬂume. The height
of each plant element was 0.65 m, where the upper 0.5 m was the
foliage section. The average width of the foliage section and the diameter of the sheath stem were 8 and 0.2 cm, respectively. The plants
remained emergent under all experimental conditions. In that study,
a series of experiments was carried out to examine the inﬂuence of
vegetation density and ﬂow conditions on ﬂow characteristics. Here
we choose only to simulate the most extreme condition, i.e. the vegetation density of 70 stems m−2, and the ﬂow discharge of 0.06025 m3 s−1.
The measured vertical distributions of the mean ﬂow velocity are used
to validate the enhanced model.
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Table 2
RMSE between measured and calculated vertical proﬁles of velocity u, Reynolds
stress−u0 w0 , and turbulence intensity urms for models with different approaches to
determine the vegetation drag coefﬁcient (in all models C M = 2, C q = 1.0, C l =
0.01, and CD,b = 0.001).
Approach to
determine CD
White (2005) formula
Tanino and Nepf (2008)
formula
Calibration

CD

RMSE
u (cm s−1)

RMSE
−u0 w0 (cm s−1)2

RMSE
urms (cm s−1)

1.5
1.1

0.98
0.74

0.83
0.33

0.96
0.59

1.2

0.77

0.37

0.68

The sECOM model grid consists of 50 vertical layers and the horizontal grid spacing is set to 4 cm. The T&N formula is adopted to estimate
the vegetation drag coefﬁcient. No attempt is made to calibrate the
vegetation drag coefﬁcient. Other vegetation-induced coefﬁcients are
kept as the previous test, i.e. CM = 2, Cq = 1, and Cl = 0.01. Because
the model treats the vegetation plants as cylindrical stems without
leaves, we use a vertically varying stem diameter to consider the presence of the foliage section. Using trial and error, it was found that a
stem diameter of 2 cm for the foliage section leads to satisfactory results.
Thus, the artiﬁcial plants used in the laboratory experiments are replaced in the model with cylindrical naked stems with a diameter of
0.2 cm assigned to the lower one fourth of the stem height (the sheath
section) and a diameter of 2 cm assigned to the upper three fourth of the
stem height (the foliage section). The plant Reynolds number based on
an averaged stem diameter of 1.7 cm is about 4100.
Fig. 5 shows the measured and calculated stream-wise velocity distribution within the water column at distances of 0.5, 3.5, 5.5, and
6.5 m from the vegetation leading edge. The results from the original
model, which lumps the vegetation-induced resistance with a bottom
roughness coefﬁcient of CD,b = 0.1, are also shown. The velocity ﬁeld
is non-dimensionalized by the non-disturbed ﬂow velocity, u0, in the
absence of vegetation. The measurements and the results from the
enhanced model show that the ﬂow velocity is reduced within the

upper three fourth of the water column, whereas it is increased within
the lower one fourth of the water column. The upper section of the vegetation (with a stem diameter of 2 cm) exerts a bigger drag force on the
ﬂow, redirecting the ﬂow to the lower section of the vegetation (with
a stem diameter of 0.2 cm). Although the model predicts the vertical
distribution pattern of the ﬂow velocity quite well, the comparisons
show some discrepancies between the measurements and the results
calculated by the enhanced model. The main reason for the discrepancies can be due to the simpliﬁed method used by the model to treat
the plant leaves. The model considers the plants as cylindrical elements
and therefore ignores the complex impacts of plant leaves on ﬂow
dynamics. Another reason for discrepancies may be related to the
open ﬂow paths in the staggered-like arrangement of the vegetation
elements in the laboratory ﬂume, whereas the model assumes a uniform distribution. Nevertheless, the comparisons illustrate the signiﬁcant improvements achieved by the enhanced model. The values of
RMSE, shown in Table 3, also indicate the satisfactory performance of
the enhanced model to simulate the interaction between ﬂow and
emergent vegetation.
The original model that lumps the vegetation-induced resistance
with a bottom roughness coefﬁcient of CD,b = 0.1 predicts incorrect vertical proﬁles of stream-wise velocity. While the measurements and the
results from the enhanced model show that the ﬂow velocity reaches its
maximum value in the lower section of the water column, the original
model predicts a maximum velocity in the upper water column. Moreover, the original model underestimates the near-bed velocity, leading
to a low bed shear stress. For applications where bed stress is important,
such as sediment transport, the enhanced model will have much greater
accuracy.
3.3. Storm tide mitigation by salt marshes: application to Jamaica Bay, NY
Surrounded by the Rockaway Peninsula to the South, Queens to the
East and North, and Brooklyn to the West, Jamaica Bay is the largest
natural open space left in New York City (NYC). It is a saline to brackish
estuary which is open to the Atlantic Ocean via Rockaway Inlet on the
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Fig. 5. Inﬂuence of emergent vegetation on ﬂow. Measured and calculated vertical distributions of mean ﬂow stream-wise velocity at (a) x = 0.5 m, (b) x = 3.5 m, (c) x = 5.5, (d) x =
6.5 m. x represents the longitudinal distance from the leading edge of the vegetation. Circles show measurements, the solid red lines show results for the enhanced model with T&N
formula, CM = 2.0, Cq = 1.0, Cl = 0.01, and CD,b = 0.001, and the dashed black lines show results for the original model with CD = 0, CM = 0, Cq = 0, Cl = 0, CD,b = 0.1. The velocity
ﬁeld is non-dimensionalized by the ﬂow velocity in the absence of vegetation. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web
version of this article.)
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Table 3
RMSE between measured and calculated vertical proﬁles of non-dimensionalized velocity
for the enhanced model and the original model with an increased bottom roughness
coefﬁcient. x represents the longitudinal distance from the leading edge of the vegetation.
Distance (m)
Model
Enhanced model
(CD = T&N formula, CM = 2,
Cq = 1, Cl = 0.01, CD,b = 0.001)
Original model
(CD = 0, CM = 0, Cq = 0,
Cl = 0, CD,b = 0.1)

x = 0.5

x = 3.5

x = 5.5

x = 6.5

0.06

0.10

0.14

0.11

0.25

0.34

0.55

0.67

southwest (Fig. 6). It comprises a productive coastal ecosystem including the largest tidal wetland community in the New York metropolitan
area (National Park Service, 2007). Jamaica Bay's intertidal salt marshes
provide ecological services, including habitat and food sources for
wildlife, water ﬁltration, and shoreline erosion control. Moreover, it is
believed that the marshes within the bay serve as coastline buffers
from waves, tides, and ﬂoods (National Park Service, 2007; New York
City Department of Environmental Protection, 2007a,b). The marshes,
as we learn from this study for the ﬁrst time, may only partially contribute to mitigating ﬂood damage during storm events.
The model is implemented to simulate the effects of salt marshes in
the interior of Jamaica Bay on the storm tide produced by Hurricane
Irene. Fig. 6 depicts the study area and the distribution of intertidal
salt marshes in the bay. The vegetation maps published by National
Park Service Northeast Region (Edinger et al., 2008) are used to include
the distribution of the present-day marshes in the model. The salt
marshes which have disappeared since 2008 and the new wetlands
constructed under ongoing restoration projects are not considered.
The dominant plant species of salt marshes is Spartina alterniﬂora
with an average stem height of 0.985 m (Hartig et al., 2002) and density
of 183 stems m−2 (EEA Inc., 1997). The stem diameter of Spartina
alterniﬂora along tidal salt marshes of the Atlantic and Gulf coasts
can reach up to about 0.013 m (USDA–NRCS online database: http://

plants.usda.gov/java/factSheet). The stem diameter is set to 0.01 m in
the model.
Hurricane Irene developed from a tropical wave which exited the
African coast on August 15, 2011, and emerged into the Atlantic. Irene
made landfall three times in the United States. The ﬁnal landfall
was on August 28, 2011, at 13:00 UTC at Coney Island, NYC, as a tropical
storm with maximum sustained winds of 31 m s−1 (Orton et al., 2012).
Irene caused 13 cm rainfall over 24 h at Kennedy Airport at the edge of
Jamaica Bay. However, sECOM experiments using the NYHOPS model
grid with its detailed freshwater inputs and direct rain-on-water show
that these freshwater inﬂuences on water level in Jamaica Bay during
Irene had a negligible inﬂuence (1%) on water levels, due to the Bay's
proximity to the open ocean (Orton et al., 2012).
Fig. 7 shows the computational mesh and the bathymetry of the
study area. While the central region of the bay, where the intertidal
salt marshes and the mud ﬂats are located, is shallow, the bay inlet
and the channels around the perimeter of the bay are relatively deep.
The water depth at most parts of the surrounding channels is between
5 and 12 m. A few spots in the bay are as deep as 19.5 m. The computational domain (HRF, 2012) consists of a curvilinear grid with 8740 cells
and varying resolution between 450 m at the Rockaway Inlet and 28 m
at the tributary channels. Vertical resolution is 10 terrain-following
sigma layers. The time step is 2 s and the spin-up time of the model is
12 h. The water elevations observed at the USGS site Rockaway Inlet
Near Floyd Bennett Field are slightly modiﬁed to specify the model
boundary conditions. The difference in elevations between the upstream boundary of the model and the aforementioned USGS site is
considered by adjusting the boundary elevations in which the best ﬁt
between the modeled and observed water elevations at Floyd Bennett
Field is obtained. A factor of 0.97 is applied to the observed water elevations for use as the model boundary conditions. The vegetation drag coefﬁcient is calculated by the T&N formula. The other vegetation-related
coefﬁcients in the model are CM = 2.0, Cq = 1.0, and Cl = 0.01.
To investigate the signiﬁcance of surface waves, the model was
also run with its existing wave model, i.e. the NYHOPS Coastal Wave
Model (NYHOPS-CWM) which is based on the NOAA Great Lakes

Queens
Spring Creek
Park

Brooklyn

Inwood

Atlantic Ocean
Breezy Point

Fig. 6. Study area map. Red patches illustrate the intertidal salt marshes in Jamaica Bay, NY, circles represent the USGS estuary sites and black square represents the Breezy Point meteorological site operated by WeatherFlow Inc.
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Fig. 7. Computational grid of Jamaica Bay and the bathymetry relative to the mean sea level at NOAA Sandy Hook, NJ, tide gage (HRF, 2012).

Environmental Research Laboratory model (Donelan, 1977; Schwab
et al., 1984; Georgas, 2010). The model results showed that in most
regions within the bay, the peak signiﬁcant wave height is about
0.5 m. Moreover, the velocity of water particles due to waves is less
than 5% of the ﬂow velocity due to the storm tide. The reason that
waves in Jamaica Bay remain small is the short wind fetch in the bay
and the fact that the bay is sheltered from offshore swells by rockaway
peninsula. Thus, wind-driven surface gravity waves are neglected in the
present study.
The wind observations from two weather stations are analyzed in
order to provide the wind data to the model. The model calculates the
wind-driven shear stresses on the water surface using the observed
wind speed and direction. The wind data are obtained from the Breezy
Point station maintained by WeatherFlow Inc. and the John F. Kennedy
Airport (JFK) station maintained by the National Weather Service. These
weather stations are located, respectively, at the Southwest and Northeast ends of Jamaica Bay. The wind observations during the storm event
(between August 27, 2011, at 17:00 UTC and August 29, 2011, at 17:00
UTC) indicate insigniﬁcant differences in the wind speed and direction
recorded at the two weather stations. The averaged observed wind
speed and direction were, respectively, 11.2 m s−1 and 133° North at
the Breezy Point station, and 12.1 m s−1 and 134.9° North at the JFK
station. Therefore, the wind forcing is spatially uniform in the model.
The time-dependent wind data from the Breezy Point station are used
in the model. The inﬂuence of emergent vegetation on wind stress at
the water surface is taken into account by using a wind-sheltering coefﬁcient, i.e. a reduction coefﬁcient for wind speed. The model adopts a
sheltering coefﬁcient of 0.75 for the emergent marshes. As a sensitivity
test, reducing the sheltering coefﬁcient to 0.6 showed insigniﬁcant
effects on the model results. The wind-sheltering coefﬁcient for open
water and submerged marshes is set to unity.
The bottom roughness is determined using variable roughness
length z0. Basically, the total bottom roughness is due to the grain
roughness z0,g, the effects of saltating grains during sediment transport
z0,s, the small-scale bottom topography, e.g. ripples z0,r, and the effects
of viscosity z0,v (Ganju and Sherwood, 2010). Therefore, the total roughness length may be determined as z0 = max(z0,g + z0,s + z0,r, z0,v). In the
present study, we ignore the effects of saltating grains (z0,s = 0). The
roughness length due to viscous drag is set to z0,v = 5 × 10− 5 m

(Soulsby, 1997). The grain roughness length is 2.5D50/30 where D50 is
the median grain size (in meter). The roughness length due to sand
waves is αrh2r /lr where hr. is the ripple height, lr is the ripple length
and αr is a constant coefﬁcient (Soulsby, 1997). According to a ﬁeld
study conducted by Flood (2011), the dominant sediment type in the
Jamaica Bay falls in the range of ﬁne sand and clay. Thus, setting
D50 = 0.125 × 10−3 m leads to z0,g = 10− 4 m. While the bottom in
most of the shallow regions of Jamaica Bay is smooth, the dominant
feature of the sea bottom in the deep channels around the perimeter
of the bay is the pattern left by dredging in the past. In some places,
these manmade bottom features consist of a series of mounds and
troughs between 280 m and 2 km long. The mounds can be from
0.1 to over 1.0 m higher than the troughs. Therefore, by assuming
hr = 1 m, l r = 500 m, and α r = 0.5, the roughness length due to
sand waves is set to z0,r = 10− 3 m for the deep channels with bottom features. For shallow regions of the bay (shallower than 3 m)
with no bottom feature z0,r is set to zero. According to the aforementioned information, the total bottom roughness length z0 is
5 × 10− 5 m for the shallow regions of the bay and 10− 3 m for the
deep channels. Due to lack of suitable data, such as near-bottom
current, no efforts have been made to further calibrate the approximated bottom roughness.
The water surface elevation in the study area was recorded via two
USGS sites Rockaway Inlet Near Floyd Bennett Field and Jamaica Bay
at Inwood. Additionally, USGS deployed a temporary water-level sensor
at Jamaica Bay at Spring Creek Park (Site SSS–NY–QUE–002WL) to
record the timing, areal extent, and magnitude of storm tide and coastal
ﬂooding generated by Hurricane Irene. There were no current measurements in the bay. The observed water elevations at Jamaica Bay at
Inwood and Jamaica Bay at Spring Creek Park are used to evaluate the
accuracy of the model. The observed and calculated water elevations
at Rockaway Inlet Near Floyd Bennett Field are also compared to assure
that the observed data at this site have been appropriately modiﬁed for
use as the model boundary conditions. Fig. 8 compares the observed and
calculated temporal changes of water elevations. Although the model
slightly overestimates the peak water elevation, the overall agreement
between the observed and calculated time series is rather good. The
simulated water elevations at Rockaway Inlet Near Floyd Bennett Field
perfectly match the observations.
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Fig. 8. Time series of observed (solid red lines) and calculated (solid black lines) water
elevation for model with present-day salt marshes in Jamaica Bay. Time = 0 represents
8/25/2011 0:00 EST. Water elevation is relative to the mean sea level at Sandy Hook, NJ
(0.073 m below NAVD 88).

Fig. 9. Time series of calculated water elevation for models with (solid black lines) and
without (dashed red lines) present-day salt marshes in Jamaica Bay. Time = 0 represents
8/25/2011 0:00 EST. Water elevation is relative to the mean sea level at Sandy Hook,
NJ (0.073 m below NAVD 88). (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the web version of this article.)

We evaluate the impact of the salt marshes on the storm tide by
modeling the worst-case scenario that assumes the present-day salt
marshes in the bay completely disappear (Nv = 0). Fig. 9 compares
the water elevations calculated with the present-day salt marshes and
with the worst-case scenario. The quantitative comparison reveals
that the salt marshes minimally impact the peak water elevations
induced by Hurricane Irene. This is due to the fact that storm tides
usually produce large and long-period surges in which the water surface
elevation gradually reaches a signiﬁcant elevation above the mean
water level. In such conditions, the salt marshes become submerged
and consequently their inﬂuence is weakened. Another reason is due
to the bay's deep inlet and all the dredged channels, which contain
most the water ﬂuxes within the bay. Orton et al. (2015) have found
that the water levels in the bay are controlled predominantly at the entrance inlet, not within the central region of the bay. Blumberg and
Georgas (2008) also imply that the spatially minimal variation of bay
ﬂood heights is typical of a ﬁrst-order standing wave response formed
within relatively small embayments, forced at their inlet by a relatively
long wave (storm tide). Fig. 10 shows the difference (in percent)
between the peak water elevations calculated with and without the
present-day salt marshes. The inﬂuence of the present-day salt marshes
on peak water elevation in the most regions in the bay was to alter it
only ± 1% (2.5 cm). In the presence of plants, the water elevation at
the salt marsh islands is increased up to 10% (31 cm). For example,

the water elevation over JoCo marsh, the largest marsh island which
lies at the eastern end of the bay near the John F. Kennedy Airport,
was increased by 5% (11 cm).
In contrast to the peak water elevation, the present-day salt marshes
as shown by the model results signiﬁcantly affect the peak depth-averaged velocity (Fig. 11). The peak water velocity within the salt marshes
in the central regions of the bay was reduced up to 96% (0.86 m/s), while
the peak water velocity within the deep channels surrounding the bay
as well as the shallow channels surrounding the marsh islands was increased up to 235% (0.40 m/s). The inﬂuence of the present-day salt
marshes on the bay-averaged peak water velocity was to reduce it by
about 6% (0.03 m/s). Therefore, the marshes reduced the bay-averaged
peak kinetic energy and in turn the erosional potential of the storm tide.
However, the high velocity of ﬂow within the channels surrounding the
bay and the marsh islands can increase the rate of marsh edge erosion.

4. Summary and conclusions
The 3D hydrodynamic module of the Stevens Institute of Technology
Estuarine and Coastal Ocean Model (sECOM) was enhanced to simulate
the effects of vegetation on water ﬂows. The vegetation form drag and
inertia force were added to the momentum transport equations. The
Mellor–Yamada turbulence closure model of sECOM was also modiﬁed
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Fig. 10. Impact of Jamaica Bay's present-day salt marshes on the peak water elevation induced by Hurricane Irene. Negative value means reduction.

by adding the vegetation-induced source and sink terms, respectively,
into the transport equations of turbulence kinetic energy and length
scale. The enhanced model has resulted in four additional coefﬁcients:
vegetation drag coefﬁcient CD and inertia coefﬁcient CM in the momentum equations, and the drag-related coefﬁcients Cq and Cl in the turbulence equations. The inertia coefﬁcient CM is set to 2 and Cq is taken as
unity. Cl has been calibrated to 0.01 for all cases tested in this study.
The drag coefﬁcient CD has been calibrated. The model also adopts the
empirical formulas of White (2005) and Tanino and Nepf (2008) to
determine CD. The enhanced model was ﬁrst validated using data measured in small-scale laboratory experiments of ﬂows over artiﬁcially
vegetated ﬂumes. The model was further applied to a coastal case
study using the ﬁeld observations in Jamaica Bay, NY, during Hurricane
Irene.
The model validation demonstrated the ability of the enhanced
model to accurately capture the complex ﬂow–vegetation interactions.

The empirical formulas for drag coefﬁcient were successfully adopted
in the model, and performed well, although these formulas have been
established based on laboratory experiments under different conditions
from those investigated in this study. This implies that the empirical
formulas may be adopted by numerical models to determine the
vegetation drag coefﬁcient in a coastal case study. It was found that
the vegetation form drag added in the momentum equations is the
dominant contributor in simulating ﬂow–vegetation interactions. The
inﬂuence of inertia force on the modeled mean ﬂow velocity and turbulence characteristics was negligible. Furthermore, the vegetationinduced terms in the modiﬁed Mellor–Yamada turbulence closure
model showed only a minor contribution to the model performance.
This is because the closure model calculates the turbulence quantities
based on the mean ﬂow velocity calculated from the modiﬁed momentum equations, which exhibits enhanced shear from the vegetation's
form drag.

Fig. 11. Impact of Jamaica Bay's present-day salt marshes on the peak depth-averaged velocity induced by Hurricane Irene. Velocity represents the magnitude of horizontal components of
depth-averaged velocity. Negative value means reduction.
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We illustrated that combining the vegetation-induced resistance
with the bottom roughness leads to an incorrect vertical distribution
of ﬂow velocity and turbulence characteristics within the water column.
Therefore, for example, 2-D depth-averaged models based on the traditional Manning friction approach may not be applicable to the engineering problems where the vertical distribution of ﬂow properties is
important, such as modeling sediment and contaminant concentration
proﬁles in a vegetated water column. On the other hand, 2-D models
can be used to simulate the inﬂuence of vegetation on the water level
(e.g. Wamsley et al., 2010). The advantage of 2-D models is that they
are computationally cheaper than 3-D models.
The enhanced model was successfully implemented to simulate the
impacts of Jamaica Bay's salt marshes on the storm tide generated by
Hurricane Irene in 2011. Good agreements were obtained between the
observed and modeled water elevation time series. The model revealed
that the salt marshes played a minor role in reducing the peak stillwater surface elevation induced by Irene. However, the marshes caused
lower velocities within the vegetated areas and higher velocities within
the deep channels in the perimeter of the bay as well as the shallow
channels surrounding the marsh islands.
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