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Conversion Factors 
 
International System of Units to U.S. customary units

Multiply By To obtain

Length

micrometer (µm) 0.0000394 inch (in.)
millimeter (mm) 0.03937 inch (in.)
centimeter (cm) 0.3937 inch (in.)
meter (m) 3.281 foot (ft) 
meter (m) 1.094 yard (yd) 
kilometer (km) 0.6214 mile (mi)
kilometer (km) 0.5400 mile, nautical (nmi) 

Area

square meter (m2) 0.0002471054 acre
square kilometer (km2) 247.1 acre
square kilometer (km2) 0.3861 square mile (mi2)

Volume

cubic meters (m3) 35.31 cubic foot (ft3)
cubic kilometers (km3) 0.239913 cubic mile (mi3)

Velocity

meter per second (m/s) 3.281 foot per second (ft/s) 
Kinematic viscosity

square meter per second (m2/s) 10.7639 square foot per second (ft2/s)
Density

kilogram per cubic meter (kg/m3) 0.062428 pound per cubic foot (lb/ft3)
Mass

metric ton (t) 2,204.62 pound (lb)
Pressure

kilopascal (kPa) 0.00986923 atmosphere, standard (atm)
kilopascal (kPa) 20.885472 pound per square foot (lb/ft2)

Datums

Horizontal coordinate information is referenced to the North American Datum of 1983 (NAD 83).
Vertical coordinate information is referenced to the North American Vertical Datum of 1988 (NAVD 88).
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 Abstract
The salt marshes of Jamaica Bay, managed by the New 

York City Department of Parks & Recreation and the Gateway 
National Recreation Area of the National Park Service, serve 
as a recreational outlet for New York City residents, mitigate 
flooding, and provide habitat for critical wildlife species. 
Hurricanes and extra-tropical storms have been recognized 
as one of the critical drivers of coastal wetland morphology 
due to their effects on hydrodynamics and sediment transport, 
deposition, and erosion processes. However, the magnitude 
and mechanisms of hurricane effects on sediment dynamics 
and associated coastal wetland morphology in the northeastern 
United States are poorly understood. In this study, the depth-
averaged version of the Delft3D modeling suite, integrated 
with field measurements, was utilized to examine the effects 
of Hurricane Sandy and future potential hurricanes on salt 
marsh morphology in Jamaica Bay, New York City. Hurricane 
Sandy-induced wind, waves, storm surge, water circulation, 
sediment transport, deposition, and erosion were simulated by 
using the modeling system in which vegetation effects on flow 
resistance, surge reduction, wave attenuation, and sedimenta-
tion were also incorporated. Observed marsh elevation change 
and accretion from a rod surface elevation table and feldspar 
marker horizons and cesium-137- and lead-210-derived 
long-term accretion rates were used to calibrate and validate 
the wind-waves-surge-sediment transport-morphology 
coupled model. 

The model results (storm surge, waves, and marsh depo-
sition and erosion) agreed well with field measurements. The 
validated modeling system was then used to detect salt marsh 
morphological change due to Hurricane Sandy across the 
entire Jamaica Bay over the short-term (for example, 4 days and 
1 year) and long-term (for example, 5 and 10 years). Because 

Hurricanes Sandy (2012) and Irene (2011) were two large and 
destructive tropical cyclones which hit the northeast coast, 
the validated coupled model was run to predict the effects 
of Sandy-like and Irene-like hurricanes with different storm 
tracks and wind intensities on wetland morphology in Jamaica 
Bay. Model results indicate that, in Jamaica Bay salt marshes, 
the morphological changes (greater than 5 millimeters [mm] 
determined by the long-term marsh accretion rate) caused by 
Hurricane Sandy were complex and spatially heterogeneous. 
Most of the erosion (5–40 mm) and deposition (5–30 mm) 
were mainly characterized by fine sand for channels and bay 
bottoms and by mud for marsh areas. Hurricane Sandy-generated 
deposition and erosion were generated locally. The storm-
induced net sediment input through Rockaway Inlet was only 
about 1 percent of the total amount of the sediment reworked 
by the hurricane. Salt marshes inside the western part of the 
bay showed erosion overall while marshes inside the eastern 
part showed deposition from Hurricane Sandy. Model results 
indicated that most of the marshes could recover from Hur-
ricane Sandy-induced erosion after 1 year and demonstrated 
continued marsh accretion after the hurricane over the course 
of long simulation periods although the effect (accretion) was 
diminished. Local waves and currents generated by Hurricane 
Sandy appeared to play a critical role in sediment transport 
and associated wetland morphological change in Jamaica Bay. 
Hypothetical hurricanes, depending on their track and inten-
sity, cause variable responses in spatial patterns of sediment 
deposition and erosion compared to simulations without the 
hurricane. In general, hurricanes passing west of the Jamaica 
Bay estuary appear to be more destructive to the salt marshes 
than those passing the east. Consequently, marshes inside the 
western part of the bay were likely to be more vulnerable to 
hurricanes than marshes inside the eastern part of the bay. 
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Introduction
With Congressional funding provided to the Depart-

ment of the Interior following Hurricane Sandy in 2012, 
the U.S. Geological Survey (USGS) conducted an interdis-
ciplinary study to develop a wetland-hurricane modeling 
system to assess and predict the short- and long-term effects 
of Hurricane Sandy and hypothetical hurricanes on wetland 
morphology in Jamaica Bay, New York City, New York. This 
study was one of the projects of Theme 5: Impacts to Coastal 
Ecosystems, Habitats, and Fish and Wildlife of the USGS’s 
response to Hurricane Sandy. This research was a large collab-
orative effort among USGS, Louisiana State University, New 
York City Department of Parks & Recreation, National Park 
Service, and Stevens Institute of Technology.

Jamaica Bay Estuary

The Jamaica Bay estuary is located in Brooklyn and 
Queens, New York City, on the western end of the south shore 
of the Long Island land mass (fig. 1). It covers about 107 square 
kilometers (km2) and opens into the Atlantic Ocean by way 
of Rockaway Inlet on the southwest. Jamaica Bay Wildlife 
Refuge (JBWR), part of the National Park Service-Gateway 
National Recreation Area (NPS-GNRA), is located within 
Jamaica Bay. Established in 1972, GNRA is the Nation’s first 
urban national park and the largest tidal wetland complex 
in the New York metropolitan area. Some fringing marshes 
are located outside the wildlife refuge and lie outside the 
GNRA boundaries. These are managed by the New York City 
Department of Parks & Recreation (Hartig and others, 2002). 
Jamaica Bay consists of narrow channels and tidal marsh 
islands that are exposed during low tides (tide range is about 
1.6 meters [m]). Navigable channels, approximately 10 m in 
depth, encircle most of the outer ring of the bay. Navigable 
tributaries, such as Pumpkin Patch Channel and Broad 
Channel, connect to the main channels, which include North 
Channel, Island Channel, and Beach Channel (fig. 2). Tidal 
exchange with the Atlantic Ocean is through Rockaway Inlet 
(figs. 1 and 2).

Jamaica Bay is an estuary with diverse habitats, includ-
ing open water, coastal shoals, bars, mudflats, intertidal salt 
marshes, and upland areas. It provides critical ecological 
and economic value to the State of New York and the nation. 
Prior to 1865, Jamaica Bay was known for its abundance and 
diversity of shellfish as well as its importance as a nursery and 
feeding ground for many species of birds and fish because of 
its extensive marsh islands, tidal creeks, mudflats, and brack-
ish water (Brown, 1981). However, extensive anthropogenic 
activities have altered Jamaica Bay. For example, natural flow 

of water and sediment into the bay has been affected by resi-
dential, commercial, and transportation development, channel 
dredging, stormwater runoff diversion, and sewage treatment 
plant operations (Kolker, 2005; Benotti and others, 2007; 
Swanson and Wilson, 2008; Talke and others, 2014; Wigand 
and others, 2014).

From 1924 to 1999, Jamaica Bay experienced a conver-
sion of more than 50 percent of its vegetated saltmarsh islands 
into nonvegetated intertidal and subtidal mudflats (Hartig 
and others, 2002). Between 1951 and 2008, about 6.5 km2 of 
salt marsh were lost, about 0.125 square kilometers per year 
(km2/yr; Rafferty and others, 2011); the present rate of loss has 
increased to 0.16–0.20 km2/yr (Harmon, 2006). Marsh losses 
prior to the GNRA’s establishment were mainly the result 
of direct dredging and filling activity in wetlands; the more 
recent losses are from marsh erosion (fig. 3) and inundation. 
It has been predicted that without further restoration, manage-
ment, and protection actions, salt marshes in Jamaica Bay will 
disappear by 2024 (Steinberg and others, 2004). 

The stressors contributing to marsh loss in Jamaica Bay 
include (1) increases in the frequency and duration of marsh 
flooding and tidal hydrodynamics due to anthropogenic 
changes to the tidal range (Swanson and Wilson, 2008; Talke 
and others, 2014); (2) sea-level rise (2.77 millimeters per year 
[mm/yr] at the Battery tide gage station during 1856–1996, 
Hartig and others, 2002; and recently 3.05 mm/yr during 
1900–2013, Horton and others, 2015); (3) shallow subsidence 
in part due to reduced root production caused by nutrient, 
particularly nitrogen, overloading (Benotti and others, 2007; 
Wigand and others, 2014); (4) insufficient sediment supply 
from marine and riverine sources and significant amounts 
of sediment trapped in deep “borrow pits” rather than being 
transported to the marsh surface (starving salt marshes), 
among others (Rafferty and others, 2011). Some research has 
shown that although climate is an important driver of mineral 
deposition and accretion, accretion rates do not appear to be 
related to salt marsh loss in the bay and seem to be related to 
eutrophication and organic matter inputs (for example, Kolker, 
2005). Nevertheless, the magnitude and mechanism of marsh 
erosion both vertically and laterally under climate change and 
human disturbance are rarely studied simultaneously with 
marsh accretion. Additionally, variations in bathymetry, tidal 
range, circulation patterns, and climate (for example, wind 
speed, wind direction, the fetch, wave height, and wave direc-
tion) and vegetation distribution may affect sediment (re)sus-
pension, transport, settling, deposition, erosion, retention and 
marsh accretion and erosion. All of these are expected to show 
spatial variability (Kolker, 2005; Liu and others, 2015), result-
ing in accretion rates sufficient to keep pace with the relative 
sea-level rise (RSLR) at some marsh sites but insufficient to 
keep pace with the RSLR in other marsh sites. 
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Changes in the bay’s elevation contours by the west-
ward progression (about 1.4 km) of the Rockaway Peninsula 
between the mid-1800s to the 1930s, the dredging of naviga-
tional channels, the stabilization of Rockaway Inlet, landfills, 
armoring of the shoreline periphery, and the construction of 
John F. Kennedy International (JFK) Airport in early 1940s 
with its runway into the bay have reduced sediment transport 
or affected water circulation (Black, 1981; Swanson and 
Wilson, 2008; Renfro, 2010; Talke and others, 2014). The 
tributaries, basins, tidal creeks, and canals within Jamaica Bay 
have also been highly altered over the years and tend to have 
little or no freshwater flow aside from the combined sewer 
outfalls. Borrow pits, other areas such as Grassy Bay (fig. 2) 
from which sandy sediment was dredged to construct JFK Air-
port, and deep navigation channels may be acting as sediment 
sinks (Swanson and Wilson, 2008). Historical evidence indi-
cates that prior to 1900 the bay was a weakly ebb-dominated 
system, while in present day, the bay is a flood-dominated 
system (e.g., Swanson and Wilson, 2008). The increased wave 
energy and sediment flushing time caused by the deeper aver-
age depths after construction may affect sediment accretion. 
There is also the possibility that nitrogen-enriched water is 
causing an excessive growth of sea lettuce (Ulva lactuca L.), 
which is carpeting the bay’s bottom and mudflat (fig. 3) and 
preventing sediments from being resuspended into the water 
for redistribution onto the marsh surfaces (Hartig and others, 
2002; Wigard and others, 2014). The substantial marsh loss 
that is already occurring implies that accretion rates in Jamaica 
Bay may be insufficient, even at present rates of sea-level 
rise (SLR), to compensate for losses due to erosion and other 
factors (Hartig and others, 2002). 

Coastal ecosystem evolution and resilience under climate 
change, SLR, and increased frequency and intensity of hurricanes 
and storms depend on sufficient vertical accretion and wet-
land mass continuity (Cahoon, 2006; Turner and others, 2006; 
Wigand and others, 2014; Miselis and others, 2015). The 
fundamental material for such accretion and wetland mass 
continuity is sufficient mineral sediment supply, delivery, and 
deposition onto wetland surface for the plants to colonize and 
to allow for the vegetation community to evolve. Therefore, 
sediment management is a major component of marsh restora-
tion in Jamaica Bay to mitigate wetland loss. Nevertheless, it 
is still unclear whether or not Jamaica Bay salt marshes can be 
self-sustaining in the long run in the face of projected climate 
change, SLR, hurricanes and storms, eutrophication, and inad-
equate sediment supply to the marsh surface. Any activities 
related with sediment movement onto salt marshes in Jamaica 
Bay will play a critical role in the resilience and sustainability 
of the bay because marsh resilience is strongly related to sedi-
ment supply (Fagherazzi and others, 2013b).

Hurricane Sandy

Large-scale storm events may be an important com-
ponent in sediment transport processes and marsh surface 

accumulation, especially for coasts under sediment-poor, 
sand-starved, and low energy conditions (Goodbred and Hine, 
1995; Cahoon, 2006). Hurricane Sandy provides a critical 
opportunity for studying the effects of hurricanes on short-term 
sedimentation and erosion and long-term morphologic changes 
in the salt marshes of Jamaica Bay. Hurricane Sandy was an 
extreme storm (1,850 km in diameter, three times of the size of 
Hurricane Katrina in 2005) with a long return interval (about 
700 years for path and about 100 years for magnitude of 
flooding) (Blake and others, 2013; Sopkin and others, 2014). 
A new analysis indicates that Hurricane Sandy was the larg-
est hurricane at New York Harbor (fig. 1) since at least 1700 
with a return period of 260 (170–420) years for flood (Orton 
and others, 2016). Hurricane Sandy made landfall at 23:30 
Coordinated Universal Time (UTC; timed with the full-moon 
high tide) near Brigantine, New Jersey, approximately 130 km 
southwest of Jamaica Bay (fig. 4), on October 29, 2012, 
with maximum sustained winds of 130 kilometers per hour 
(kph) and a central pressure of 945 millibars (mb), delivering 
hurricane-force winds and storm tides (e.g., 3.4 m above 2012 
mean sea level [MSL] at the Battery gage station, NY, fig. 1) 
(Brandon and others, 2014). Hurricane Sandy caused severe 
flooding along portions of the northeast coast, including 1,132 km2 
of New York City (Orton and others, 2015a), and breaches 
across barrier islands in New Jersey and New York such as 
Fire Island (fig. 1) (Sopkin and others, 2014). East and West 
Ponds, two freshwater ponds within the JBWR (fig. 1), were 
breached by Hurricane Sandy storm surge and waves and were 
inundated with saltwater (American Littoral Society, 2012). 
Consequently, the land that formerly stood between the ponds 
and Jamaica Bay, including part of the loop trail around West 
Pond, was washed away. More importantly, the breaches have 
transformed the ponds entirely, and rendered them unable to 
support the species that depended upon them for freshwater.

Previous Studies

Hurricanes and tropical cyclones are among the important 
driving forces that reshape coastal landscape quickly and 
affect long-term estuary resilience and sustainability through 
their long-term impact on coastal wetland morphology 
(Cahoon and others, 1995; Nyman and others, 1995; Cahoon, 
2006). They can directly affect soil elevation by sediment 
deposition, erosion, compaction, soil water flux (shrink and 
swell), and lateral tearing and folding of vegetated substrate. 
The end result can be conversion of marshes into mudflats or 
even into open water, or increased vegetation mortality can 
be caused by increased salinity exceeding the vegetation’s 
threshold of salt tolerance as a result of saltwater intrusion 
(Cahoon, 2006). On the contrary, storms can also deliver 
enough sediment to raise soil surface elevation and stimulate 
organic matter production, thus helping coastal wetlands to 
survive rising sea level and subsidence (Chmura and Kosters, 
1994; Cahoon, 2006; Turner and others, 2006; Tweel and 
Turner, 2012). The effect of major hurricanes on sediment 
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accumulation can be detected by identifying the coincidence 
of cesium-137 (137Cs) and lead-210 (210Pb) activity peaks with 
mineral peaks, indicating that although storm-induced sediment 
may become reworked by physical or biological processes, 
some of the storm-induced sediment is indeed retained and 
incorporated into the long-term sediment accumulation for 
maintaining surface elevation (Chmura and Kosters, 1994). 
The thickness of newly deposited mud on Louisiana’s coastal 
wetlands during Hurricane Katrina was 5.18 ± 7.7 centimeters 
(cm; range: 0–68 cm) (Turner and others, 2006; McKee and 
Cherry, 2009). A single hurricane deposit may be the equiva-
lent of over a century of nonstorm-surge sedimentation in 
coastal Louisiana’s wetlands (Williams and Flanagan, 2009). 
In coastal Louisiana, it was estimated that the long-term hurricane 
sedimentation rate is about 0.24 centimeter per year (cm/yr), 
approximately 25 percent of the total long-term vertical accre-
tion rate (Nyman and others, 1995). In the Chenier Plains 
west of coastal Louisiana, Hurricane Rita (2005) may have 
contributed 27–66 percent of the long-term sedimentation, 

based on the estimated recurrence interval of large hurricanes 
(Williams and Flannagan, 2009). Hurricanes can simultane-
ously influence surface and subsurface soil processes where 
the net outcome of soil elevation is not always predictable 
solely from the observed effects of sediment deposition and 
erosion. This influence of large storms on subsurface processes 
appears to be the single most important difference between 
high frequency, low magnitude cold fronts or winter storms 
and low frequency, high magnitude hurricanes (Cahoon and 
others, 1995). The greatest impact on erosion and deposition 
in coastal wetlands could be caused by hurricane-force winds 
(greater than or equal to 74 miles per hour [mph]), not by the 
passage of winter fronts (Chmura and Kosters, 1994). 

No field observations on sediment deposition and erosion 
due to Hurricane Sandy were reported for wetlands along the 
New Jersey or New York coasts. Nevertheless, evidence of 
Hurricane Sandy-induced sediment deposition/erosion has 
been provided for other types of coastal systems. For example, 
deposition associated with Hurricane Sandy (5–20 cm) was 

Major hurricane
Hurricane
Tropical storm
Tropical depression

Wave/low
Extratropical
Position/date at 12:00 UTC

+ + +

2323

EXPLANATION

Base from Blake and others, 2013

Brigantine

Figure 4.  Track of Hurricane Sandy during October 22–29, 2012, and landfall on October 30, 2012, along the northeast coast 
(source: Blake and others, 2013).
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found from four cores extracted from Seguine Pond (about 
1.2 m back barrier) on the southern coast of Staten Island (fig. 1), 
New York (Brandon and others, 2014). It was reported that 
little measurable morphological change in Barnegat Bay was 
caused by Hurricane Sandy along the southern New Jersey 
coast even though the barrier shoreline retreated by 12 m dur-
ing the storm (Miselis and others, 2015). Miselis and others 
(2015) found that within the estuary near Mantoloking, north 
of the Barnegat Bay, the storm resulted in about 250 cubic 
kilometers (km3) of deposition and about 50 km3 of erosion 
within the bay with measurable changes of ±35 cm, but 
this was localized and not widespread. A study using glider 
observations and the regional ocean modeling system (ROMS) 
found that a substantial portion of the bed in the inner conti-
nental shelf along the New Jersey and New York coasts was 
likely eroded from the northern New Jersey shelf north of the 
Hurricane Sandy track and deposited along the southern por-
tion of the shelf (Miles and others, 2015).

Sediment from hurricanes varies spatially (uneven thick-
ness or spatial discontinuity) depending on the characteristics 
of the hurricanes (for example, storm track, wind speed, areal 
extent, and forward speed), location relative to hurricane path, 
and local bathymetry and channel morphology (Chmura and 
Kosters, 1994; Turner and others, 2006; Williams and Flana-
gan, 2009; Tweel and Turner, 2012). Normally, more storm-
generated sediment deposition was found at areas closer to the 
storm track and with a higher bulk density in the top surface 
layer, a higher mineral content, and coarser grain size com-
pared to pre-storm condition or sites far away from the storm 
track (Cahoon and others, 1995; Turner and others, 2006; 
McKee and Cherry, 2009; Tweel and Turner, 2012). Hurricane 
sediment deposition thickness on marsh surfaces can extend 
several hundred meters from the tidal creek banks and shore 
edge, and decreases with distance into the marsh (Goodbred 
and Hine, 1995; McKee and Cherry, 2009). Generally, the 
overlying storm surge sediment in wetland soils is coarser than 
the pre-storm surge sediment with a lower organic content and 
the presence of offshore foraminiferal microfossils; therefore, 
the boundary can be readily identified in the field and through 
grain size analysis (Turner and others, 2006; Miselis and oth-
ers, 2015; Smith and others, 2015). 

In a general sense, hurricanes have the potential to 
mobilize and transport sediments across the coastal landscape 
as a function of increasing storm energy. Tidal, estuarine, 
and wind-driven currents can then redistribute suspended 
sediments, ultimately leading to deposition in the deeper 
waters of the bay, and, possibly, in salt marshes. Despite the 
recognition of spatial variability in storm-generated sediment 
deposition and erosion across coastal landscapes from field 
observations and marsh core sampling as well as geochrono-
logical analysis, little is known about the mechanism (specific 
physical and biological processes and controlling factors) on 
such spatial variability in hurricane-induced sedimentation 
and associated wetland morphological dynamics. At present, 
the capability of quantifying and predicting erosion, sediment 
transport, and deposition in wetlands with vegetation during 
extreme events remains very limited.

Numerical models that couple physical and ecological 
processes involved in hurricanes and tropical cyclones can be 
powerful tools to detect and predict the spatial estuarine and 
wetland morphological spatial response to hurricane/storm dis-
turbances (Hu and others, 2015; Liu and others, 2015; Miles 
and others, 2015; Xu and others, 2015). In order to simulate 
hurricane effects on wetland morphological change, physi-
cal processes, including hurricane winds, waves, storm surge, 
sediment transport, and morphological dynamics, need to be 
incorporated into the modeling system. Such modeling efforts 
have been tested for coastal areas, including storm-generated 
morphological changes in offshore shallow areas (Bentley 
and others, 2002; Miles and others, 2015; Xu and others, 
2015), low-lying barrier islands (Lindemer and others, 2010), 
and beaches and dunes (Stockdon and others, 2007). How-
ever, there are few such studies on wetland spatially-explicit 
morphological change under the influences of hurricanes and 
extratropical storms in spite of the observed hurricane-induced 
sediment deposition on wetland surface (Nyman and others, 
1995; Cahoon, 2006; Turner and others, 2006) and evidence 
of preservation of hurricane sediment in wetland soils (Smith 
and others, 2015). The lack of modeling hurricane-induced 
sediment movement in coastal wetlands greatly limits the 
capability to predict wetland morphologic change under the 
increased impacts of storms due to climate change. Further-
more, the interactions between wetland vegetation and these 
physical processes need to be explored and quantified in order 
to detect wetland responses to hurricanes. For example, previ-
ous field and modeling studies show that the magnitude of 
vegetation-generated flow resistance, storm surge reduction, 
wave attenuation, bed shear stress, and associated sediment 
delivery, deposition, and erosion vary with the vegetation’s 
physical characteristics (stem height, density, diameter, and 
flexibility) (Temmerman and others, 2005; Loder and others, 
2009; Nardin and Edmonds, 2014; Zhao and Chen, 2014, 2016; 
Chen and others, 2016). However, no studies have examined 
hurricane effects on the spatial patterns and changes in sedi-
ment movement and wetland morphology across salt marshes 
in Jamaica Bay using a fully dynamic numerical modeling 
approach. This integrated modeling and field investigation is 
important in that it provides quantitative information about 
wetland morphologic dynamics in the salt marshes of Jamaica 
Bay under future predicted climate change-induced acceler-
ated SLR and hurricanes or storms of increased frequency and 
intensity so that proactive management and restoration can be 
planned and evaluated.

Purpose and Scope

The specific objectives of this project are to (1) develop 
an integrated high-resolution numerical modeling system that 
couples winds, waves, storm surge, sediment transport, and 
wetland morphologic dynamics by incorporating new parame-
terizations of momentum and energy dissipation caused by the 
salt marshes, (2) determine the magnitude and understand the 
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mechanism of sediment movement onto salt marshes by Hur-
ricane Sandy and its short-term (event and 1 year) and long-
term (multiple years and decadal) effects on spatial wetland 
morphological changes across Jamaica Bay, and (3) predict the 
effects of potential future hurricanes on spatial sediment depo-
sition, erosion, and marsh morphology in Jamaica Bay. Some 
specific issues will be addressed in this study: (1) the magni-
tude and spatial patterns in Hurricane Sandy-induced sediment 
deposition and erosion in Jamaica Bay and associated salt 
marsh islands; (2) the sources of Sandy-induced sedimenta-
tion on wetlands; (3) the driving forces for hurricane-induced 
wetland morphological changes; and (4) the role of saltmarsh 
vegetation on sediment transport, deposition, and erosion in 
Jamaica Bay. 

This field observation and process-based numerical 
modeling integrated study may be helpful to the NPS-GNRA, 
New York City Department of Parks & Recreation, U.S. Army 
Corps of Engineers (USACE), and other interested parties in 
support of their decisionmaking process. This study is of great 
importance for the best management of saltmarsh protection 
and restoration activities under climate change, SLR, and 
increased frequency and intensity of hurricanes and tropical 
storms to mitigate the loss of wetlands and associated eco-
system services not only in Jamaica Bay, but also wetlands in 
other Northeast Atlantic coastal regions.

Methods
The process-based numerical model package, the Delft3D 

model (Deltares, 2017) was used to develop the hurricane-
wetland morphology model and to simulate the effects of 
Hurricane Sandy and potential future hurricanes on spatial 
patterns of sediment deposition and erosion and associated 

wetland morphological change in salt marshes of Jamaica 
Bay. The theory and governing equations of the wind, waves, 
storm surge, sediment transport models and their coupling to 
detect salt marsh morphological change are described in more 
detail in the section “Modeling System.” The nested compu-
tational model domains, model parameters, and initial and 
boundary conditions are described in the section of “Model 
Setup.” Afterward, the methodologies of model calibration and 
validation, long-term simulations, and design of hypothetical 
hurricanes are also described in detail.

Modeling System

The Delft3D model suite has had international applica-
tion, and is capable of simulating flow, sediment transport, 
waves, water quality, morphological changes, and ecological 
processes in coastal, riverine, and estuarine environments 
(Lesser and others, 2004; Temmerman and others, 2005; Hu 
and others, 2009, 2015; George and others, 2012). The model 
suite consists of several modules that can interact with each 
other, including flow, waves, sediment transport, water qual-
ity, and morphology. In this study, hurricane winds, waves, 
storm surge, and sediment transport processes were integrated 
into a coupled modeling system for the development of the 
hurricane-wetland morphology model for the Jamaica Bay 
wetlands (fig. 5).

Wind Model

To simulate the effects of hurricanes on wetland morphol-
ogy, hurricane wind fields need to be captured; however, the 
Delft3D model did not contain a wind module that could rea-
sonably capture wind fields during large, complex hurricanes. 
Therefore, an improved asymmetric Holland-type vortex wind 

Hurricane Winds
(Hu and others, 2012)

Waves
(Delft3D-WAVE)

Hydrodynamics and
Sediment Transport

(Delft3D-FLOW) 

Morphology
(Delft3D-MOR)

Vegetation
Astronomical

Tide  

Figure 5.  Structure of the morphology modeling system for Jamaica Bay, which 
couples wind, waves, storm surge, and sediment transport.
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model (Hu and others, 2012) was used to generate surface 
wind fields by Hurricane Sandy and future potential hurricanes 
over the large geographic domain covering Cape May, Long 
Island, Nantucket Island, and New York Bight. Three improve-
ments have been made to retain consistency between the input 
parameters and the model output and to better resolve the 
asymmetric structure of the hurricane. First, to determine the 
shape parameter in the Holland-type wind model, the Coriolis 
effect was included and the range restriction was removed. 
Second, the effect of the translational velocity of the hurricane 
was excluded from the input of specified wind speeds before 
applying the Holland-type vortex to avoid exaggeration of 
the wind asymmetry. Third, a new method was introduced to 
develop a weighted composite wind field that makes full use 
of all the wind field parameters. The wind model creates a 
two-dimensional surface wind field based on the National Hur-
ricane Center (NHC) Automated Tropical Cyclone Forecasting 
(ATCF) best track data (ftp://ftp.nhc.noaa.gov/atcf/archive/). 
The simulated wind fields were used to force hurricane waves 
and storm surges. 

Wave Model
Wind-generated waves produce bottom shear stresses 

important to sediment resuspension in shallow and vegetated 
areas. The SWAN (Simulating WAves Nearshore) model was 
used to compute storm-generated wave parameters including 
significant wave height, peak period, and direction of the 
wave field at each grid point in order to compute wave-current 
combined bottom shear stress. The SWAN model solves the 
spectral wave action balance equation without inferred restric-
tions on the spectrum for the evolution of wave growth. This 
equation represents the effects of wave propagation, refraction, 
shoaling, generation, dissipation, and nonlinear wave-wave 
interactions. In Cartesian coordinates, the governing equation 
can be expressed as:

 
x y

SN c N c N c N c N
t x y σ θσ θ σ

∂ ∂ ∂ ∂ ∂+ + + + =
∂ ∂ ∂ ∂ ∂              

(1)

where 
	 N 	 is action density, 
	 cx and cy 	 are the propagation velocities of wave energy 

in spatial x-, y-space, 
	 cσ and cθ 	 are the propagation velocities in spectral 

space σ-, θ-space, and 
	 S 	 is the source term in terms of energy 

density representing the effects of wave 
generation, dissipation, and nonlinear 
wave-wave interactions. 
 

The first term on the left-hand side of this equation represents 
the local rate of change of wave action density in time, the 
second and third term represent propagation of wave action in 
geographical space (with propagation velocities cx and cy in the 
x- and y-dimension, respectively). The fourth term represents 
shifting of the relative frequency due to variations in depths 
and currents (with propagation velocity cσ in the σ-space). 

The fifth term represents depth-induced and current-induced 
refraction (with propagation velocity cθ in the θ-space). The 
expressions for these propagation speeds are taken from the 
linear wave theory. 

Wave dissipation due to vegetation, as one of the source 
terms, is based on the cylinder approach of Dalrymple and 
others (1984). Mendez and Losada (2004) extended this 
approach for irregular waves. The expression of vegetation-
induced wave dissipation term is expressed by the following 
equation: 

( )
3 3

2
, 3

2 3 ,
3ds veg D v v tot

k sinh k h sinhk hS g C b N E E
kcosh kh
α α σ θ

π σ
  += −   

  


    
(2)  

where 
	 g 	 is gravitational acceleration,
 	 DC  	 is the bulk drag coefficient,
 	 vb  	 is the stem diameter of plant,
 	  vN  	 is the number of plants per square meter, 
 	 k 	 is the wave number,
 	 k  	 is the mean wave number,
 	 σ  	 is the mean angular frequency, 
 	 hα  	 is the effective vegetation stem height, 
 	 ( ),E σ θ  	 is the energy density, and 
 	 totE  	 is the total energy. 

 
The current version of the Delft3D suite has a limitation that 
only one type of vegetation can be included in the wave module. 
In this study, a representative set of vegetation parameters 
(average values for low marsh and high marsh, refer to 
“Model Parameters”) were chosen for the study area. 

Flow Model
The wind and wave models were coupled with the 

hydrodynamic model in Delft3D (Delft3D-FLOW) to hindcast 
waves and storm surge caused by Hurricane Sandy and future 
potential hurricanes. The Delft3D-FLOW model computes 
flow characteristics (water depth, flow velocities and directions, 
turbulence characteristics). The effects of vegetation on flow 
characteristics were represented by considering the influence 
of the plant structures on drag and turbulence. The coupled 
model has been successfully applied to the simulations of 
storm surge height and water levels of Hurricanes Katrina 
(2005), Gustav (2008), and Isaac (2012) along the Gulf Coast 
(Chen and others, 2008; Dietrich and others, 2011; Hu and 
other, 2015). Although the coupled model was focused on 
the northeastern Gulf of Mexico, the generally good model/
observation agreement has demonstrated the effectiveness of 
the integrative approach to wave and surge predictions in a 
complex coastal environment, including Jamaica Bay along 
the North Atlantic coast.

The main component of the Delft3D model, Delft3D-
FLOW, is a multi-dimensional (2D or 3D) hydrodynamic (and 
transport) simulation program that solves the Navier-Stokes 
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equations for an incompressible flow, under the shallow 
water and the Boussinesq assumptions, and computes sedi-
ment transport and updates morphology simultaneously with 
the flow. The vertically integrated governing equations in a 
Cartesian coordinate (x, y) are

( ) ( )d u d v
Q

t x y
   ∂ + ∂ +∂    + + =

∂ ∂ ∂
ζ ζζ

              
(3)

0

x
x x

Pu u uu v fv F M
t x y

−∂ ∂ ∂+ + + = + +
∂ ∂ ∂ ρ               

(4)

 0

y
y y

Pv v vu v fu F M
t x y

−∂ ∂ ∂+ + − = + +
∂ ∂ ∂ ρ              

(5)

where
	 t	 is time, 

	 d  	 is the local water depth,

	 ζ  	 is the free-surface elevation above mean sea 
level,

 	 u and v 	 are depth-averaged velocity in the x or y 
direction,

	 Q  	 is the discharge or withdrawal of water, 
precipitation, and evaporation,

	 f  	 is the Coriolis coefficient,

	 Px  and Py  	 are the pressure gradient, 

	 xF  and yF  	 are the turbulent momentum flux in the x or y 
direction, and

xM  and yM  	 represent other source and sink terms in the 
momentum equations including the free-
surface wind stress, bottom shear stress 
under currents and waves, wave radiation 
stress, and vegetation-induced drag. 
 

Vegetation plays a unique role in coastal protection by 
attenuating strong winds, waves, and storm surge. In our 
model, the flow resistance caused by vegetation drag was 
modeled as sink terms, 2 21

2
u u vλ− +

 
and 2 21

2
v u vλ− + , in 

the momentum equations, and it was strictly separated from 
the bed friction itself (without vegetation) to avoid unrealistic 
exaggeration of bed shear stress for sediment transport (Bap-
tist, 2005). For submerged vegetation, 

D v vC b Nλ =                               (6)

For nonsubmerged vegetation,
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where 
	 CD  	 is the vegetation drag coefficient, 
	 Cb 	 is the roughness of the bed without 

vegetation,
	 h  and hv 	 are the local water depth and vegetation 

height, respectively, and 
	 K 	 is the von Karman constant. 

 
Two approaches are available to represent wetland veg-

etation in the Delft3D-FLOW and SWAN models. The first 
approach uses an enhanced Manning’s roughness coefficient 
that is spatially assigned according to land-cover classes. The 
second approach treats vegetation as a series of rigid cylindri-
cal structures described by vegetation parameters, such as 
stem height and diameter, and population density. In Delft3D-
FLOW, the trachytopes (roughness) functionality is used to 
consider vegetation effects with the second approach. This 
functionality allows the user to specify the bed roughness on a 
sub-grid level by defining and using various land use or rough-
ness/resistance classes. The first approach can only roughly 
distinguish different types of wetland (for example, woody 
wetland and herbaceous wetland) and is usually applied to 
large-scale simulations. For example, according to the USGS 
National Land Cover Database (NLCD) in 1992 (Vogelmann 
and others, 2001), the Manning’s coefficient values are 0.02, 
0.55, and 0.11 for open water, woody wetlands, and herbaceous 
wetlands, respectively (Bunya and others, 2010). Subsequent 
research indicates friction coefficients of about 0.4 for wet-
lands (Wang and others, 2007). The second approach deals 
with detailed vegetation parameters and can be applied to 
small-scale simulations to probe the effects of vegetation with 
various specific biophysical characteristics such as stem height 
and density. Both approaches were employed in this study. In 
the ocean-scale and regional domains, the first approach with 
Manning’s coefficients was used (see tables 3–5 in Bunya and 
others [2010] for Manning’s n values associated with different 
land-cover classes), while in the local and bay-wide domains, 
the second approach with trachytopes was used to account for 
vegetation effects.

Coupling of Flow Model and Wave Model

The flow model (Delft3D-FLOW) provides water levels 
and currents to the wave model (Delft3D-WAVE or SWAN). 
The wave model provides wave parameters to the flow model 
for calculations of radiation stresses and combined wave-
current bed shear stresses. The time step for the flow model 
is 3–360 seconds, depending on domain resolutions; the time 
step for the wave model is 1 hour. The two models provide 
updated simulation results to each other every hour. The bed 
shear stress caused by the combination of waves and a current 
( ′ τcw) is enhanced beyond the value which would result from a 
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linear addition of the bed shear stress due to waves, ′ τw, and 
the bed shear stress due to a current,  ′ τc . Various, often very 
complex, methods exist to describe the bottom boundary layer 
under the combined current and wave action and the resulting 
virtual roughness. 

Sediment Transport and Morphology Model
The sediment transport model (embedded in Delft3D-

FLOW) and morphology model (Delft3D-MOR) in Delft3D, 
coupled with the flow model, were used to simulate a 
sequence of sediment transport, suspension, erosion, and 
deposition in Jamaica Bay caused by Hurricane Sandy and 
the hypothetical hurricanes. The sediment model computes 
suspended sediment concentrations and sedimentation/ero-
sion rates at each time step and each grid cell on the basis of 
the 3D advection-diffusion equation for suspended sediments 
(Lesser and others, 2004; Hu and others, 2009; George and 
others, 2012; Liu and others, 2015). Most of the sediment is 
eroded and resuspended from the channel bottom and banks, 
where the velocities are high and vegetation does not protect 
the substrate. Therefore, erosion at the mudflat-marsh edge 
by waves was explored with wind, waves, tides (for example, 
flood and ebb flows), velocity, and vegetation characteristics. 
For sediment transport, velocity and turbulence results from 
the hydrodynamics model were used to calculate the advec-
tion and diffusion of the sediment. The resulting concentration 
and new distribution of the sediment were then incorporated 
into the hydrodynamic model, and the velocity and turbulence 
were recalculated. This feedback cycle was repeated for the 
duration of each simulation. 

In the sediment model, the transport of suspended sedi-
ment is governed by the advection-diffusion equation:
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(9)

where 
	 c  	 is mass concentration of a certain sediment 

fraction; 
	 u, v, and w 	 are flow velocity components; 
	ɛx , ɛy , and ɛz 	 are the eddy diffusivities of sediment fraction; 

and
ws  is the sediment setting velocity of the sediment fraction. 
At the water surface boundary, the vertical flux through the 
free surface is set to zero, which is 

0,ats z
cw c z
z

∂− − = =
∂

ε ζ                   (10)

where z ζ=  is the location of the free surface.

For cohesive sediment fraction (mud), the settling 
velocity is set at 5*10–4 meters per second (m/s; table 3). For 
noncohesive sediment fraction (sand), the settling velocity is 
calculated from sediment diameter by using the formula by 
Van Rijn (1993):
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(11)

where 

	 s  	 is the sediment relative density /s wρ ρ ; 
	 Ds  	 is the representative diameter; and 
	 µ  	 is the kinematic viscosity coefficient of water, 

in square meters per second. 

The exchange of material in suspension and the bed is 
modeled by calculating the sediment fluxes from the bottom 
computational layer to the bed, and vice versa. The boundary 
condition at the bed is given by

,ats z b
cw c D E z z
z

∂− − = − =
∂

ε
                  

 (12)

where D and E are the sediment deposition and erosion flux 
(in kilograms per square meter per second) of sediment frac-
tion, respectively. For the erosion and deposition of mud on 
the bed, the Partheniades-Krone approach (Partheniades, 
1965) was used:

( ),,s cw cr eE M S τ τ= ×                           (13)

( ),,s b cw cr dD w c S τ τ= × ×                        (14)
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where 
	 Ms � 	 represents the erosion parameter (in kilograms 

per square meter per second); 

	 ( ),,  cw cr eS τ τ 	 is the erosion step function which is equal  
 
to 

,

1cw

cr e

τ
τ

 
−     

when 
,cw cr eτ τ>  and 0 when 

 
, ; cw cr eτ τ≤

	 cb � 	 is the average sediment concentration in the 
near bottom computational layer; 
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( ),,  cw cr dS τ τ 	 is the deposition step function which is equal  

 to 
,

1 cw

cr d

τ
τ

 
−     

when 
,cw cr eτ τ>  and 0 when 

  

, ; cw cr dτ τ≥  and 

,  cr eτ  and 
,  cr dτ 	 are the critical erosion and deposition shear 

stress, respectively. 

For sand, the method in Van Rijn and others (2000) was fol-
lowed. Erosion and deposition fluxes are evaluated at the so-
called kmx-layer, which is defined entirely above Van Rijn’s 
reference height a (Van Rijn, 1993). The erosion and deposi-
tion fluxes are given as follows:

2
a kmx

s
c cE

z
α ε − =   

                          
(16) 

1 kmx sD c wα=                                (17)

where 

	 1α  and 
2α  	 are the correction factors; 

	 sε 	 is the sediment diffusion coefficient at the 
bottom of the kmx cell; 

	 ca � 	 is the reference concentration; 
	 ckmx � 	 is the average concentration at the kmx cell; 

and
	 � z  	 is the difference between the center of the 

kmx cell and Van Rijn’s reference height,  
 
� z z akmx= − .

The bedload transport of noncohesive sediment has taken 
the formula by Van Rijn (1993). Van Rijn (1993) distinguished 
between sediment transport below the reference height a, 
which is treated as bedload transport, and sediment transport 
above the reference height, which is treated as suspended load. 
Using an approximation method developed by Van Rijn and 
others (2003), the magnitude of the bedload transport is

0.5 0.7
500.006b s s eS w D M Mρ=                      

(18)

where 
	 Sb  	 is the bedload transport (in kilograms per 

meter per second), 
	 sρ  	 is the sediment density, 
	 D

50  	 is the median grain diameter, 
	 M 	 is the sediment mobility number due to waves 

and currents, 
	 Me 	 is the excess sediment mobility number, and
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where
 	 vcr  	 is the critical depth-averaged velocity for 

initiation of motion (based on the Shields 
curve);

 	 vR  	 is the magnitude of an equivalent depth-
averaged velocity computed from the 
velocity in the bottom computational layer, 
assuming a logarithmic velocity profile; 
and 

	 Uorb  	 is the wave near-bed, peak orbital velocity. 

The morphological change is the sum of the changes 
caused by suspended loads and bedloads. Normally, repeated 
inputs representing normal or abnormal physical conditions 
from field measurements are used in model coupling for long-
term simulations (De Vriend and others, 1993). Boundary 
condition inputs, such as time series of tides, winds, waves, 
and mass fluxes, cannot be specified for a decadal or longer 
time span because of the lack of field measurements. In reality, 
even if detailed field measurements of these time series of 
boundary conditions were available, it would be extremely 
time consuming for high-resolution process-based models 
to simulate decadal-scale wetland morphologic dynamics. 
To reduce computational costs in simulations of long-term 
wetland morphological changes, a morphological acceleration 
factor, fMOR, was applied to calculate/update long-term 
bathymetric change and coastline change from the real-time 
calculation values after each cycle of model computation (Hu 
and others, 2009; George and others, 2012). The fMOR factor 
assisted in dealing with the difference in time scales between 
hydrodynamic and morphological developments. It works by 
multiplying the changes in bed sediments by a constant factor, 
thereby effectively extending the morphological time step, but 
significantly reducing computation time. Ranasinghe and others 
(2011) conducted a sensitivity analysis of fMOR and found 
that the highest reported fMOR values used in simulations 
including wave forcing (on highly schematized bathymetries) 
are limited to about 50. Values of fMOR of 5 and 10 were used 
to represent morphological change over 5 and 10 years with 
the assumption that the normal wind, waves, and tidal condi-
tions in a year are the same for the consecutive years. 

δ

δ

δ
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Model Setup 
 
Model Domains

Four-level nested computational domains were designed 
and set up (fig. 6). The level-1 ocean-scale domain, which 
covered part of the North Atlantic Ocean, Gulf of Mexico, and 
Caribbean Sea, provided water level boundary conditions to 
the level-2 regional domain. As shown in figure 6A, the ocean-
scale mesh was refined near the landfall location of Hurricane 
Sandy. The level-3 basin-wide domain received boundary con-
ditions, that is, current conditions at the north, and water level 
conditions both at the west and at the east, from the regional 
domain, and provided water level conditions to the level-4 
bay-wide domain. Waves were calculated in all domains. 
Sediment transport was considered starting from the regional 
domain. Trachytopes of vegetation and morphological change 
were applied in level-3 and level-4 domains. Domain proper-
ties, such as size and resolution, can be found in table 1. The 
10-m resolution was achieved in the bay-wide domain. Due to 
its size and the small flow time step required, the level-4 bay-
wide domain is not suitable for simulation periods of several 
months or longer. It was used for short-term (for example, 
4-day) events only.

Model Parameters
Topography and bathymetry data for Jamaica Bay and 

saltmarsh wetlands (North American Datum of 1983 [NAD 83], 
UTM Zone 18, and North American Vertical Datum of 1988 
[NAVD 88]) were derived from two sources: (1) National 
Oceanic and Atmospheric Administration (NOAA) and Fed-
eral Emergency Management Agency (FEMA) bathymetry 
data (interpolated from 30-m to 2-m horizontal resolution) 
(National Oceanic and Atmospheric Administration, 2010; 
Federal Emergency Management Agency, 2014); and (2) 
USGS Coastal National Elevation Database (CoNED) pro-
gram 2014 topography (1-m resolution, based on lidar 

data) and bathymetry (10-m resolution) (Danielson and others, 
2016). Final topobathy data for Jamaica Bay were interpolated 
at a cell size of 1 m. Bathymetry data for level-1 and level-2 
domains were interpolated from the ADCIRC mesh data 
(SL16) (Dietrich and others, 2011). The ADCIRC mesh data 
also provided the distribution of Manning’s n to determine 
bottom friction. 

Vegetation distribution and plant biophysical properties 
were incorporated into the sediment transport and wetland 
morphology model to examine the effect of vegetation on the 
wetland morphological change under hurricane conditions. 
The first step in creating the vegetation distribution input grid 
for Jamaica Bay was to classify each cell as land or water, 
thereby enabling the isolation of only the land portion for 
vegetation classification. This land/water classification was 
accomplished by using unsupervised classification. Classes 
were interpreted by an image analyst and recoded to land and 
water categories. Vegetation distributions were classified by 
using decision tree (DT) classification analyses and rule sets 
produced by Rulequest See5 in combination with ERDAS 
IMAGINE 2010. The DT classification analyses use dependent 
variables (that is, reference or training data) and a suite of 
predictor variables (that is, independent spatial variables) to 
develop multivariate classification trees for classifying a target 
area. Vegetation classification was conducted on several spec-
tral layers and ancillary datasets including the color-infrared 
(CIR) aerial imagery (June 22, 2013, 1-m resolution), multi-
spectral satellite imagery, and lidar. A training dataset was 
compiled from multiple sources, including updated National 
Wetlands Inventory (NWI) data for Jamaica Bay (Bill Jones, 
USGS, written commun., January 21, 2015); a 2008 saltmarsh 
distribution across the bay (QuickBird) (Wang and others, 
2010); and 2014 field survey on fringe marshes during this 
study. The final vegetation map (fig. 7) has nine classes: water, 
mudflat, rocky shore, low marsh, high marsh, formerly con-
nected (Phragmites), estuarine shrub/scrub, wetland forested, 
and upland (table 2).

Table 1.  Domain properties of the salt marsh morphology modeling system for Jamaica 
Bay, New York City.

[s, second; h, hour; km, kilometer; m, meter]

Level Domain Size (cells)
Grid  

spacing
Bay  

resolution
Flow time 

step (s)
Wave time 

step (h)

1 Ocean-scale 253×238 6–40 km 9 km 360 1
2 Regional 411×583 75 m – 2 km 100 m 30 1
3 Basin-wide 156×511 50–175 m 50 m 12 1
4 Bay-wide 686×1,711 10–15 m 10 m 3 1
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Figure 7.  Distribution map of vegetation types across Jamaica Bay, New York City.

Table 2.  Vegetation properties used in the salt marsh morphology modeling system for Jamaica Bay, New York City.

[# m–2, number of species per square meter; cm, centimeter; m–1, 

Type1 Common species2, 3 Density  
(# m–2)

Height 
(cm)

Diameter 
(cm)

Density*
diameter

(m–1)

Low marsh Spartina alterniflora 3 86 27 0.48 0.41
High marsh Spartina patens, Distichlis spicata, Juncus gerardii 3 591 32 0.07 0.41
Formerly Connected (Phragmites) Phragmites australis 3 100 168 0.46 0.46
Estuarine shrub/scrub Iva frutescens, Baccharis halimifolia, Morella pen-

sylvanica, Prunus maritima, Rhus spp.
40.12 5175 51.30 0.0016

Wetland forested Celtis occidentalis, Prunus serotina, Salix pentandra, 
Ilex opaca

40.15 51,200 553.50 0.08

1U.S. Fish and Wildlife Service, 2017; New York State Department of Environmental Conservation, 2017. 
2Nordenson and others, 2015. 
3Based on measurements by Rebecca Swadek and Christopher Haight, New York City Department of Parks & Recreation, written commun., 2015.
4Transactions of the Linnaean Society of New York, 2007.
5U.S. Department of Agriculture, Natural Resources Conservation Service, 2017. 
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Vegetation parameters included (1) species composition, 
(2) plant height (specifically stem height for marsh species: the 
point at which the last leaf branches from the plant, the effec-
tive height for surge reduction and wave attenuation [Chen and 
others, 2016; Zhao and Chen, 2016]; total height for wetland 
shrub, scrub, and trees), (3) diameter (diameters at ¼ stem 
height for marsh species, at breast height for shrub/scrub and 
trees), (4) density (the number of stems for marsh species and 
number of large trunks for shrub/scrub and trees in an area) of 
the dominant or common species, and (5) percent cover. The 
data for Spartina alterniflora (smooth cordgrass), S. patens 
(saltmeadow cordgrass), and Phragmites australis (common 
reed) were estimated from field measurements in November 
2014 in multiple 0.25-m2 sub-quadrats of 1-m2 quadrats of 
salt marshes in Spring Creek and Gerritsen Creek (Rebecca 
Swadek and Christopher Haight, New York City Department 
of Parks & Recreation, written commun., March 24, 2015). 
The biophysical properties for the estuarine shrub/scrub and 
wetland-forested classes were derived from the literature and 
are listed in table 2. 

Two groups of sediment, mud and sand, were considered 
in the sediment transport model. Their parameters are listed in 
table 3. Most of the parameters were set as their default values 

in Delft3D. The critical bed shear stress for sedimentation 
was set to be large enough to allow sedimentation all the time. 
The critical bed shear stress for erosion was calibrated based 
on vegetation types (table 2). The calibrated values are 0.11, 
0.2, 0.4, 0.5, 1.0, 1.5, 1.5, 1.5, and 2.0 Newtons per square 
meter (N/m2) for water, mudflat, rocky shore, low marsh, high 
marsh, formerly connected, estuarine shrub/scrub, wetland 
forested, and upland, respectively. The initial composition of 
mud and sand at bed was extracted from the usSEABED data 
(Williams and others, 2006), along with observations from 
Renfro and others (2010) and observations from field data col-
lected during this project. Mudflat samples to a depth of 50 cm 
were collected at 12 sites in Jamaica Bay when marsh cores 
were collected (see details in the “Model Validation” section). 
Samples were sectioned into 0–10, 10–20, 20–30, 30–40, and 
40–50 cm in order to be analyzed for fractions of mud, which 
is composed of clay (<4 micrometers [µm]) and silt (40–63 µm), 
and sand (>63 µm) using the method of Xu and others (2014). 
Based on sediment samples taken from the Jamaica Bay bot-
tom (Renfro and others, 2010) and mudflat (this study), two 
representative fractions were determined: a noncohesive sand 
fraction with d50 = 180 µm and a mud fraction. 

Table 3.  The model parameters used in the salt marsh morphology modeling system for Jamaica Bay, New York City.

Cohesive sediment (mud) Non-cohesive sediment (sand)

Reference density for hindered settling  1,600 kg/m3 Reference density for hindered settling  1,600 kg/m3

Specific density 2,650 kg/m3 Specific density 2,650 kg/m3

Dry bed density 500 kg/m3 Dry bed density 1,600 kg/m3

Settling velocity 5×10–4 m/s Median grain diameter 2×10–4 m
Initial thickness at bed Space varying Initial thickness at bed Space varying
Critical bed shear stress for sedimentation 1,000 N/m2

Critical bed shear stress for erosion Space varying (calibrated)
Erosional parameter 6×10–6 kg/m2/s
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Initial and Boundary Conditions

Initial conditions for water level, current, and sediment 
concentration were all set to zero. Initial thickness of sediment 
at bed was set to 0.4 m. From a tidal constituent database 
(Mukai and others, 2002), seven dominant constituents (O1, 
K1, Q1, M2, N2, S2, and K2) were considered to determine 
tidal levels at the open-sea boundary in the ocean-scale 
domain. Other boundary conditions including water level, 
current velocity, and sediment concentration at the smaller 
domain were interpolated from the larger domain by nesting 
tools in Delft3D.

Model Calibration

Model calibration efforts were focused on wetland 
morphological changes. Some sediment parameters, such as 
critical bed shear stress for erosion, erosional parameter, and 
settling velocity, were found to be critical for sediment trans-
port and morphological modeling (George and others, 2012; 
Xu and others, 2015; Liu, 2016) and thus need to be calibrated 
before they can be used to examine effects of a hurricane on 
wetland morphological changes. 

The National Park Service (NPS) has been studying 
marsh elevation change and vertical accretion in Jamaica Bay 
using the rod surface elevation table (RSET) and feldspar 
marker horizon (MH) techniques (Cahoon and others, 2006). 
The NPS has collected multiple years of elevation change 
and vertical accretion data for the marsh surface in Jamaica 
Bay including a period during Hurricane Sandy. These field 
observations were used for model calibration and validation 
(James Lynch, National Park Service, written commun., Janu-
ary 23, 2015). Seven sites with 3 stations at each site (a total 
of 21 stations) on 5 marsh islands in the bay were established 
by the NPS since 2002 (fig. 8). At each station, measurements 
of elevation change and marsh vertical accretion were col-
lected two or three times per year. Normally, vertical accre-
tion data should be used because the morphology model does 
not consider subsurface processes such as root growth and 
subsidence due to compaction and organic matter decomposi-
tion. Nevertheless, the measurements of elevation change at 
the sites with both RSET and MH data (except Big Egg Spray) 
showed similar and consistent results with vertical accretion, 
suggesting that surface processes such as sediment deposi-
tion and erosion mainly determined the elevation dynamics 
(Cahoon and others, 2006) during the period of measurements 
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Figure 8.  Locations of the rod surface elevation table and marker horizon measurements by National Park Service and 
field sampling for marsh core collection in Jamaica Bay salt marshes, summer 2014.
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at these marshes. Therefore, elevation change data from RSET 
were also used for model calibration and validation. Measure-
ments of elevation change and vertical accretion over the 
multiple years since establishment were converted to annual 
rates for model calibration. Furthermore, the elevation change 
and vertical accretion during the period October 24 to Decem-
ber 5, 2012 (42 days post-Sandy) were also estimated and used 
for model validation for Hurricane Sandy effects. The various 
measurements between elevation change from RSET and ver-
tical accretion from MH during this short period at the same 
sites were treated as the potential range of the morphological 
changes due to Hurricane Sandy for model validation. 

The calibration was conducted in the level-3 basin-wide 
domain. The modeling system ran 1 year to get the calculated 
morphological change rates at these marsh locations for com-
parison. The results with calibrated parameters are shown in 
figure 9. The simulated annual morphological changes at these 
seven marsh sites were close to the field observations (<3 mm 
for all except the Elders East NF site, a sand beach with very 
little vegetation) and within the observed ranges (fig. 9). 

Model Validation

After the calibration of sediment parameters, the model-
ing system was further validated by using the in-situ mea-
surements of elevation change and vertical accretion during 
Hurricane Sandy at the seven marsh sites from the RSET/feld-
spar data from the NPS and the long-term sediment accretion 
data collected from multiple salt marshes inside Jamaica Bay 
during this study. Marsh cores to a depth of 50 cm were col-
lected at 12 sites during August 2014 using 10-cm-diameter, 
thin-walled, aluminum tubes that were 60 cm in length (fig. 8). 
The core data were analyzed using the geochronological 

dating technique following the method of Smith and others 
(2015). During the lab analysis, partially thawed cores were 
extruded whole from the aluminum tube, measured, and 
sliced into 2-cm sections using an industrial band saw. Each 
section was further divided radially into two subsamples of 
known volume: 75 percent for radiochemistry and 25 percent 
for loss-on-ignition and dry bulk density analysis. Long-term 
vertical accretion rates (VARs) were determined using gamma 
spectrometry analysis of 137Cs and 210Pb (table 4). The marsh 
core at Black Bank had a much higher VAR than the upper 
limit (1.1 cm/yr) determined for Jamaica Bay (Renfro, 2010) 
due likely to bioturbation (for example, ribbed mussels); thus 
the VAR at this site was not used in the model validation. 
The effect of mussel burrows is evidenced by field observa-
tion and the reduced soil shear strength in the top 50 cm 
(<5 kilopascals [kPa]) when compared to that of other marsh 
sites (15 to 70 kPa) in Jamaica Bay. 

Long-Term Simulations

In this study, the morphological acceleration factor, 
fMOR, was applied to accelerate the morphological evolution 
to represent long-term wetland morphological changes after 
Hurricane Sandy. For the non-acceleration case with fMOR=1, 
the model system runs 1 year after the storm to represent 
wetland morphological change 1 year after Sandy to see if the 
storm-induced morphological changes can be recovered after 
1 year. For the 5-year and 10-year cases, the model system 
also runs 1 year, but with fMOR=5 and 10, respectively, to 
examine how the storm-disturbed wetland morphology will 
evolve given the similar wave and tide conditions over years 
excluding the recurrence of a hurricane over the simulation 
periods (5 and 10 years). The bay-wide domain (10-m spatial 
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Figure 9.  Modeled wetland morphological change rate (short-term, no hurricane) and observations 
using the rod surface elevation table and marker horizon (feldspar) data at the seven marsh sites in 
Jamaica Bay, New York City. [RMSE, root mean square error; mm, millimeters]
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resolution) is not suitable for these long-time runs because of 
the potential model instabilities due to changes in wetting and 
drying. Thus, model results in the basin-wide domain (50-m 
spatial resolution) were used for further analyses. 

In addition, SLR in 5 and 10 years was considered by 
adding a time-varying value to the water level boundaries 
in the basin-wide domain. According to Horton and others 
(2015b), the local SLR rate in Jamaica Bay was 3.05 mm/yr 
from 1900 to 2013. In the local domain, the value added to the 
water level boundaries linearly varies from zero at the begin-
ning to the targeted value in the end of 1 year that the model 
runs, that is, 15.24 mm for the 5-year case with fMOR=5 and 
30.48 mm for the 10-year case with fMOR=10. The SLR was 
not considered in the 1-year case.

Design of Hypothetical Hurricanes

Hurricane Sandy was a wake-up call for studying hur-
ricane effects on the resilience and stability of coastal wet-
lands along the Atlantic coast, especially coastal areas of the 
northeast Atlantic seaboard where a dense human population 
resides. Given the effect of accelerating SLR and the possibil-
ity of more intense hurricanes due to projected climate change 
(Orton and others, 2012, 2015b, 2016; Horton and others, 
2015), it is necessary to predict how future large hurricanes 
might affect the Jamaica Bay estuary. Orton and others (2016) 
reviewed historical hurricanes since 1788 that affected New 
York coastal areas and found that most of these hurricanes had 
a storm track of 9–30 or 320–359 bearing degrees, maximum 
wind speed of 28–51 m/s (categories 1–3), and maximum 
storm surge of 0.9–3.4 m. Therefore, a series of hypothetical 
hurricanes with varying storm tracks and intensities were 
designed to investigate the effects of potential future large 

hurricanes on wetland morphological change in Jamaica Bay. 
The design was based on Hurricane Irene (2011) and Hurricane 
Sandy (2012), forming two groups of hypothetical hurricanes: 
Sandy-like and Irene-like. These two hurricanes are representative 
of hurricanes, which caused 1.25 m or greater storm surge 
at New York Harbor since 1788, in terms of storm track and 
maximum wind speed (Scileppi and Donnelly, 2007; Orton 
and others, 2016). 

The track and landfall location of these hypothetical 
hurricanes are shown in figure 10. Sandy-like hurricanes, 
namely SA, SB, and SC, were generated by shifting the Sandy 
track. SA makes landfall closer to Jamaica Bay than Sandy by 
50 percent. SB hits Jamaica Bay directly. SC passes through 
to the east of Jamaica Bay by a similar distance as SA. In 
order to test the impact of different wind intensities, the Sandy 
winds were increased by 10, 20, and 40 percent to generate 
Sandy-like hurricanes SD, SE, and SF, respectively, with the 
same pathway as Sandy. The maximum sustained wind speed 
of Hurricane Sandy near Jamaica Bay was 130 kph (Blake and 
others, 2013; Sopkin and others, 2014). Based on the Saffir-
Simpson hurricane wind scale, the categories of SD, SE, and 
SF were determined to be 2, 3, and 4, respectively (table 5). 

For Irene-like hurricanes, IA and IB were generated by 
moving the track of Irene 0.5 degree of longitude offshore and 
landward, respectively (fig. 10). Hurricane Irene made landfall 
on August 28, 2011, at 13:00 UTC at Coney Island, New York 
City, with the maximum sustained wind speed of 28 m/s near 
Jamaica Bay (Orton and others, 2012). IC is a category 2 
Irene-like hurricane by increasing the intensity of Irene’s 
winds by 40 percent. The characteristics of these hypothetical 
hurricanes are summarized in table 5. These storm features 
were incorporated into the validated Jamaica Bay hurricane-
wetland model with new hypothetical wind fields and wind-
wave forcing to drive sediment transport, deposition, erosion, 
and associated morphological changes.

Table 4.  Summary of the long-term vertical accretion rates (VAR) derived from the 
geochronological dating technique at sampled marsh sites in Jamaica Bay, New York City.

[cm, centimeter; cm/yr, centimeter per year; ND, below detection limits; NA, not applicable]

Core
137Cs 1963 peak 

depth (cm)

137Cs 1963 VAR 
(cm/yr)

137Cs 1953 max 
depth (cm)

137Cs 1953 VAR 
(cm/yr)

210Pb VAR  
(cm/yr)

Big Egg 23 0.45 27 0.44 0.36
Duck Point 37 0.73 45 0.74 0.84
Fresh Creek 15 0.29 29 0.48 0.43
Little Egg1 ND NA ND NA 0.83
Yellow Bar 17 0.33 19 0.31 0.56
JoCo 25 0.49 31 0.51 0.66
Ruffle Bar 25 0.49 29 0.48 0.5
Stony Creek 21 0.41 25 0.41 0.72
Spring Creek2 11 0.22 39 0.64 0.33
East High 23 0.45 25 0.41 0.67
Four Sparrow 23 0.45 25 0.41 0.37

1Rapid 210Pb VAR suggests that 137Cs peak is below core maximum depth.
2Physical reworking may have resulted in inconsistent 1953 VAR.
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Results and Discussion
The results of model validation including salt marsh 

morphological change, wind speed, wind direction, wave 
height, wave direction, peak wave period, and water levels 
are described in the section “Model Validation.” The effects 
of Hurricane Sandy on hydrodynamics, sediment transport, 
and salt marsh morphology and the effects of hypothetical 
hurricanes on salt marsh morphology in Jamaica Bay are 
presented and discussed in the sections “Bay-Wide Sandy-
Induced Hydrodynamics and Sediment Transport,” “Effects of 
Hurricane Sandy on Bay-Wide Salt Marsh Morphology,” and 
“Effects of Hypothetical Hurricanes.” 

Model Validation 
 
Site-Specific Long-Term Morphological Change

The geochronology-based long-term sediment accretion 
rates at the salt marsh sites in Jamaica Bay ranged from 0.22 
to 0.84 cm/yr (table 4). At each site, the three methods (137Cs 
1953, 137Cs 1963, and 210Pb) produced various vertical accre-
tion rates, which can be treated as the potential upper and 
lower limits for annual accretion over a decadal time scale. 
Big Egg and JoCo are the two sites with accretion estimates 
from the geochronological approach and RSET/MH. The 
long-term sediment accretion rates are compatible with RSET/
MH-based short-term accretion rates measured since 2002 at 
the two sites (fig. 8), suggesting that these long-term rates can 
be used for comparing modeled long-term wetland morpho-
logical changes. In relatively healthy marshes such as JoCo 
and East High in the eastern part of the bay, the long-term 
accretion rates ranged from 0.45 to 0.67 cm/yr; at marshes in 
the west, the accretion rates varied from 0.31 to 0.83 cm/yr. In 
the three fringe marsh sites around the perimeter of the bay, 
the accretion rates were in the range of 0.22–0.64 cm/yr (table 4). 
Observed and modeled decadal morphological changes are 
compared in figure 11. Model results showed some overesti-
mation (<0.4 mm/yr) at Big Egg, Little Egg, and Stony Creek. 
At the rest of the sites, the modeled rates agreed well with 
the observed long-term accretion rates, suggesting that the 
coupled modeling system is capable of capturing long-term 
(decadal) wetland morphological changes.

The observed and simulated accretion rates are gener-
ally consistent with a previous study (Kolker, 2005), in which 
marsh accretion rates were 0.28, 0.44, and 0.52 cm/yr at 
JoCo, East High, and Big Egg marshes, respectively. Except 
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Figure 10.  Tracks and landfall locations of hypothetical 
hurricanes around Jamaica Bay, New York City (see table 5).

Table 5.  Summary of the characteristics of the hypothetical 
hurricanes influencing Jamaica Bay, New York City. 

Hypothetical 
hurricane

Group Category
Change relative to base 

hurricane

SA Sandy-like 2 Make landfall closer to 
Jamaica Bay by  
50 percent

SB Sandy-like 2 Directly hit Jamaica Bay
SC Sandy-like 2 Make landfall to the east 

of Jamaica Bay
SD Sandy-like 2 Increase intensity by  

10 percent
SE Sandy-like 3 Increase intensity by  

20 percent
SF Sandy-like 4 Increase intensity by  

40 percent
IA Irene-like 1 Move offshore by  

0.5 degree of longitude
IB Irene-like 1 Move landward by  

0.5 degree of longitude
IC Irene-like 2 Increase intensity by  

40 percent
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for Fresh Creek and Spring Creek, which are located in the 
fringe marsh areas of the bay, other sites on interior marsh 
islands showed higher accretion rates (table 4) than the SLR 
of 0.3 cm/yr during 1900–2013 (Horton and others, 2015). 
Marsh accretion rates seem to be generally sufficient to keep 
pace with RSLR. However, higher-than-SLR vertical accretion 
rates do not necessarily mean marshes can survive in future 
environmental change scenarios, including climate change, 
accelerated SLR, and hurricanes with increased frequency 
and intensity. Horton and others (2015b) projected that SLR 
during the next 50–100 years in the New York area will likely 
be >10 mm/yr and accelerating over the years. These long-
term accretion rates (<10 mm/yr) indicate that salt marshes 
in Jamaica Bay will most likely not be able to keep pace with 
SLR, thereby converting to nonvegetated mudflat or open 
water. Furthermore, it was realized that horizontal dynamics 
and related sediment fluxes are the key factors determining the 
survival of salt marshes (Fagherazzi and others, 2013a). The 
vertical accretion rates of these surviving marsh sites could not 
be applied to the already-lost marshes because of the lack of 
data on wave-driven erosion because marshes are horizontally 
disappearing due to increased ponding within marsh interiors, 
slumping along marsh edges, and widening of tidal creeks 
(Hartig and others, 2002).

Wind, Waves, and Storm Surge During Hurricane 
Sandy

The nested, coupled modeling system was applied to 
Hurricane Sandy to test the model performance under hur-
ricane conditions. The model ran 30 days before the event to 
attain reasonable initial conditions. Then it ran 4 days from 
October 28 to 31, 2012, during which Hurricane Sandy made 
landfall and passed through the northeast Atlantic coast. Dur-
ing this period, waves were coupled with currents in model 
simulations. The comparisons of wind and wave parameters, 
water levels, and morphological change with measurements 
during Hurricane Sandy are shown below to demonstrate the 
acceptable model performance.

Simulated and observed wind speeds and wind directions 
at the NOAA offshore buoy 44065 (see fig. 6 for its location) 
in the regional domain are shown in figure 12. In addition, 
scatterplots with correlation coefficient (r) and root mean 
square error (RMSE) for each wind parameter are provided. 
Good agreement between the model and observations dem-
onstrated that the asymmetric wind model (Hu and others, 
2012) is able to capture wind fields caused by large hurricanes, 
although it tends to overestimate peak and underestimate non-
peak wind speeds with an overall RMSE of <4 m/s (fig. 12). 
The wind model successfully captured the turning of wind 
direction when Hurricane Sandy made landfall (fig. 12).
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Figure 13 shows simulated and observed significant 
wave heights, wave directions, and peak wave periods at the 
NOAA offshore buoy 44065 in the regional domain. The 
model tracked the observed significant wave height from 
growth through the peak and then decay (fig. 13) despite the 
underestimation of the maximum wave height (about 9.9 m 
at 00:50 UTC on October 30, 2012) (Sopkin and others, 
2014). The modeled wave direction and peak wave period 
generally followed the measurement trends (fig. 13). There 
was a sharp change in wave direction right before Hurricane 
Sandy’s landfall from almost south to east, then gradually 
back to southwest toward the Jamaica Bay area (fig. 13). The 
observed and modeled peak wave periods reached 15 seconds 
during Hurricane Sandy at this station, which could determine 
the wave-current bed stress (Orton and others, 2012). The 
values of r and RMSE percentage were 0.97 and 12 percent, 0.61 

and 15 percent, and 0.55 and 17 percent for significant wave 
height, wave direction, and peak wave period, respectively, 
demonstrating that the model is capable of capturing hurri-
cane-induced wave transformation processes near Jamaica 
Bay. It should be noted that measurements of wave parameters 
from only one offshore buoy were used because there were no 
data available from sites within the bay. 

The model reproduced the pre-Sandy tides, Sandy-
induced storm tide, and post-Sandy tides well (fig. 14). The 
good agreement between the model and observations at the 
three interior stations indicated that the modeling system is 
capable of reproducing the process of storm surge generated 
by Hurricane Sandy in Jamaica Bay. Observed and modeled 
water levels showed more than 3 m (NAVD 88) of water level 
increase induced by Hurricane Sandy in Jamaica Bay.
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Site-Specific Sandy-Induced Morphological 
Change

The Sandy-induced morphological change was validated 
by the RSET and MH feldspar measurements before and after 
the event. The comparisons between the modeled and RSET 
and MH measured morphological change induced by Hurri-
cane Sandy at seven marsh sites inside Jamaica Bay are shown 
in figure 15. For each marsh site, measurements were made 
at three nearby stations. Except for the missing feldspar data 
at Elders East NF and Big Egg Spray, there are six eleva-
tion change datasets, three by RSET and three by feldspar 
MH (fig. 8). Two averaged values for different methods at 
each station were included in figure 15 as well. At JoCo, 
the morphological change was small (less than 5 mm). The 
modeled results showed mild deposition, which is consistent 
with measurements. At JoCo REF, deposition and erosion 
were measured. The modeled results were within the range of 
observations. The modeled results showed erosion on average 
at Elders East and Black Bank (fig. 9). At the Elders East NF 
site, the large erosion (>40 mm) was measured by RSET at 
two of the three stations. The model results also indicated 
erosion, but with a reduced magnitude (<30 mm). One pos-
sible reason is the lack of vegetation during the field measure-
ment period, whereas the site was covered with low marsh 
as a result of marsh restoration in the vegetation map used 
by the model. This also indicates indirectly the importance 
of vegetation in reducing marsh erosion. At the two sites on 
Big Egg (Big Egg Spray and Big Egg REF), the model results 
were generally consistent with the measurements, although the 
modeled range of morphological change tended to be larger 
than the measured range. 

Bay-Wide Sandy-Induced Hydrodynamics and 
Sediment Transport

Waves
The distributions of simulated maximum significant 

wave height, peak wave period, and maximum suspended 
mud and sand concentrations in Jamaica Bay during Hurricane 
Sandy are shown in figure 16. At the bay entrance (Rockaway 
Inlet), the significant wave height and peak period were over 
2 m and 10 seconds, respectively. Model results showed that 
Hurricane Sandy generated large wave energy from offshore 
passing through the inlet into Jamaica Bay. The simulated 
Sandy-induced wave height across the bay is consistent with 
the study (Smith and Anderson, 2014) of vegetation effects on 
wave reduction under severe wind (26 m/s) and water level 
(2.9 m) conditions. This study and Smith and Anderson (2014) 
showed that storm-induced waves with height > 1.2 m grow 
from Rockaway Inlet, Island Channel and reach the northern 
shoreline of the bay. As a consequence of Hurricane Sandy, 
significant wave heights within the bay were dramatically 
increased. During the hurricane, significant wave heights in 
areas adjacent to marsh islands could reach >1.2 m, becoming 
a large force that suspended bottom sediment or caused marsh 
erosion near the bay’s open water boundary and tidal creeks. 
Modeled maximum suspended sand concentrations in most of 
the western part of the bay, including marsh areas, tended to 
be larger than 0.2 kilogram per cubic meter (kg/m3), whereas 
maximum suspended mud concentrations greater than 0.2 kg/m3 
tended to be found at the entrance and the eastern part of the 
bay (fig. 16C, D), suggesting that sandy materials tend to 
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dominate morphological change in the west portion of the bay, 
whereas muddy materials determine the changes in the east 
portion of the bay. 

Because of the nearly enclosed shape of the bay, most 
waves inside were locally generated, and the wind fetch 
played a very important role. Hurricane Sandy passed to the 
south of the bay, which caused easterly and southeasterly 
winds over the entire bay. Wave heights in the west and north 
parts of the bay were relatively large due to the relatively long 
fetches. Wave heights at the eastern part were small, espe-
cially at the JoCo marsh, because of short fetches and vegeta-
tion. The distribution of maximum peak wave period showed 
that long waves with large wave period (>8 seconds) were 
propagated into the western part of the bay from the entrance. 
The locally generated wind waves cannot have large periods, 
lasting only about 3 seconds at the eastern part of the bay 
(fig. 16B). 

Storm Surge, Current Velocity, and Bed Shear 
Stress

The Sandy-induced maximum surge, current velocity, 
bed shear stress, and total sediment transport are shown in 
figure 17. Due to the easterly winds blowing over the entire 
Jamaica Bay, the maximum surge (relative to NAVD 88) 
reached 3.5 m at the northwest corner of the bay, and gradu-
ally decreased to 3 m in the eastern part of the bay (fig. 17A). 
The difference in the Sandy-induced maximum surge is less 
than 1 m across the entire bay. The maximum velocities in 
channels and shallow bay areas were larger than those on 
marsh islands. The maximum velocities reached 2 m/s in the 
channels in the north and the south regions of the bay. On 

the marsh islands inside the bay, velocities were normally 
less than 0.5 m/s (fig. 17B). The simulated Sandy-induced 
maximum bed shear stresses showed a complex and hetero-
geneous spatial pattern across the entire bay. At Rockaway 
Inlet and in the areas near the inlet, the maximum bed shear 
stress tended to be larger than 10 N/m2 whereas the channels 
around and inside the bay as well as the deep-water areas such 
as the Grass Bay tended to have smaller bed shear stresses 
(<1 N/m2) (fig. 17C). In contrast, the simulated maximum bed 
shear stress in the range of 1–10 N/m2 tended to intersperse 
at a local scale in the marsh areas inside the bay especially in 
marsh areas in the eastern part of the bay (fig. 17C). Most of 
the marsh areas tended to have Sandy-induced maximum bed 
shear stress larger than 5 N/m2. In contrast, the shear stress 
exerted by current and wave velocities within the bay during 
nonhurricane conditions is seldom greater than 4.8 N/m2 (New 
York City Department of Environmental Protection, 2007). 

Sediment Transport and Budget
The distribution of maximum total sediment transport 

rates due to Hurricane Sandy is also shown in figure 17D. 
Considering high current velocities and low critical sediment 
erosion shear stresses in the channels, sediment transport 
rates were orders of magnitude higher in the channels than 
over marsh areas. It appears that large sediment transport 
was associated with large significant wave height (fig. 16A) 
and maximum current velocity (fig. 17B). The hurricane-
driven (combined tidal and wind-driven) current velocities 
with local winds mostly out of south, and along the long axis 
of the bay and oriented with the two channels (North and 
Beach) between the western and eastern bay, were sufficient to 
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Figure 16.
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Figure 16.  Modeled Hurricane Sandy-induced A, maximum significant wave height; B, 
maximum peak wave period; C, maximum suspended mud; and D, maximum suspended sand 
concentrations in Jamaica Bay, New York City.—Continued
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Figure 17.  Hurricane Sandy-induced A, maximum water level; B, maximum current velocity; C, 
maximum bed shear stress; and D, maximum total sediment transport (suspended + bed) rates 
(color bar is log-scale) in Jamaica Bay, New York City. Vectors are plotted with a linear scale.
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Figure 17.  Hurricane Sandy-induced A, maximum water level; B, maximum current velocity; 
C, maximum bed shear stress; and D, maximum total sediment transport (suspended + bed) 
rates (color bar is log-scale) in Jamaica Bay, New York City. Vectors are plotted with a linear 
scale.—Continued
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redistribute suspended sediments (fig. 16C, D), allowing them 
to be deposited in the deeper waters of the bay and onto marsh 
surface by way of the deep channels around the bay (fig. 2). 
Although there were no immediate measurements of sediment 
deposition and erosion post-Sandy, field measurements of 
thorium-234 in excess (234Thxs) inventories in sub-tidal sedi-
ments in November 2005, corresponding to the period right 
after a winter storm, showed that additional sediments were 
deposited near western marshes, and also in Grassy Bay (Ren-
fro, 2010), suggesting the capability of storms to transport 
sediments to the eastern part of the bay by way of channels, 
sub-tidal bays, and tidal creeks.

The total Hurricane Sandy-generated sediment input 
(Oct. 27–31, 2012) into Jamaica Bay through Rockaway Inlet 
was estimated from the coupled hurricane-wetland morphol-
ogy model to be 9,354 metric tons (t) (mud = 4,958 t, sand 
= 4,396 t), which represents only about 1 percent of the total 
amount of reworked sediment (both sediment deposits and 
erosion) within the bay during Hurricane Sandy. Most of the 
sediment deposition and erosion came from storm-induced 
resuspension of bay bottom and eroded marsh soils. Hurricane 
Sandy resulted in approximately 4,676 t of mud and 385 t of 
sand in net suspension in Jamaica Bay and associated inun-
dated marsh areas. 

Renfro (2010) used a mass balance of thorium-234 
(234Th) in the bay to estimate an annual input of sediment from 
the New York Bight by way of Rockaway Inlet to be 43,000 to 
358,000 MT. Based on this estimate of annual sediment input 
into the bay, Hurricane Sandy could bring 2.6 to 21.8 percent 
of the annual total mineral sediment into Jamaica Bay. Con-
sidering the fact that the 234Th may overestimate sediment 
deposition over a full year because 234Th represents short-term 
patterns (Renfro, 2010), the contribution of Hurricane Sandy 
to sediment importation from the ocean might be higher than 
this estimated range. 

Effects of Hurricane Sandy on Bay-Wide Salt 
Marsh Morphology 

Short-Term Effects

The immediate morphological change in Jamaica Bay 
caused by Hurricane Sandy in 4 days (October 28–31, 2012) 
is shown in figure 18. Hurricane Sandy caused erosion and 
accretion in Jamaica Bay. For the entire bay, the change was 
more dynamic in the western part (for example, Yellow Bar) 
than in the eastern part (e.g., JoCo) of the bay, which is con-
sistent with the distributions of current velocity and sediment 
transport (fig. 17B, D). Numerous pairs of erosion and accre-
tion patches suggest that these morphological changes were 
locally generated as a result of the complex bathymetry in the 
bay. In some specific wetland areas such as JoCo and Yel-
low Bar (fig. 18), channels, creeks, and mudflats appear to be 
eroded. For example, the main channel/creek that divided the 
JoCo marsh showed obvious erosion while the vegetated area 
showed erosion and accretion. 

Simulation results indicated that larger deposition and 
erosion (> ±0.15 m) caused by Hurricane Sandy occurred in 
channels (for example, North Channel and Beach Channel, 
fig. 2) rather than the tidal creeks and marsh surface and 
occurred in the western area rather than in the eastern area of 
the bay. Increased bed shear stress over time, which suspended 
both muddy and sandy sediments, tended to be the major 
driver of the sediment deposition and erosion across the bay. 
Near or in the marsh areas, the bed shear stress was signifi-
cantly reduced compared to nonvegetated areas, resulting in 
lower rates of deposition and erosion. A coarsening of the 
post-Sandy sediment with an increased bed shear stress was 
found to be the mechanism for morphological change from 

Longitude

La
tit

ud
e

M
or

ph
ol

og
ic

al
 c

ha
ng

e,
 in

 m
et

er
s

−73.88° −73.86° −73.84° −73.82° −73.78°−73.8°

40.6°

40.59°

40.61°

40.62°

40.63°

40.64°

−0.01

−0.05

0

0.05

0.1

0.15

Elder East

Elder West

Elder East

Elder West

Black BankBlack Bank

JoCo
East High

JoCo
East High

Yellow Bar
Stony Creek

Yellow Bar
Stony Creek

Ruffle BarRuffle Bar

Little EggLittle Egg

Big EggBig Egg

Duck PointDuck Point

Figure 18.  Modeled spatial patterns of morphological change caused by 
Hurricane Sandy in Jamaica Bay, New York City. 



Results and Discussion    31

Hurricane Sandy in a back-barrier estuary along the New Jer-
sey coast (Miselis and others, 2015). This study indicated that 
such a mechanism could also be responsible for the morpho-
logical change in the western part of Jamaica Bay, but not for 
the eastern part of the bay. 

The combined wind waves and tidal currents are the 
processes responsible for sediment resuspension and trans-
port in areas near salt marshes as a result of the increased bed 
shear stress during the hurricane (fig. 17C). High suspended 
sediment concentration (SSC) during Hurricane Sandy in the 
western part of the bay is evident (fig. 16C, D) and is closely 
related with the storm-induced significant wave height and 
wave period (fig. 16A, B). During the hurricane, the wind and 
wave setup increased the maximum water level through water 
discharge during storm surge flooding channels. Therefore, 
during the hurricane, water discharge and sediment concentra-
tions of the entering water increased, resulting in increased 
total volume of sediment imported into the marsh and the adja-
cent bay areas. This study is consistent with previous studies 
that showed that deposition rates could be higher and extend 
further into marshes during storm tides (Cahoon, 2006; Turner 
and others, 2006; Fagherazzi and others, 2013b). After the 
hurricane made landfall, the surge receded (ebb), and the SSC 
was determined by the processes mobilizing sediment within 
the salt marsh areas and tidal currents rather than by wind 
waves. In contrast, sediment was eroded and resuspended 

from channel bottoms and banks and from mudflats without 
the vegetation that protects the substrate as is demonstrated by 
high ebb velocity and bottom stresses (Fagherazzi and others, 
2013b). 

Figure 19 shows the deposition and erosion patterns 
caused by Hurricane Sandy in Jamaica Bay. The deposition 
and erosion were defined as morphological change larger 
than 5 mm. Areas with change less than 5 mm were shown in 
green. It can be seen that Hurricane Sandy caused extremely 
complex patterns of deposition and erosion in Jamaica Bay. 
Erosion and deposition appeared across the entire bay, either 
in channels or creeks or on marshes. As discussed earlier, ero-
sion appeared in the main channel of the JoCo marsh island, 
while in other places, both erosion and deposition were trig-
gered. In order to quantify the effects of Hurricane Sandy on 
wetlands in Jamaica Bay, 10 marsh islands (figs. 18 and 19) 
were selected for further analyses. 

During Hurricane Sandy, maximum significant wave 
heights (>1.2 m) and peak wave periods (>6 seconds) were 
in Rockaway Inlet and in channels around the bay, especially 
the North Channel, and reached into Grassy Bay located in the 
eastern area of Jamaica Bay (fig. 16A, B). These wave fac-
tors appeared to be responsible for the larger deposition and 
erosion in the western part of the bay (fig. 18). As indicated 
by the studies of hurricanes across a large spatial scale in the 
northern Gulf of Mexico (Liu and others, 2015; Xu and others, 
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Figure 19.  Modeled spatial patterns of sediment deposition and erosion due 
to Hurricane Sandy in Jamaica Bay, New York City. 
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2015; Liu, 2016), hurricane-induced waves are the driving 
forces for sediment resuspension (Xu and others, 2015). The 
evidence of this is the larger SSC found in the southwestern 
area of the bay than in the eastern area of the bay (fig. 16C, 
D). Wave energy dissipated quickly when reaching the shallow 
areas of the bay and in the inundated wetland areas where the 
wave height and current velocity are significantly reduced 
(figs. 16A, 17C), causing complex patterns in wave-induced 
bed shear stress (fig. 17C). Large wave-current combined 
shear stresses were found in the shallow bay, creek banks, 
tidal flat, and marsh edges during the hurricane, resulting in 
more erosion in those areas. Therefore, variations of bed shear 
stresses, which depend on both wave dissipation and water 
depth (or local bathymetry), are mainly responsible for the 
spatial patterns of deposition and erosion in Jamaica Bay dur-
ing Hurricane Sandy. 

One characteristic of storm-generated patterns on the 
wetland surface (fig. 19) is the paired deposition and erosion 
patches at local scales (or individual marsh islands). In other 
words, a patch of deposition on the marsh surface is accompa-
nied by the erosion in adjacent tidal creeks, mudflat, or pond-
ing areas. This could be explained by the preferential trapping 
of sediment by vegetation in interior marshes and the erosion 
in nonvegetated areas, supported by measurements of field 
samples on both 234Thxs and Beryllium-7 (7Be) inventories in 
the bay (Renfro, 2010).

In some deep bay areas (for example, the southwest area 
of the Grassy Bay), deposition rather than erosion was caused 
by Hurricane Sandy (fig. 19). Model results support the obser-
vation that the borrow pits such as Grassy Bay could serve as 
a sink of storm-induced sediment transport, thus limiting sedi-
ment transport and deposition on the marsh surface (Rafferty 

and others, 2011). Moreover, shallow channels inside the bay 
could also be areas of storm-induced sediment deposition. 
Previous studies also showed that channel shallowing could 
reduce Sandy-induced storm-tide magnitude (peak water level) 
by about 15 percent and increased vegetation frictional drag, 
which thus increases shallow water wave attenuation (Orton 
and others, 2015a), eventually promoting sediment deposition. 

Averaged morphological change at the 10 marsh islands 
in Jamaica Bay for vegetated area, mudflat-water area, and all 
areas is shown in figure 20. For vegetated areas, marsh islands 
in the western part of the bay were eroded, while the eastern 
part showed overall deposition. Two isolated small islands, 
Stony Creek and Duck Point, were largely affected by Hur-
ricane Sandy compared to other marsh islands, especially rela-
tively large-sized marsh islands such as JoCo and Yellow Bar. 
This indicated that small marsh islands inside the bay are more 
vulnerable to hurricane-induced disturbance than the larger 
islands with relatively healthy and contiguous vegetation dis-
tribution. In contrast, for mudflat-water areas, morphological 
change at most marsh islands was small (<2 mm), except for 
large deposition (about 8 mm) at Ruffle Bar and Little Egg and 
large erosion (about 6 mm) at East High and JoCo.

Comparing morphological changes caused by Hurricane 
Sandy between vegetated and mudflat-water areas, the two 
area types were either totally opposite in change or had large 
differences. The only exception was Black Bank, where vege-
tated and mudflat-water areas showed similar accretion. When 
averaged over vegetated and mudflat-water areas, morphologi-
cal changes at all marsh islands were less than 5 mm (fig. 20). 
However, the effect of Hurricane Sandy on different marshes 
may be different. Taking JoCo as an example, the vegetated 
area benefited from Sandy, resulting in net accretion, while the 
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Figure 20.  Modeled island-wide morphological change caused by Hurricane Sandy in Jamaica Bay, New York City.
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mudflat-water area (for example, inside channels and creeks) 
lost sediment and showed a negative effect from the hurricane. 
Overall, Hurricane Sandy was destructive to the marshes in the 
western part of Jamaica Bay which are being lost or degraded, 
while the hurricane likely brought more muddy sediment for 
marsh vertical accretion to the eastern part of the bay. Model 
results suggest the importance of prioritizing wetland protec-
tion and restoration for different marsh islands in the bay.

Long-Term Effects

Scenario results averaged over the vegetated area and 
mudflat-water area at the 10 marsh islands in Jamaica Bay are 
shown in figure 21. For the 4-day period, the wetland morpho-
logical change in the case without Sandy was close to zero as 
expected. In comparison, the change with Sandy resulted in 
erosion in the vegetated area but showed deposition or ero-
sion in mudflat-water areas inside the western part of the bay 
(figs. 20 and 21). Compared to the west part of the bay, Sandy 
caused deposition in the vegetated area, but showed erosion 
(except Black Bank) in the mudflat-water area (figs. 20 and 
21). For the 1-year period, both the vegetated and mudflat-
water areas on these marsh islands showed either slight 
deposition or near-zero change, except for the marsh areas 
of Stony Creek and Duck Point (fig. 21A) and the mudflat-
water areas of East High and JoCo (fig. 21B). Regardless of 
deposition or erosion on these marsh islands, the difference 
in morphology between the cases with and without Hurricane 
Sandy was generally less than 5 mm over the period of 1 year. 
This suggests that most marshes except those on Stony Creek 
and Duck Point in Jamaica Bay recovered from the sediment 
loss due to Hurricane Sandy after 1 year. The morphological 
change in the case without Sandy was deposition for all marsh 
areas and most mudflat-water areas. The only exceptions were 
Big Egg and East High with less erosion (<5 mm) and JoCo 
with relatively large erosion (>15 mm) (fig. 21B). The >5-mm 
difference of morphological changes between with-Sandy 
and no-Sandy cases was mostly due to the change induced 
by Sandy over 4 days, which means the impact of Sandy was 
still in effect after 1 year at Stony Creek and Duck Point for 
vegetated areas and at Ruffle Bar, Little Egg, East High, and 
JoCo for mudflat-water areas (fig. 21).

For the 5-year- and 10-year-period simulations, accretion 
was prevalent over all marsh areas and most mudflat-water 
areas, except for Big Egg, East High, and JoCo. The mudflat-
water area in Big Egg seems to be in a balanced condition with 
tiny changes, while those in East High and JoCo showed con-
tinued erosion over the years. The difference between with-
Sandy and no-Sandy cases became small and was not notice-
able on most marsh islands for vegetated and nonvegetated 
areas, suggesting that the long-term morphological effect of 
Hurricane Sandy is diminishing. However, in the marsh areas 
of Stony Creek and Duck Point and the mudflat-water areas of 

Ruffle Bar and Little Egg, the differences are still prominent 
(>10 mm). This could imply that the effect of Sandy in some 
marsh areas may be naturally unrecoverable, especially for 
those vulnerable small marsh islands in the bay such as Stony 
Creek and Duck Point. Simulation results also indicated that 
under normal tide without hurricane conditions, mudflat and 
creek areas on marsh islands such as East High and JoCo 
inside the eastern part of the bay appear to be unable to receive 
sediment delivered from the ocean through Rockaway Inlet or 
from the bay bottom, and the marsh vertical accretion tended 
to be at the expense of mudflat or creek bank erosion. Frequent 
nor’easters or infrequent large hurricanes could help salt 
marshes on these islands enhance their morphological stability. 

The long-term morphological change in Jamaica Bay is 
more dynamic in channels than that on marshes. In addition, 
more changes appeared in the western part of the bay than in 
the eastern part of the bay. As shown in the difference maps 
(fig. 22) with a small scale in the color bar, the entire bay is 
affected, with more complex and dynamic patterns in channels 
and in the western part of the bay. For JoCo, Hurricane Sandy 
induced not only more deposition in the vegetated area, but 
also more erosion in channels and creeks which are around 
and inside the marsh island. This trend changes little over 
the years. 

The model results shown in figures 18–19 and 22 indicate 
that Sandy-induced marsh vertical accretion by deposition is 
most likely detected and preserved in relatively healthy salt 
marshes on marsh islands inside the eastern part of the bay. 
In contrast, the Sandy-induced vertical accretion is hardly 
detectable in the salt marshes inside the western part of the 
bay because of the storm-induced erosion. These results are 
consistent with results from previous studies that indicate that 
the signal and preservation of hurricane sediment deposition 
are determined by the track, landfall location, and intensities 
of hurricanes, the proximity to the ocean or barrier islands, and 
the topo-bathymetric characteristics of the subtidal bay and 
intertidal salt marshes (Bentley and others, 2002; Scileppi and 
Donnelly, 2007).

Effects of Hypothetical Hurricanes

When approaching Jamaica Bay, Sandy-like hurricanes 
are west-moving, while Irene-like hurricanes are north-moving. 
Only the immediate effects (4 days) on vegetated areas in the 
10 marsh islands are discussed here.

Sandy-Like Hurricanes 
First of all, the morphology patterns for all Sandy-like 

hurricanes did not change with different tracks and intensities, 
and only varied in magnitude. Hurricane SA is shifted closer 
to Jamaica Bay and is assumed to have a more severe impact 
(table 5). In fact, SA did induce more changes at six marsh 
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Figure 21.  Island-wide morphological change in A, vegetated area and B, mudflat-water area in Jamaica Bay with and 
without Hurricane Sandy during the event (4 days) and for 1, 5, and 10 years.
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Figure 22.  Modeled spatial bay-wide morphological changes caused by Hurricane 
Sandy in Jamaica Bay, New York City, A, for 1 year (short-term) and B, for 10 years 
(decadal).
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islands and caused maximum erosion (>35 mm) at Duck 
Point, but still showed less morphological changes at four of 
the marsh islands (Black Bank, Elder East, East High, and 
JoCo, fig. 23A). Similar situations occurred during Hurricanes 
SB and SC. It is not the worst scenario that hurricanes like 
Sandy directly hit Jamaica Bay. Among track-varying cases, 
SB induced maximum erosion only on two marsh islands—
Big Egg and Stony Creek. When comparing SA with SC, SA 
caused more morphological change than SC on most of the 
marsh islands except Big Egg, suggesting a hurricane with 
landfall location to the west and south of Jamaica Bay tends 
to have more effect on morphology than those with landfall 
location to the east of the bay. For different storm intensities, 
the trend appeared much simpler. In general, the higher the 
wind intensity, the more morphological change on these marsh 
islands in Jamaica Bay, except for Big Egg and Stony Creek 
(fig. 23B).

Irene-Like Hurricanes
Unlike Sandy-like hurricanes, Irene-like hurricanes 

caused erosion on all marsh islands except JoCo in Jamaica 
Bay (fig. 23C). For the four marsh islands where deposition 
resulted from Sandy-like hurricanes, Irene-like hurricanes 
were more destructive than the Sandy-like storms. For the rest 
of the six marsh islands, Irene-like hurricanes induced less 
erosion than Hurricane Sandy, except for the enhanced Irene, 
IC, which induced more erosion than Sandy. Comparing the 
more offshore case IA with the more inland case IB, IB was 
more destructive to all marsh islands than IA, which indicated 
that with the same intensities, hurricanes passing to the west 
are more dangerous to Jamaica Bay than those passing to the 
east. Finally, it is found that among all hypothetical hurricane 
scenarios, the six marsh islands in the western part of the bay 
always lost sediment due to erosion in vegetated areas. In 
other words, the vegetated areas in the western part were more 
vulnerable to the hurricane impact than those in the eastern 
part of the bay. 

Conclusions
Hurricane Sandy, which made landfall along the east 

coast of the United States on October 29, 2012, provides a 
critical opportunity for studying the effects of hurricanes 
on sediment transport, deposition, erosion, and associated 
morphological changes in Jamaica Bay, New York City. The 
Delft3D model suite was applied to assess and predict hydro-
dynamics and sediment transport driven by Hurricane Sandy 
and hypothetical hurricanes in Jamaica Bay. The reasonable 
agreement of modeled wave parameters, water levels, and 
morphological change with field measurements during 
Hurricane Sandy indicated good model performance under 
hurricane conditions.

After calibration and validation of the model system, 
numerical simulations under a series of scenarios were carried 

out to investigate the short-term and long-term effects of 
Hurricane Sandy and the immediate effects of hypothetical 
hurricanes on the wetland morphology in Jamaica Bay. For 
the immediate effect of Hurricane Sandy, the morphological 
change was extremely complex and more dynamic in the 
western part of Jamaica Bay (for example, Yellow Bar) than 
the eastern part (for example, JoCo). Many erosion/accretion 
patches were generated by local hydrodynamics. For vegetated 
areas, six wetlands in the western part of the bay were eroded, 
while four wetlands in the eastern part showed deposition. 
After 1 year, most wetlands in Jamaica Bay recovered from 
the sediment loss due to Hurricane Sandy, while the impact of 
Sandy was still in effect. For the 5-year and 10-year periods, 
the long-term morphology in Jamaica Bay has greater variabil-
ity in channels than on wetlands, where hurricane effects could 
hardly be detected island-wide. Accretion was prevalent over 
wetlands in Jamaica Bay over the long periods with transport 
of sediment from external and internal sources by way of 
normal tide and infrequent winter storms. The long-term effect 
of Sandy is diminished, while some vulnerable salt marshes on 
small islands such as Stony Creek and Duck Point still cannot 
recover. For some salt marshes like JoCo, the storm impact has 
two aspects; that is, Sandy induced not only more deposition 
in the vegetated area, but also more erosion in channels and 
creeks of the marsh island. 

The basic morphology patterns caused by Sandy-like hur-
ricanes would not change with different tracks and intensities 
and a Sandy-like hurricane directly hitting Jamaica Bay would 
not be the worst scenario. Hurricanes land-falling to the west 
and south of the bay would have more effect on the morphol-
ogy than those to the east of the bay. Higher wind intensities 
would induce more morphological change in the wetlands of 
Jamaica Bay. Irene-like hurricanes would cause erosion in all 
wetlands (except JoCo) in Jamaica Bay. With the same wind 
intensities, hurricanes passing to the west would be more 
destructive to salt marshes in Jamaica Bay than those passing 
to the east. Among all hypothetical hurricane scenarios, the 
vegetated areas in the western part of the bay appeared to be 
more vulnerable to the hurricane impacts than those in the 
eastern part. 

Previous studies found that the primary causes of marsh 
loss in an urbanized setting such as Jamaica Bay are biogeo-
chemical and not geophysical (for example, Kolker, 2005). 
The findings in our study suggest that large-scale, infrequent, 
and intense hurricanes can enhance marsh accretion and ero-
sion depending on storm features and wetland characteristics. 
Considering the predicted increased frequency, intensity, and 
duration of future hurricanes, it is hypothesized that hurricanes 
may expedite the disappearance of the marsh islands in the 
western part of Jamaica Bay if no further protection and 
restoration actions are taken. Our study also found that the 
larger the vegetated marsh island size, the less the degree of 
storm-induced erosion, suggesting that marsh continuity and 
land percentage (total vegetated area to total island area) are 
important in restoring marshes in Jamaica Bay. 
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Figure 23.  Modeled island-wide wetland morphological change in Jamaica Bay, New York City, due to difference in 
A, track and B, intensity of Sandy-like hurricanes and C, track and intensity of Irene-like hurricanes.
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From this study, the following conclusions can be made:
1.	 The validated numerical model has revealed the spatial 

patterns of wetland morphology in Jamaica Bay under 
hurricanes, in the order of large to small, by storm fea-
ture (for example, intensity), geomorphological setting 
(for example, distance to storm track or bathymetry), and 
vegetation distribution.

2.	 Hurricane-generated sediments in the bay and marsh 
islands are mainly from reworking of bay bottom re-
suspension and marsh edge erosion, rather than from the 
ocean by way of Rockaway Inlet. 

3.	 Modeling localized morphology change needs high-
resolution topographic and bathymetric data to resolve 
small scale landscape features such as small tidal creeks 
within marsh islands. In this study, ≤10-m resolution is 
required to identify the breach along the West Pond trail 
in the Jamaica Bay Wildlife Refuge.

4.	 Hurricane-generated bay and wetland morphological 
changes are spatially discrete and local in nature rather 
than nearly uniform responses such as beach and dunes.

5.	 Local variations of bed shear stresses from hurricane 
waves are the main driver of the localized bay and wet-
land morphology change. 

6.	 The deep channels and Grassy Bay serve as a major 
sink of hurricane-mobilized sediments, similar to the 
sediment pathway under normal tide and winter storm 
conditions. 

7.	 Because marsh resilience is dependent upon sediment 
supply (Fagharazzi and others, 2013a; Twilley and oth-
ers, 2016), and large storm-reworked sediments (either 
local or from ocean) are transported to deep channels or 
borrow pits as sinks, more sediment supply from exter-
nal sources would be needed for restoration of wetlands 
in Jamaica Bay. 

There are some model limitations in this study. First, the 
grid resolution in Jamaica Bay is not fine enough to resolve 
detailed features of some wetlands (for example, small creeks 
<10 m in width in JoCo), especially in the basin-wide domain 
for long-term simulations with a grid size of 50 m. Second, 
the calibration and validation of the model parameters are still 
very limited due to lack of observed data in Jamaica Bay, such 
as wave parameters, current, and suspended sediment concen-
tration. For example, measurements of wave characteristics 
from only one offshore buoy nearest Jamaica Bay were used in 
the wave model. More field measurements would improve the 
model performance substantially. Third, vegetation properties 
were fixed, and flow invariant constant values of Manning’s 

Figure 23.  Modeled island-wide wetland morphological change in Jamaica Bay, New York City, due to difference in 
A, track and B, intensity of Sandy-like hurricanes and C, track and intensity of Irene-like hurricanes.—Continued
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coefficient for certain types of vegetation were used in the 
Delft3D-FLOW model, potentially underestimating vegeta-
tion effect. In reality, the relevant vegetation properties vary 
seasonally and yearly. If vegetation could vary with morpho-
logical change over a year with different seasons and even 
include vegetation mortality under exceeded inundation and 
salinity tolerance/thresholds for long-term cases, the model 
would be more realistic. Additionally, vegetation was assumed 
to be rigid cylindrical structures of small diameter. But, in 
reality, plants tend to bend as water depth and flow velocity 
increase during storms and especially hurricanes (Zhao and 
Chen, 2014, 2016), resulting in reduced plant resistance to 
flow, and enhancing sediment transport further into the interior 
wetland areas. Vegetation may be damaged and need a recov-
ery period before resuming pre-storm characteristics. There-
fore, a dynamic Manning’s coefficient as a function of flow 
conditions and vegetation characteristics should be included in 
future hurricane-wetland morphology modeling because of the 
highly spatial heterogeneity in wave energy dissipation affect-
ing sediment transport at local scales due to large hurricanes. 
Furthermore, vegetation properties should be used in the hur-
ricane wave model (Zhao and Chen, 2014, 2016). 

Fourth, with the application of morphological accelera-
tion factor fMOR, a 1-year simulation can provide results 
for a period of multiple years. However, it is not easy to get 
1-year representative winds from multiple-year winds. In this 
study, the first-year winds were used to represent the 5-year or 
10-year winds, which may introduce errors. Fifth, the coupled 
model is sensitive to model parameters of critical shear stress, 
erodibility coefficient, and settling velocity as demonstrated in 
other Delft3D morphology studies (George and others, 2012; 
Liu and others, 2015; Liu, 2016). As field data and literature 
on these parameters are limited, we calibrated the critical shear 
stress for different land-cover types. In reality, the variabil-
ity of sediment texture (type, density) will cause variations 
of bed erodibility, settling velocity, and critical shear stress 
in space and time, and ultimately different morphological 
responses. Future field work is needed to examine the spatial 
and temporal variability in these parameters as a function of 
sediment texture. 

The coupled hurricane-wetland morphology modeling 
system has been demonstrated by this study to be capable of 
assisting coastal resource managers in the planning and imple-
mentation of various restoration efforts. Particularly, we sug-
gest that the validated model may benefit sediment operations, 
such as helping managers decide the location, area, depth, 
and grain size of the placement of dredged materials from the 
Harbor Deepening Project and the optimal height, density, and 
planting elevation for maximum inorganic sediment trapping 
in Jamaica Bay, New York City.
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