3 Coastal Modeling Methodology
3.1 Model Description
A 2-Dimensional (2D) coastal storm surge model was developed using Danish Hydraulic Institute’s
(DHI) MIKE 21- Flexible Mesh (FM) Hydrodynamic (HD) Version 2014 module to evaluate flood
propagation of coastal storm surge within the study area. MIKE 21 is a well-documented, proven
modelling technology that has been applied in many coastal and marine engineering projects around
the world. It is a FEMA-approved hydrodynamic model and it offers additional capabilities for
application in coastal urban settings through the integration of multiple MIKE models using MIKE
FLOOD.
MIKE 21 model is specifically oriented towards establishing flow patterns in complex water systems,
such as coastal waterways, estuaries and wide floodplains. MIKE 21-FM HD module is based on a
flexible mesh approach which allows variations in the model resolution within the model domain.
The MIKE 21 model utilizes the numerical solution of two-dimensional shallow water equations.
MIKE 21-FM HD simulates water level variations and flows for depth-averaged unsteady twodimensional free-surface flows. It includes capabilities for characterizing the following physical
processes:


Bottom shear stress



Wind shear stress



Barometric pressure gradients



Coriolis force



Momentum dispersion



Evaporation



Wetting and drying



Wave radiation stresses

3.2 Coordinate Systems and Units
3.2.1

Units
All parameters and variables established for in model development and simulation have units
according to international SI conventions. The model results are converted into U.S customary units.
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3.2.2

Horizontal Coordinate System
The coordinate system used for the model and other horizontal positioning is the Universal
Transverse Mercator (UTM) Zone 18 North. All coordinates in this report are given in the above
mentioned local UTM system unless otherwise specified.

3.2.3

Vertical Coordinate System
Vertical elevations in the model are relative to the North American Vertical Datum 1988 (NAVD88),
All elevations in this report are given in meters or feet relative to NAVD88; unless specified otherwise.

3.2.4

Time Reference
All data related to time are in local Eastern Standard Time (EST), which is 5 hours behind GMT.

3.3 Model Extent and Resolution
The MIKE 21 flexible mesh was developed by using the “Mesh Generator” tool within the MIKE 21
model. The mesh generator creates a mesh from triangular elements covering a defined extent, or
model domain. The element size in the mesh is varied throughout the model domain depending upon
the complexity of the floodplain and any topographic features that are identified as critical to
propagation of coastal storm surge.
The maximum model domain extent covers a portion of the Hudson River from Battery Park, NY at
the southern end and up to Albany, NY at the northern end. The southern boundary was chosen with
the intent to use water level measurements from the NOAA Battery NY station as a boundary
condition. The inland landward extent of the model was selected to be in close proximity to the 30foot NAVD88 contour to exceed the surge levels of any potential storm to be simulated.
A comparatively small element area (15 m 2) was applied in Hoboken, and parts of Weehawken and
Jersey City that allowed to capture various urban features such as streets, open space and others
within the model mesh domain. The overall MIKE 21 coastal model mesh has larger element areas of
approximately 1350 m2 to 6000 m2 near the southern and northern boundaries as shown in Figure
3-1. The model mesh has coarse resolution in the outer mesh and, with use of a nesting technique,
the element area is progressively downscaled by a factor of approximately 1/3 (405, 135, 45 and 15
m2 respectively) as the mesh gets closer to the immediate study area. In the nesting procedure, model
parameters are transferred at the interfaces between areas of transition (from coarse to finer
elements) in the mesh.
Most of the study area is either urbanized or contains man-made features such as roads, parks, and
railway embankments. Urban areas and structures within the floodplain have many obstacles that
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can affect the free flow of water. The mesh includes roads, parks, open space, parking lots, etc. but
excludes individual buildings which allows to conservatively evaluate the flow of coastal storm surge
within the study area. Building footprint GIS datasets provided by City of Hoboken were adjusted
and digitized using the latest imagery.
Control lines were added to the mesh so that elements followed the alignment of features ensuring
the elevations of important features are correctly assigned during the mesh generation as shown in
Figure 3-2 through Figure 3-5. The crest levels of linear features, such as road embankments, and
railway embankments have been established through direct interpolation from the 1-meter LiDAR
data. It should be noted that some of the features described above have been identified through an
inspection of the topographic data and oblique aerial imagery.

NJDEP | Rebuild by Design – Hudson River Hydrology and Flood Risk Assessment |
Coastal Modeling Methodology| 9

Figure 3-1. Maximum Extent of the Entire Coastal Model Domain Area
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Figure 3-2. Mesh Resolution along the Streets of Weehawken and Weehawken Cove (red line is the
municipal boundary)
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Figure 3-3. Mesh Resolution along the Streets of Hoboken and Adjacent Open Areas (red line is the
municipal boundary)
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Figure 3-4. Mesh Resolution along the Southern Portion of Hoboken (red line is the municipal boundary)
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Figure 3-5. Mesh Resolution along the Streets of Jersey City and Adjacent Open Areas (red line is the
municipal boundary)

3.4 Topography and Bathymetry
A key component of modeling is to accurately represent topography and bathymetry within the model
domain which will allow the model to simulate the flow paths and water depths accurately especially
within the study area. The topographical information for the modeling is primarily based on LiDAR
data that was collected after Superstorm Sandy. Additionally, Dewberry conducted topographic
survey along certain portions of the Hoboken waterfront. The bathymetry data used in the model
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included the most recent surveys from NOAA in the Hudson River, as well as detailed bathymetry
surveys for Weehawken Cove from Stevens Institute of Technology and the Long Slip Canal from NJ
Transit. These survey data are further described in subsections to follow and

3.4.1

Topography Data

The base topography data used for the MIKE 21 mesh was the 1-meter Digital Elevation Model (DEM)
derived from post-Sandy LiDAR collected in November 2012 by the USACE Joint Airborne LiDAR
Bathymetry Technical Centre of Expertise (JALBTCX).
To supplement this data, Dewberry conducted a topographic survey to obtain elevations of existing
waterfront structures and shoreline features. The extent of the waterfront topographic survey and
captured elevations are shown in Figure 3-6.

Figure 3-6. Topographic Survey Data Collected Along Portions of Hoboken Waterfront in July 2015
(Northern Portion in Left, and Southern in Right)

3.4.2

Bathymetry Data

The bathymetry datasets included NOAA survey data downloaded from National Ocean Service
(NOS) Office of Coast Survey Hydrographic Survey Geophysical Data System (GEODAS).
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Additionally bathymetric surveys for Weehawken Cove and Long Slip Canal were obtained through
Stevens Institute of Technology and NJ Transit, respectively.
Figure 3-7 represents the integrated topography/bathymetry surface elevation converted into feet
within the study area. It should be noted that the MIKE 21 model uses elevation dataset in meters.

Figure 3-7. Topography and Bathymetry as Defined in the MIKE 21 Model Mesh (in feet, NAVD88)
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3.5 Hydraulic Roughness
Hydraulic roughness (also referred to as bottom bed roughness) represents the conveyance capacity
of the vegetative growth, bed and bank material, channel, sinuosity and structures of the floodplain.
In hydrodynamic models, hydraulic roughness is often accounted for by assigning roughness
coefficients. Heavily vegetated or densely developed areas would be assigned a higher hydraulic
roughness coefficient, while paved open areas would be assigned a lower roughness coefficient. In
using Manning’s formula for uniform flow, the roughness coefficient is referred to as Manning’s n.
Within the MIKE 21 model, hydraulic roughness is defined by a dimensionless Manning’s ‘M’
roughness coefficient which is calculated as 1/Manning’s n roughness coefficient (1/n).

The

roughness coefficients vary spatially, but are kept constant in time.
A detailed Manning’s roughness coefficient map was created based on existing land use/land cover
as shown in Figure 3-8. A land cover map was developed using the land cover data provided by the
City of Hoboken, City of Jersey City and NJDEP. Table 3-1 below shows the Manning’s n and M values
for various land use/land cover classes. The Manning’s n roughness coefficients for various land
use/land cover classes were obtained from FEMA Region II Storm Surge Project (FEMA, 2014).
Table 3-1. Manning’s “M” and “n” Roughness Coefficients for Landuse/Landcover Classes
Land Cover
Classes

Manning's "M"

Manning's "n"

Water

40.0

0.025

Roads

50.0

0.020

Buildings

6.66

0.150

Open Space/Parks

22.2

0.045
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Figure 3-8. Manning’s M Roughness Coefficients within the Study Area

3.6 Wetting and Drying
MIKE 21 model is capable of including and excluding computational areas dynamically during the
simulation, or in other words, compute the flow in an area which sometimes dries out and is
sometimes flooded. The water depths at the points that are dry are saved and then added back into
the solution when those points becomes flooded again. To enable wetting and drying within the
model, it is required to specify at what depth the computational points should be taken out or reentered into the computations.
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To account for large areas that would only be flooded during a portion of the storm simulations, the
"Advanced flood and dry (floodplain)" option was used in the MIKE 21 coastal model. For the model
setup, a drying water depth of 0.005m (hdry), a flooding water depth of 0.05m (hflood) and a wetting
depth of 0.1m (hwet) were specified. These are the recommended values and no further adjustments
were necessary based on initial model simulations.

3.7 Time Step
The model time step specified for the MIKE 21 simulations is important with respect to the numerical
stability of the hydrodynamic model. The stability of the model is defined by two stability criteria,
namely the courant number and the Courant-Friedrich- Lévy (CFL) stability condition. In order to
ensure numerical stability the courant number was kept smaller than 0.80 during the entire
simulation while the maximum CFL stability condition was kept less than 1.0. For all of the MIKE 21
coastal model simulations, a time step of 30 seconds was specified.

3.8 Boundary Conditions
Another critical component in the modeling process is the specification of the water levels and flow
at the open boundaries (i.e. the "boundary conditions"). Well defined boundary conditions will give
better results and fewer instability problems.
The MIKE 21 model has two boundaries - tidal/surge water level and river discharge. The timedependent tidal water level boundary is located near Battery Park which replicates the extreme water
level occurring during a tidal flood event and provides the important input of tides and storm surge
to the model. The generation of the extreme tidal boundary conditions is discussed below. The
Hudson River discharge boundary was located at the upstream end of the model domain.

3.8.1

Water Level

Hourly verified water surface elevation measurements were obtained from the nearest NOAA water
level station at The Battery, NY (Station 8518750). The hourly measurements at the Battery NOAA
station for the period of October 23 through November 1, 2012 are shown in Figure 3-9.
This time series of water levels were used for the hindcast of Sandy. The 2013 preliminary FEMA
Flood Insurance Study (FIS) for New York City/Hudson County, NJ provided the stillwater elevations
for the 1%, 2% and 10%-annual-chance events as shown in Table 3-2 (FEMA, 2013). The recorded
time series of water levels from Sandy at the Battery was used as a base to scale the hydrograph to the
target peak return period still water level from the FEMA study. A ratio of the peak Superstorm Sandy
water level to the target water level is calculated and then used to inform how the Superstorm Sandy
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hydrograph is adjusted so that its peak hits the target water level. The shift of the Sandy hydrograph
starts gradually and increases towards the target peak then the magnitude of the shift decreases
moving past the target peak. The Sandy hydrograph is especially used to inform how a typical large
storm would ramp up to and down from the peak water level. Figure 3-9 shows the adjusted
hydrographs for the 1%, 2% and 10%-annual-chance events. Appendix A shows the table of values
used for the boundary condition hydrographs.
Table 3-2. Stillwater Elevations for Storm Scenarios
Preliminary Annual-Chance Stillwater elevations
in feet relative to NAVD (FEMA)
10% (10-year)
2% (50-year)
1% (100-year)
6.9 feet

9.9 feet

11.3 feet

Figure 3-9. Superstorm Sandy and FEMA Water Level Boundary Hydrographs for various Storm
Events
It should be noted that due to the scaling of the FEMA’s stillwater elevations to the shape of
Superstorm Sandy, the peak water levels for the 10- and 50-year events shown in Figure 3-9 are
slightly higher than the values shown in Table 3-2. Stillwater Elevations for Storm Scenarios. The
water level boundary condition at the Battery acts as a forcing boundary condition for the coastal
hydrodynamic MIKE 21 model. As a result, the MIKE 21 model propagates the coastal storm surge
water levels from the Battery upstream to the southern boundary of the study area which is
approximately 2 miles north of Battery. A wind field was not directly applied to the model. The return
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period still water levels developed by FEMA area a statistical representation of historic storms, hence
it takes into account all the possible wind directions during the storms, particularly that produce the
highest water levels for any given location.
It should be noted that several studies were undertaken by various government agencies, institutions
and universities to determine the recurrence interval of Superstorm Sandy’s coastal storm surge. A
study lead by USGS and FEMA indicates that the coastal storm surge produced from Superstorm
Sandy measured at the Battery, New York was close to 1% annual chance event (100-year) still water
levels as shown in the 2013 FEMA’s preliminary coastal storm surge study (USGS, 2015). Another
study lead by Stevens Institute of Technology indicates that Superstorm Sandy produces still water
elevations close to a 0.4% annual chance event (260-year event) (Orton et.al, 2016). However, since
this project seeks to obtain FEMA certification, the best available extreme storm still water levels
developed as part of the 2013 FEMA coastal storm surge study for New York and New Jersey were
used to develop the boundary conditions. It should be noted that in future these extreme storm water
levels can be revised by FEMA and the model boundary conditions would need to be updated to reflect
these new still water elevations.

3.8.2

Discharge
Figure 3-10 shows the estimated daily average freshwater discharge data (1947 – 2008) in cubic feet
per second (cfs) for the Hudson River at Green Island, NY as obtained from United States Geological
Survey (USGS) website (USGS, 2015). The average daily discharge at Green Island NY was around
14,175 cubic feet per second (401 cubic meters per second). The average discharge was applied at the
upstream boundary of the MIKE 21 coastal model domain.

Figure 3-10. Time Series of Daily Average Fresh Water Discharge at Green Island, NY

NJDEP | Rebuild by Design – Hudson River Hydrology and Flood Risk Assessment |
Coastal Modeling Methodology| 21

3.9 Model Setup Parameters and Simulation Scenarios
The MIKE 21 coastal model setup included the parameters as shown in Table 3-3. The MIKE 21
coastal model validation was performed for Superstorm Sandy. Following the MIKE 21 model
validation, fifteen (15) coastal storm surge scenarios were simulated for the three “Resist” alternatives
that were developed as part of this project. It should be noted that these coastal storm surge scenarios
do not include any effects from wave action.
Graphical Processing Unit (GPU) powered computing resources were used to simulate time-intensive
coastal hydrodynamic model runs. It should be noted that the Design Flood Elevation (DFE) for the
proposed “Resist” alternatives includes sea level rise (SLR) and freeboard as required by 44 CFR
65.10 requirements. The NOAA intermediate high SLR of 2.34 feet for the year 2075 (which
corresponds to 50-year design life of this project) was used to in the DFE calculations. This DFE
would be higher than the maximum elevations from the 1% annual chance coastal storm event (100year); thus providing flood risk reduction benefits beyond the 100-year coastal storm surge events.
Since the DFE is based on a 1% annual chance coastal storm event, the study does not require to
simulate the extremely low probability/frequency coastal storm surge events such as the 500-year
(0.2% annual chance) with a coastal storm surge model. Additionally, the current preliminary FEMA
flood insurance study for Hudson County (FEMA, 2013) has estimated the stillwater elevations for
the 1% and 0.2% annual chance events but estimated the wave heights for the 1% annual chance event
only. An analysis was performed to estimate the 0.2% annual chance event wave heights to
understand the increases in wave heights beyond the available 1% wave heights. Refer to Appendix B
for the analysis on the 0.2% annual chance wave height calculations.

NJDEP | Rebuild by Design – Hudson River Hydrology and Flood Risk Assessment |
Coastal Modeling Methodology| 22

Table 3-3. Parameters Used in the Setup of the MIKE 21 Coastal Hydrodynamic Model
Parameter

Value

Mesh area – coarsest
mesh
Mesh size – finest mesh

1350 m2

Simulation periods

10/23/2012 - 10/31/2012

Maximum time step

30 Second

Boundaries

2 boundaries:

15 m2

Boundary 1: Water Level at Battery, NY
Boundary 2: Upstream Discharge
Boundary conditions

Boundary 1: Time series of water surface elevation
Boundary 2: Constant discharge

Flood and Dry

Included

Density

Barotropic

Horizontal eddy viscosity
formulation

Smagorinsky coefficient of 0.28

Bed resistance

Manning number varying in domain

Following is the list of coastal model simulations performed for this study

Model Run Scenario 1 - Superstorm Sandy (Validation run)



Model Run Scenario 2 – No-Action Alternative conditions for 10% annual chance event
(10-year)



Model Run Scenario 3 - No-Action Alternative conditions for 2% annual chance event (50year)



Model Run Scenario 4 - No-Action Alternative conditions for 1% annual chance event (100year)



Model Run Scenario 5 – Initial Alternative 3 conditions for 10% annual chance event (10year)



Model Run Scenario 6 - Initial Alternative 3 conditions for 2% annual chance event (50year)



Model Run Scenario 7 - Initial Alternative 3 conditions for 1% annual chance event (100year)



Model Run Scenario 8 – Final Alternative 3 conditions for 10% annual chance event (10year)



Model Run Scenario 9 - Final Alternative 3 conditions for 2% annual chance event (50year)
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Model Run Scenario 10 - Final Alternative 3conditions for 1% annual chance event (100year)



Model Run Scenario 11 – Final Alternative 1 conditions for 10% annual chance event (10year)



Model Run Scenario 12 - Final Alternative 1 conditions for 2% annual chance event (50year)



Model Run Scenario 13 - Final Alternative 1 conditions for 1% annual chance event (100year)



Model Run Scenario 14 – Final Alternative 2 conditions for 10% annual chance event (10year)



Model Run Scenario 15 - Final Alternative 2 conditions for 2% annual chance event (50year)



Model Run Scenario 16 - Final Alternative 2 conditions for 1% annual chance event (100year)
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