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Abstract

Storm surge is a dangerous and potentially life-threatening result of tropical and extratropical cyclones.
The potential impacts of storm surge/storm tide can be very difficult to communicate before the storm
arrives, thus a visual depiction of areas that could be inundated from storm tide would be very useful to
the Emergency Management community. The National Hurricane Center has made strides in producing
such a visualization for tropical cyclones, however it does not currently exist for extratropical cyclones.
Using geospatial software, a recreation of coastal inundation potential from the storm tide associated
with Hurricane/Post-tropical Storm Sandy in the New York City Tri-State area was developed by
subtracting Sandy’s storm tide from a digital elevation model. The resulting dataset compared to actual
impacts correlated well, thus expectations are high that applying the same methodology to extratropical
cyclones would also yield adequate results. The ability for the National Weather Service to provide a
visualization of potential coastal inundation for extratropical cyclones to their customers and partners
would be another step forward in meeting their mission of saving lives, property and enhancing the
national economy (National Weather Service 2017b).

Introduction

Tropical and extratropical cyclones are two of many potential high impact events that emergency
management (EM) officials in coastal communities have to contend with. The impacts from storm surge
associated with these types of weather systems can prove to be extremely challenging for
meteorologists to convey for several reasons. The evolution of geographic information systems (GIS) is
making it easier to provide decision makers with the information to move people out of harm’s way.

The National Oceanic and Atmospheric Administration’s (NOAA) National Weather Service (NWS) has
developed several tools to aide an EM’s evacuation decision making process when moderate to major
coastal flooding from storm surge threatens their jurisdiction. Recently, there has been confusion
amongst government officials, the media, and even meteorologists on what storm surge is and the
extent to which it will affect a community since it can be measured from many different vertical datums.
With the exception of mean sea level (MSL), these vertical datums are not widely known by many
people outside of the scientific community. Referencing storm surge data to these datums does not
convey the critical nature of the potential hazard so they can prepare accordingly. Additionally,
probabilistic storm surge maps are only produced by the National Hurricane Center (NHC) when the U.S.
coast is threatened by a tropical cyclone. There have been many extratropical cyclones that produce
moderate to major coastal inundation, but the NWS does not have any visualization tools to display
potentially impacted areas associated with these types of storm systems in a way that people can
understand. This project will address the confusing manner in which extratropical storm surge data are
currently conveyed from the NWS NY, NY office and focus on a process to create inundation maps based
on storm surge forecasts from extratropical storms issued by NWS NY, NY in feet above ground level



(AGL). The paper concludes with results validated by comparing a portion of the output inundation
raster to impact statements received from the EM community after Hurricane Sandy.

Background

Coastal inundation is primarily caused by severe weather events along the coasts, estuaries, and
adjoining rivers. These storms, which include hurricanes and nor’easters, bring strong winds and heavy
rains. The winds drive large waves and storm surge on shore, and heavy rains temporarily raise water
levels. Storm surge is one of the main causes of coastal inundation and is extremely dangerous because
it is capable of flooding large coastal areas, causing severe devastation (National Oceanic and
Atmospheric Administration 2017c).

Although storm surge is often a threat to life and property in coastal communities during tropical and
strong extratropical cyclones, it is also the least understood by government officials, the media, and
even meteorologists. Due to the complexity of this hazard and the realization that it has not been
conveyed properly by experts in recent years, an alternative way to communicate this critical piece of
information is imperative.

Storm Surge vs. Storm Tide

The first issue that must be addressed is the fundamental difference between storm surge and storm
tide (Figure 1). Emphasis should be placed on the latter since it is the total water level, surge and tide
combined.

€————— 151t Surge

—Mean sea level

NOAA/The COMET Program

Figure 1 — Example of storm surge vs. storm tide referenced to Mean Sea Level (National Hurricane
Center 2017c).



Population Density

There is a growing concern regarding the population density along the U.S. Coast, which is projected
to continue to increase through 2020, and protecting this increasing population from coastal hazards.
According to the 2013 National Coastal Population Report, which analyzed data from the 2010 census,
123.3 million, or 39 percent of the U.S. population is concentrated in counties directly on the
shoreline. If current population trends continue, it is projected that an additional 10 million will settle
along the U.S. coast by 2020, putting more of the population at increased risk from extreme coastal
storms. (National Oceanic and Atmospheric Administration 2013).

Sea Level Rise

Sea level rise is also causing trepidation as it will exacerbate the severity of flooding along the coast in
the future. Since the early 1990’s, the Intergovernmental Panel on Climate Change (IPCC) has
performed extensive research on climate change and has concluded that global mean sea level rise
has been occurring since the end of the Industrial Revolution. Modelled projections indicate that it
will continue to occur over the next few hundred millennia. According to the Fifth Assessment Report
of the IPCC (2013), the primary contributions to changes in water volume in the ocean are thermal
expansion, i.e. the expansion of the ocean water as it warms, and the transfer of water currently
stored on land, mainly glaciers and ice sheets, to the ocean (Stocker et al. 2013). Additionally, the
IPCC is certain that the global mean surface temperature has increased since the late 19" century and
that each of the past three decades has been successively warmer at the Earth’s surface than any of
the previous decades, with the decade of the 2000’s being the warmest. This has resulted in a
transition to higher mean rates of sea level rise during the late 19" to early 20™ century from
relatively low mean rates of rise over the previous two millennia (Stocker et al. 2013). Figure 2 shows
past proxy data in purple, tide gauge data in blue, red and green, and altimeter data in light blue.
Future sea level rise projections, derived from various global climate models, are indicated in red for
very high greenhouse gas emissions, and blue for very low emissions (Church et al. 2013). Despite the
level of greenhouse gas emissions, projections from these global climate models indicate that sea level
rise will continue through the end of the 21st century and likely beyond (Stocker et al. 2013).
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Figure 2 — Compilation of past and future sea-level rise consisting of paleo sea

level data (purple), tide gauge data (blue, orange and green), altimetry data

(light blue) and central estimates and likely ranges for projections of global

mean sea level rise from the extreme scenarios of various global climate

models, all relative to pre-industrial values (Stocker et al. 2013).

Vertical Datums

Vertical datums have traditionally come in two categories, those based on a form of mean sea level,
called geodetic datums and those based on tidally derived surfaces of high or low water, called tidal
datums. To avoid misinterpreting surge elevations, vertical datums must be consistent when
comparing water level observations (i.e. from tide gauges) with forecasts or model data. Figure 3,
shows many different datums water level data can be referenced to. The NWS typically conveys
coastal flooding potential referenced to Mean Lower Low Water (MLLW) for extratropical cyclones.



Elevations on Station Datum Datums for 8518750, The Battery, NY
Station: 8518750, The Battery, NY TM.: 75 All figures in feet relative to station datum
Status: Accepted (Nov 192012) Epoch: 1983-2001
Units: Feet Datum: STND
Datum Value Description MiW-821 o

P o e DHQ: 0.32
MHHW 8.34 Mean Higher-High Water
MHW 8.02 Mean High Water

B

MTL 5.76 Mean Tide Level | 71
MSL 5.86 Mean Sea Level
DTL 582 Mean Diurnal Tide Level
MLW 3.49 Mean Low Water
MLLW 3.29 Mean Lower-Low Water
NAVD88 6.06 North American Vertical Datum of 1988
STND 0.00 Station Datum
GT 5.06 Great Diurnal Range
MN 4.53 Mean Range of Tide
DHQ 0.32 Mean Diurnal High Water Inequality
DLQ 021 Mean Diurnal Low Water Inequality

Figure 3 — List of vertical datums water level data at The Battery, NYC can be referenced to (National Ocean Service 2017a).

Risk Communication and Visualization

Risk communication is the process of developing and delivering a message from the risk expert to the
general public (Cutter 1993). Effective communication between experts, decision makers and the
general public is vital when there is a threat to a community’s livelihood. Visualization techniques can
help the risk assessor better understand underlying factors and generate better risk maps, thus
communicating a clearer message (Husdal 2001). Buckley, Gahegan, and Clarke (2000) explain that,
“The human visual system is the most powerful processing system known. By combining technologies
such as image processing, computer graphics, animation, simulation, multimedia, and virtual reality,
computers can help present information in a new way so that patterns can be found, greater
understanding can be developed, and problems can be solved.” There is also evidence suggesting that
(interactive) visualization may often be better suited to communicate risks than mere text or print
media (Hahn et al. 2007). Additionally, Coppock (1995) noted visualization as important not only in
the development of GIS generally, but also as a tool to improve reliability of hazard assessment, thus
decision support, and also to improve the ability of non-experts to take advantage of the information
presented.

One of the earliest examples of graphical visualization/communication tool developed by the NWS in
the mid 1990’s was the illustration of a hurricane track and its associated “cone of uncertainty” that
encompasses the regions most likely to be at risk from tropical cyclones over the next 3 days
(American Meteorological Society 1996). The agency has come a long way since then, implementing
many more graphical visualization tools to convey weather information, some of which will be
discussed later. However, the need for a visualization tool to communicate extratropical storm surge
risk is still lacking.



Hurricanes Irene and Sandy

Although the storm surge forecasts for Hurricanes Irene and Sandy were accurate, NOAA’s Service
Assessment Team (SAT) found that conveying storm surge/storm tide forecast information was one of
the most difficult challenges faced by the NWS, EMs and the media. There were several comments
received by the team after Irene indicating that the forecasts were “sometimes perceived as being
insufficient, confusing and conflicting” (Lubchenco and Furgione 2012).

One Meteorologist-In-Charge responsible for a coastal NWS field office said “EM’s don’t understand or
remember how to use/interpret the SLOSH software. Outside of a few coastal flood savvy EMs and
local officials, there is considerable confusion on their part on what the datums mean in terms of real
world impacts” (Lubchenco and Furgione 2012).

The Weather Channel staff commented on the lack of visualization tools, “The storm surge forecast
was excellent but we are missing the ability to communicate it more visually” (Lubchenco and
Furgione 2012).

The most common comment about forecasts heard from government officials, NWS forecasters, and
media was that the text forecasts are insufficient and that NWS needs simplified, graphical, impact-
based coastal inundation forecast maps. The New York City Office of Emergency Management
(NYCOEM) Commissioner stated:

“Mayor Bloomberg asked me every time, ‘If | walk out of my door, how far will the water
be up on my legs’...He doesn’t want to know 12 feet, 8 feet, etc... The more you can give
me about the impact of surge by area—that would be helpful. Graphical inundation
forecasts would be helpful” (Lubchenco and Furgione 2012).

Similar statements were made in the wake of Sandy. One media representative commented:

“There were forecasts, but there were no details about what the predicted surges
would cause. There was no wording in the warning like, ‘Most of lower Manhattan will
be under water at a certain point’ or ‘Staten Island will flood up to Beach Street”
(Sullivan and Uccellini 2013).

An important finding by the SAT was that storm surge terminology, including reference datums and
the description of impacts, was confusing. In addition, coastal flood forecasting is difficult and time
consuming due to the fact that the data have to be processed in a number of formats and reference
datums. The team recommended that the NWS “should present storm surge forecasts in a single,
consistent datum and adopt a unified format and language for products describing impacts from
storm surge” (Sullivan and Uccellini 2013).

10



Visualization tools for Tropical Cyclones

NHC has developed several graphical tools that provide storm surge and storm tide information for
tropical cyclones, such as the Sea, Lake and Overland Surges from Hurricanes (SLOSH), Probabilistic
Surge (P-Surge), and Probabilistic Hurricane Inundation Surge Height (PHISH).

Sea Lake and Overland Surges from Hurricanes (SLOSH)

SLOSH is a numerical model that estimates storm surge heights in thirty-one predefined basins
(Figure 4) across the U.S. Atlantic and Gulf of Mexico coastlines, Hawaii, Puerto Rico, Virgin Islands
and the Bahamas, from historical, hypothetical, or predicted hurricanes, by taking into account the
atmospheric pressure, size, forward speed, and track data. These parameters are used to create a
model of the wind field which drives the storm surge (National Hurricane Center 2017b). All SLOSH
basins in the contiguous U.S. have recently been updated to NAVD88 from NGVD29. The graphical
SLOSH output (Figure 5) can simulate the effects of overland flooding (i.e. inundation) and can be
displayed with reference to NAVD88, or feet above ground level, although the differing sizes of the
grid cells (Figure 6) indicate that the resolution varies across the basin. Since SLOSH contains a
historical database it can be used for a worst-case scenario forecast of storm surge. It is typically
used when there is the potential for a tropical cyclone to impact an area in a time beyond 48 hours.

11



mwar’/

H

Basin Name

Penobscot Bay

New York

~ |Delaware Bay

Norfolk

ICape Hatteras/Pamlico Sound
Wimir Beach

(Charleston Harbor
ISavannah/Hiton Head

\Cape Canaveral
Palm Beach

Lake Of

Bscayne Bay

Florida Bay

Fort Myers

Tampa Bay.

ICedar Key

icola Bay

Panama Ciy

Bay

- .,4"" &

New Orleans

_--'7,,,- A

Sabine Lake
G Bay

IM

Bay
Corpus Christi Bay

aguna Madre

Bahamas
Puerto Rico

Vigin Islands

L T SV

Figure 4 — Thirty-one operational storm surge basins for the SLOSH model (National Hurricane Center 2017b).
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values in ft. above grid cell based on the National Hurricane Centers forecasted track of Ike through Galveston Bay (National Oceanic and Atmospheric Administration 2017b).
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Figure 6 — NYv3 SLOSH basin. The varying sizes of grid boxes are indicative of varying horizontal resolution across the basin
(Taylor 2015).

Probabilistic Surge (P-Surge) and Probabilistic Hurricane Inundation Surge Height
(PHISH)

P-Surge was developed to enhance SLOSH by quantifying the likelihood of an area exceeding a
specified storm surge threshold. However, it is only available from NHC when a watch or warning is
issued for a tropical cyclone. P-Surge is an ensemble forecast model based on SLOSH that takes the
hurricane forecast from NHC and uses error statistics from past hurricane forecasts to create many
statistically probable storms. P-Surge then computes the possible storms surge from each of these
and combines them together to get a better idea of the probable storms surge (National Weather
Service Meteorological Development Laboratory 2017b). P-Surge is issued in two formats; the first
displays a graphic of the range of surge heights for a specified probability. The second displays a
graphic of the probability of reaching a specified surge height. For example, Figure 7 is an example
of the first format and indicates that surge in Western Long Island Sound and New York Harbor have
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a 50 percent chance of exceeding 5-7 feet above the NGVD29 datum. Figure 8 is an example of the
second format which indicates the probabilities of portions of the east coast exceeding 2 ft. surge,
again above NGVD29.

AT
e e-p

@ Tropical Cyclone Storm Surge Heights {(NGYD—29)
V That Have a 9 in 10 Chance of Being Exceeded
Hurricane Sandy (2012} Advisory 25 VL
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|
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Figure 7 — P-Surge exceedance heights in NGVD29 from Hurricane Sandy Advisory 25 (National Weather Service

Meteorological Development Laboratory 2017c).
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Tropical Cyclone Storm Surge Probabilities
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Figure 8 — Example of 2 ft. Storm Surge Probabilities in NGVD29 during Hurricane Earl in 2010 (National Hurricane Center
2017d).
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To address the communication issue when referencing storm surge/tide above a datum, the NWS
developed the Probabilistic Hurricane Inundation Surge Height (PHISH) in 2013. Figure 9 shows the
difference between P-Surge and PHISH. PHISH’s output shows storm surge inundation which uses
the ground as its reference point instead of a datum. This is ideal since it reduces the need for
additional calculations to determine what areas will flood. Since P-Surge and PHISH utilize SLOSH
grids as inputs, the resolution of both model outputs will vary across the area. However, an
interpolation algorithm is used to display the resulting outputs (Figure 10) onto a uniform 625 x 625
meter sub grid to conform with dissemination requirements dictated in NWS policy (National
Weather Service 2017c).

While the NHC has been addressing the storm surge communication issues for tropical cyclones by
providing probabilistic and exceedance height information through the PHISH product, the
resolution is very coarse.

New Method: Storm Surge Above Ground
Surge /

1 £ S

5FT 5FT 4FT 2FT

o our®

Mean SeaLevel PHISH |

Old Method: Storm Surge Above Datum

Surge /
5:FET /
5FT 5FT 5FT 5FT

m
Mean Sea|Level : 1 3 b -

Figure 9 — Two methods the NWS uses to reference storm surge. P-Surge is referenced above a vertical datum while PHISH is
referenced to ground level (National Weather Service Meteorological Development Laboratory 2017b).
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Figure 10 — Output from PHISH in the New Orleans area. Values in the balloon box indicate the range in feet between which
the storm tide is forecasted to reach in the corresponding grid cell (Gibbs 2013).

Visualization Tools for Extratropical Cyclones

Extratropical Storm Surge (ETSS)

Extratropical cyclones can also cause life threatening storm surge. For example, the 1993
Superstorm produced a storm surge of 9 to 12 feet in Florida that killed 11 people. This amount of
fatalities were more than what resulted from the surges from Hurricanes Hugo and Andrew
combined (National Oceanic and Atmospheric Administration 2017a).

ETSS Storm Surge Model Guidance is used to forecast storm surge associated with extratropical
cyclones and is derived from the winds and pressures of the NWS’s Global Forecast System (GFS)
atmospheric model. It is strictly a forecast of storm surge that ends at the coastline. It does not
simulate tides, waves, river effects or overland flooding. Figure 11 is one graphical format example
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of this data which is in reference to MSL with a horizontal resolution of 5 km. Another format of the
ETSS guidance will be shown later.

1651019/1200w000 Extra Tropleal Gurge }I&:L[:glt. [(foot)
HUH 161010/ 123 00w LY SEL LEVEL PRECGONE

Figure 11 — Graphical ETSS guidance for portions of the U.S. Mid-Atlantic Region (Ocean Prediction Center 2017b).

Extratropical Surge and Tide Operational Forecast System (ESTOFS)

ESTOFS guidance (Figure 12) is also used to forecast storm surge associated with extratropical
cyclones. It is derived from the Advanced Circulation (ADCIRC) Model, a hydrodynamic modeling
technology that conducts short- and long-term simulations of tide and storm surge elevations and
velocities in deep-ocean, continental shelves, coastal seas, and small-scale estuarine systems (US
Army Corps of Engineers 2017). ESTOFS are produced at half the resolution as the ETSS, 2.5 km, and
incorporates tidal information into its solutions, therefore is a forecast of storm tide above MSL.
However, like the ETSS, it does not simulate waves, river effects or overland flooding.
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Figure 12 — A graphical representation of ESTOFS guidance for the coastlines of New England and portions of the Mid-Atlantic
region (Ocean Prediction Center 2017a).

Extratropical Storm Surge Products Provided to the Emergency Management
Community by NWS NY, NY

The NWS New York City Weather Forecast Office conducts webinars for the EM community
whenever there is the potential for a widespread severe weather event, to convey the potential
risks their respective jurisdictions could be facing. While the ETSS and ESTOFS graphical guidance
shown above is available, the fact that the surge is expressed above MSL is not ideal. The EM’s are
most familiar with MLLW and NGVD29 although this is still not optimal since they have to refer to
other information or make additional calculations to determine what areas will be inundated and
potentially evacuated.

Many NWS field offices currently use a combination of graphical and text products to convey the
threat of coastal flooding to its customers and partners during extratropical events. Figure 13 is an
example of what the NWS New York City office provides to EMs during decision support
briefings/webinars prior to a significant coastal flooding event. This graph has a lot of useful
information in it, but decision makers need something that is elementary and does not take a lot of

20



explaining or analysis. Figure 14 is an example of a text product issued by NWS NYC prior to the
April 16, 2010 Nor’easter. The total water levels (i.e. storm tide) are provided, however it is only
available for select locations. It is difficult to visualize what this means in terms of overland flood
inundation and extent not only at these locations, but also between locations.

Tide Observation Anomal Total MWater
Prediction {Obs, —%Tide+5urge} J Guidance

Chesapeake Bay Br Tunnel. YA : 08/526/2011 9:00 PM EDT

RN EER IR RN AN ENE NN ENE NN AN ENE RN ANEA NN
LIN S B S B B S BN B R N R

12 a 12 a 12 a 12 a 12 a 12
Thu 88725 Fri 88726 S5at 88/27 Sun 88728 Hon B838/29 Tue B8/
Time (EDT)

Figure 13 — Graphical ETSS surge above MSL for Chesapeake Bay Br. Tunnel, VA displaying astronomical tide levels,
storm surge forecast, observed data, anomaly and total water levels for Hurricane Irene (National Weather Service
Meteorological Development Laboratory 2017a).
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Figure 14 — A portion of a Coastal Hazard Message issued by the National Weather Service New
York, NY Forecast Office indicating forecasted storm tide and corresponding flood categories for
select locations (National Weather Service New York NY 2010).

Methodology

The case study chosen for this project was Hurricane Sandy. Although it could be argued that Sandy was
a tropical system (even though she was officially classified as extratropical before landfall), and this tool
is meant to be used for extratropical storm systems in the future, it is used as the case study since it was
an extreme event and a lot of impact data was received which was used to verify the analysis. The
output raster will provide inundation AGL for extratropical cyclones within the study area (Figure 15)
with a 3-meter horizontal resolution.
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Figure 15 — Study area: National Weather Service New York, NY County Warning Area. Initial validation of results will focus
on the area in the bottom left inset (ArcGIS (version 10.4) 2016).

Data

A digital elevation model (DEM) and a water surface constitute the core data inputs for the analysis.
The DEM chosen for this project was developed by NOAA’s National Centers for Environmental
Information (NCEI) with a 1/9 arc second (approximately 3m) spatial resolution and is referenced
horizontally to the North American Datum of 1983 (NAD83) and vertically to the North American
Vertical Datum of 1988 (NAVDS88) in units of meters (National Centers for Environmental Information
2017a).

The water surface was extracted from the Graphical Forecast Editor (GFE) contained in the Common
Advanced Weather Interactive Processing System (AWIPS) Visualization Environment (CAVE), the
software forecasters in the NWS use to develop weather forecasts. GFE contains a temporally gridded
database consisting of various weather elements such as temperature, winds, sky cover, etc. (Figure
16). Storm surge and astronomical tide grids are also included in GFE. These datasets were used to
create a Storm Tide grid, also known as Total Water Level (TWL), and exported from GFE to a Network
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Common Data Form (NetCDF) file. The TWL dataset has a 2.5 km. spatial resolution and is referenced
horizontally to a customized Lambert Conic Conformal (LCC) projection and vertically to the MLLW
tidal datum in units of feet.
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Figure 16 — The Graphical Forecast Editor contained within the CAVE system utilized throughout the NWS to create forecasts
(Common AWIPS Visualization Environment (version 14.4.2-5) 2015).

ArcGIS

Esri recently added a multidimensional toolset to the ArcGIS toolbox to aide in importing scientific
data for analysis, as long as the metadata complies with the Climate and Forecast (CF) metadata
convention. Since the NetCDF file was extracted from an internal database, it couldn’t readily be
displayed in ArcGIS using the multidimensional toolset because it did not write the metadata in such a
way that complies with the CF convention. Thus, the Geospatial Data Abstraction Library (GDAL) was
employed to convert the dataset into a readable format.
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Data written to a netCDF file from GFE sit on a higher resolution subdomain of a customized base grid.
The base grid employs a Cartesian coordinate system, but also contains the extent of the grid in
geographic coordinates so the subdomain can be georeferenced to it. The base grid in the extracted
netCDF file is a regional domain of the continental U.S. in an LCC projection. The TWL grid is on the
subdomain but is not georeferenced to the base grid. In order to georeference it, the extent of the
subdomain first needs to be found. This can be accomplished by utilizing some of the attribute data
contained in the netCDF file and the “ncdump” Linux programming command. Unfortunately,
geographic coordinates cannot be used in GDAL to georeference data unless the data was originally on
a geographic coordinate system grid. Since LCC is not, the GDAL command “gdaltransform” must be
used to transform the geographic coordinates to meters.

Once the coordinates are in meters, the TWL grid can be georeferenced to the LCC projection properly
using the “gdal_translate” command in GDAL. The file type of the target dataset can also be specified
in this command, thus a GeoTiff was chosen when running it.

Finally, the “gdalwarp” command is employed to project the dataset from LCC to NAD83. These
manipulations allowed the raster to be displayed correctly in ArcGIS (Figure 17).
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Figure 17 — GDAL manipulated Total Water Level Raster (ArcGIS (version 10.4) 2016).

Now that the horizontal coordinate systems of the DEM and TWL raster match, the next step is to
align the vertical coordinate systems into the same datum. Recall that the DEM is in NAVD88 (meters)
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and the TWL raster is in MLLW (feet). Since Esri is still working on adding tidal datums to their vertical
transformation toolset in ArcGIS, another solution is required. This solution involves using NOAA's
Vertical Datum Transformation (VDatum) tool, which converts elevation values between different
vertical datums based on a locations geographic coordinates, but requires a bit of work.

VDatum requires a tabular dataset, so first the TWL raster has to be converted to point data. The
attribute table of this point data is then exported from ArcGIS as a database file and converted into a
comma delimited file using Microsoft Excel. The comma delimited file is then run through VDatum
with the source and target data configured (Figure 18).
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Figure 18 — Interface of the VDatum tool (Vertical Datum Transformation (VDatum) (version 3.6.1). 2016).

The output file from VDatum now contains the dataset in NAVD88 (meters). This tabular data is then
imported back into ArcGIS, saved as a point data feature class and then converted back to a raster. As
a result of running the dataset through VDatum, a lot of points became undefined (dark blue areas)
and thus have “NoData” in them (Figure 19).
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Figure 19 — Raster dataset post-VDatum (ArcGIS (version 10.4) 2016).

Since there is data right at the coastline, the Euclidean Allocation (EA) tool can be used to extrapolate
it inland. A hydrodynamic model containing an overland water surface would be the most ideal for this
project, but such a dataset doesn’t exist, so the EA tool is the next best option. The EA tool creates a
raster where “NoData” cells have been extrapolated to contain values based on their Euclidean, or
straight line, distance to the nearest cell containing a real value.

After running the EA tool, the raster is resampled to match the horizontal resolution of the DEM to
obtain a high-resolution inundation raster. Since both the water surface and the DEM are in the same
vertical and horizonal coordinate systems (NAVD88 and NAD83 respectively), and have the same units
(meters) and horizontal resolution (1/9 arc second), we can now calculate inundation.

To calculate inundation, the raster calculator is used to subtract the resampled raster from the DEM
wherever the rasters water level values are greater than the DEM’s elevation. Finally, the resulting
inundation raster values were converted from meters to feet using the raster calculator tool in the
spatial analyst toolset.

Results
Figure 20 shows the inundation raster across the study area indicating the potential inundation areas

from Sandy. Deeper areas of inundation are shown as darker shades of blue. Although there is
inundation indicated along major tidally driven rivers, this information should be used with caution since

27



the data does not account for tidal influence up the rivers. Additional analysis needs to be conducted to
determine the accuracy of this.

Figure 20 — Inundation raster across the study area. Inundated areas are in various shades of blue along coastal regions and large
tidally driven rivers (ArcGIS (version 10.4) 2016).

In order to verify the validity of the data, impact data received from EM’s that correlated with the water
levels recorded at the tidal gauge at The Battery in NYC were used. These impacts consisted of locations
that experienced coastal flooding during the event. The latitude and longitude of the locations were
found and plotted in ArcGIS. The intersect tool was then used to determine if these areas fell within the
inundation area calculated. Green points indicate a positive result, while red points fall outside of the
inundation raster (Figure 21). As you can see there is only one location out of nineteen that did not
overlap, but upon closer inspection, it was only forty feet beyond the inundated area. There are a total
of twenty-two tidal gages across the study area. Additional verification will be performed at these
locations in the same manner as at The Battery to validate the entire dataset.
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i

Figure 21 - Validated areas of inundation near the tidal gage (yellow riangle) locate
10.4) 2016).

Summary

Geospatial technology can be used to analyze and solve many problems faced across the globe. A visual
representation of coastal inundation associated with extratropical cyclones is just another example of
exploiting this technology. This project has improved upon the products already being produced by the
NWS by extrapolating the water level data overland and providing the output as inundation at a higher
resolution.

Graphical visualization products provided by the NHC for tropical cyclones have been improving in
resolution over the past decade due to faster central processing units, but they are still very coarse at
625 meters. More importantly, conveying the storm surge threat is much easier with the
implementation of PHISH, although none of the storm surge products associated with tropical cyclones
are available until a watch or warning is issued.
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The resolution of ETSS model guidance is better than tropical surge guidance at 2.5 km and 5 km,
however the data does not currently extend overland and is still referencing its output to a vertical
datum.
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Appendix A - Glossary

Altimetry — a technique for measuring the height of the Earth’s surface with respect to the geocenter of
the Earth within a defined terrestrial reference frame (geocentric sea level) (IPCC 2013).

Coastal Inundation — the flooding of normally dry, low-lying coastal land, primarily caused by severe
weather events along the coasts, estuaries, and adjoining rivers (National Oceanic and Atmospheric
Administration 2017c).

Ensemble — a collection of numerical model results that show slightly different possible outcomes
(National Weather Service 2017a).

Ensemble Forecast — multiple predictions from an ensemble of slightly different initial conditions and/or
various versions of models. The objectives are to improve the accuracy of the forecast through
averaging the various forecasts, which eliminates non-predictable components, and to provide reliable
information on forecast uncertainties from the diversity amongst ensemble members. Forecasters use
this tool to measure the likelihood of a forecast (National Weather Service 2017a).

Extratropical Cyclone — a cyclone whose primary energy source results from the temperature contrast
between warm and cold airmasses (National Hurricane Center 2017a).

Geodetic Datum — an abstract coordinate system with a reference surface (such as sea level) that serves
to provide known locations to begin surveys and create maps (National Ocean Service 2017d).

Great Diurnal Range (GT) — the difference in height between mean higher high water and mean lower
low water (National Ocean Service 2017b).

Hurricane — a tropical cyclone in the Atlantic, Caribbean Sea, Gulf of Mexico, or eastern Pacific, which
the maximum 1-minute sustained surface wind is 64 knots (74 mph) or greater (National Weather
Service 2017a).

Mean Diurnal High Water Inequality (DHQ) — the difference in height of the two high waters of each
tidal day for a mixed or semidiurnal tide (National Ocean Service 2017b).

Mean Diurnal Low Water Inequality (DLQ) — the difference in height of the two low waters of each tidal
day for a mixed or semidiurnal tide (National Ocean Service 2017b).

Mean Diurnal Tide Level (DTL) — the arithmetic mean of mean higher high water and mean lower low
water (National Ocean Service 2017b).

Mean High Water (MHW) — the average of all the high-water heights observed over the National Tidal
Datum Epoch. For stations with shorter series, comparison of simultaneous observations with a control
tide station is made in order to derive the equivalent datum of the National Tidal Datum Epoch (National
Ocean Service 2017b).
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Mean Higher High Water (MHHW?*) — the average of the higher high-water height of each tidal day
observed over the National Tidal Datum Epoch. For stations with shorter series, comparison of
simultaneous observations with a control tide station is made in order to derive the equivalent datum of
the National Tidal Datum Epoch (National Ocean Service 2017b).

Mean Low Water (MLW) — the average of all the low water heights observed over the National Tidal
Datum Epoch. For stations with shorter series, comparison of simultaneous observations with a control
tide station is made in order to derive the equivalent datum of the National Tidal Datum Epoch (National
Ocean Service 2017b).

Mean Lower Low Water (MLLW*) — the average of the lower low water height of each tidal day
observed over the National Tidal Datum Epoch. For stations with shorter series, comparison of
simultaneous observations with a control tide station is made in order to derive the equivalent datum of
the National Tidal Datum Epoch (National Ocean Service 2017b).

Mean Range of Tide (MN) — the difference in height between mean high water and mean low water
(National Ocean Service 2017b).

Mean Sea Level (MSL) — the arithmetic mean of hourly heights observed over the National Tidal Datum
Epoch. Shorter series are specified in the name; e.g. monthly mean sea level and yearly mean sea level
(National Ocean Service 2017b).

Mean Tide Level (MTL) — the arithmetic mean of mean high water and mean low water (National Ocean
Service 2017b).

National Tidal Datum Epoch — The specific 19-year period adopted by the National Ocean Service as the
official time segment over which tide observations are taken and reduced to obtain mean values (e.g.,
mean lower low water, etc.) for tidal datums. It is necessary for standardization because of periodic and
apparent secular trends in sea level. The present NTDE is 1983 through 2001 and is actively considered
for revision every 20-25 years. Tidal datums in certain regions with anomalous sea level changes (Alaska,
Gulf of Mexico) are calculated on a Modified 5-Year Epoch (National Ocean Service 2017b).

Nor'easter — a strong low-pressure system that affects the Mid-Atlantic and New England States. It can
form over land or over the coastal waters. These weather events are notorious for producing heavy
snow, rain, and tremendous waves that crash onto Atlantic beaches, often causing beach erosion and
structural damage. Wind gusts associated with these storms can exceed hurricane force in intensity. A
nor'easter gets its name from the continuously strong northeasterly winds blowing in from the ocean
ahead of the storm and over the coastal areas (National Weather Service 2017a).
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North American Vertical Datum of 1988 (NAVD88) — a leveling network on the North American
Continent, ranging from Alaska, through Canada, across the United States, affixed to a single origin point
on the continent (National Geodetic Survey 2017):

e Tide Station & Location = Pointe-au-Pere, Rimouski, Quebec, Canada
PID =TY5255

GSD* Designation = 54L071

Bench Mark = 1250 G

Ht above LMSL(Meters) = 6.271

Post-tropical Cyclone — A former tropical cyclone. This generic term describes a cyclone that no longer
possesses sufficient tropical characteristics to be considered a tropical cyclone. Post-tropical cyclones
can continue carrying heavy rains and high winds. Note that former tropical cyclones that have become
fully extratropical, as well as remnant lows, are two classes of post-tropical cyclones (National Hurricane
Center 2017a).

Proxy Data — data that paleoclimatologists gather from natural recorders of climate variability, such as
tree rings, ice cores, fossil pollen, ocean sediments, coral and historical data (National Centers for
Environmental Information 2017b).

Station Datum — a fixed base elevation at a tide station to which all water level measurements are
referred. The datum is unique to each station and is established at a lower elevation than the water is
ever expected to reach. It is referenced to the primary bench mark at the station and is held constant
regardless of changes to the water level gauge or tide staff (National Ocean Service 2017b).

Storm Surge — an abnormal rise in sea level accompanying a hurricane or other intense storm, whose
height is the difference between the observed level of the sea surface and the level that would have
occurred in the absence of the cyclone. Storm surge is usually estimated by subtracting the normal or
astronomic tide from the observed storm tide. (National Weather Service 2017a).

Storm Tide — the actual level of sea water resulting from the astronomic tide combined with the storm
surge. Most NWS flood statements, watches, or warnings quantifying above-normal tides will report the
Storm Tide (National Weather Service 2017a).

Tropical Cyclone — a warm-core non-frontal synoptic scale cyclone, originating over tropical or
subtropical waters, with organized deep convection and a closed surface wind circulation about a well-
defined center (National Hurricane Center 2017a).

Tidal Datum — a type of vertical datum that is based on tidally-derived surfaces of high or low water
(National Ocean Service 2017c).

Vertical Datum - a surface of zero elevation to which heights of various points are referred in order that
those heights be in a consistent system (National Geodetic Survey 2017).

33



*Some locations have diurnal tides--one high tide and one low tide per day. At most locations, there are
semidiurnal tides--the tide cycles through a high and low twice each day, with one of the two high tides
being higher than the other and one of the two low tides being lower than the other.

34



References

American Meteorological Society. 1996. "Hurricane path now a computer graphic." Bulletin of the
American Meteorological Society 77:2348-2349.

ArcGIS (version 10.4). 2016. Windows. Redlands, CA: Environmental Systems Research Institute (ESRI).

Buckley, Aileen R, Mark Gahegan, and Keith Clarke. 2000. "Geographic visualization." Emerging Themes
in GIScience Research.

Church, J.A., P.U. Clark, A. Cazenave, J.M. Gregory, S. Jevrejeva, A. Levermann, M.A. Merrifield, G.A.
Milne, R.S. Nerem, P.D. Nunn, A.J. Payne, W.T. Pfeffer, D. Stammer, and A.S. Unnikrishnan.
2013. "Sea Level Change." In Climate Change 2013: The Physical Science Basis. Contribution of
Working Group | to the Fifth Assessment Report of the Intergovernmental Panel on Climate
Change, edited by T.F. Stocker, D. Qin, G.-K. Plattner, M. Tignor, S.K. Allen, J. Boschung, A.
Nauels, Y. Xia, V. Bex and P.M. Midgley, 1137-1216. Cambridge, United Kingdom and New York,
NY, USA: Cambridge University Press.

Common AWIPS Visualization Environment (version 14.4.2-5). 2015. Linux. Silver Spring, MD: Raytheon
Technical Services Company LLC.

Coppock, J. Terry. 1995. "Gis and Natural Hazards: An overview from a Gis Perspective." In Geographical
Information Systems in Assessing Natural Hazards, edited by Alberto Carrara and Fausto
Guzzetti, 21-34. Springer Netherlands.

Cutter, Susan L. 1993. Living with risk: The geography of technological hazards. E. Arnold (London and
New York and New York).

Gibbs, Justin. 2013. "NWS Tropical Products and Services 2013 Review and Preview." Accessed July 22,
2017.
https://www.preparingtexas.org/Resources/documents/2013%20Conference%20Presentations/
NWS%20Tropical%20Products%20and%20Services.pdf.

Hahn, Deirdre, Rick Shangraw, Mark Keith, and David Coursey. 2007. "Does visualization affect
perceptions of ethically complex policy decisions: an experimental study." 40th Annual Hawaii
International Conference on System Sciences, HICSS 2007.

Husdal, J. 2001. Can it really be that dangerous? Issues in visualization of risk and vulnerability. Working
paper, University of Utah, Salt Lake City.

IPCC. 2013. "Annex lll: Glossary." In Climate Change 2013: The Physical Science Basis. Contribution of
Working Group | to the Fifth Assessment Report of the Intergovernmental Panel on Climate
Change, edited by T.F. Stocker, D. Qin, G.-K. Plattner, M. Tignor, S.K. Allen, J. Boschung, A.
Nauels, Y. Xia, V. Bex and P.M. Midgley, 1447-1466. Cambridge, United Kingdom and New York,
NY, USA: Cambridge University Press.

Lubchenco, Dr. Jane, and Laura Furgione. 2012. "Service assessment: Hurricane Irene, August 21-30,
2011." US Department of Commerce NOAA and NWS, Silver Spring, Maryland:129.

National Centers for Environmental Information. 2017a. "Hurricane Sandy Digital Elevation Models."
Accessed July 22. https://www.ngdc.noaa.gov/mgg/inundation/sandy/sandy geoc.html.

National Centers for Environmental Information. 2017b. “What Are "Proxy" Data?” Accessed July 25.
https://www.ncdc.noaa.gov/news/what-are-proxy-data.

National Geodetic Survey. 2017. "Vertical Datums." Accessed July 23.
http://www.ngs.noaa.gov/datums/vertical/.

National Hurricane Center. 2017a. "Glossary of NHC Terms." Accessed July 22.
http://www.nhc.noaa.gov/aboutgloss.shtml.

National Hurricane Center. 2017b. "Sea, Lake, and Overland Surges from Hurricanes (SLOSH)." Accessed
July 22. http://www.nhc.noaa.gov/surge/slosh.php.

35


https://www.preparingtexas.org/Resources/documents/2013%20Conference%20Presentations/NWS%20Tropical%20Products%20and%20Services.pdf
https://www.preparingtexas.org/Resources/documents/2013%20Conference%20Presentations/NWS%20Tropical%20Products%20and%20Services.pdf
https://www.ngdc.noaa.gov/mgg/inundation/sandy/sandy_geoc.html
https://www.ncdc.noaa.gov/news/what-are-proxy-data
http://www.ngs.noaa.gov/datums/vertical/
http://www.nhc.noaa.gov/aboutgloss.shtml
http://www.nhc.noaa.gov/surge/slosh.php

National Hurricane Center. 2017c. "Storm Surge Overview." Accessed July 23.
http://www.nhc.noaa.gov/surge/.

National Hurricane Center. 2017d. "Tropical Cyclone Storm Surge Probabilities (2 - 25 feet) - Examples."
Accessed July 20. http://www.nhc.noaa.gov/aboutpsurge5.shtml?

National Ocean Service. 2017a. " Datums for 8518750, The Battery NY.", Accessed July 26.
https://tidesandcurrents.noaa.gov/datums.html?id=8518750.

National Ocean Service. 2017b. "Tidal Datums." Accessed July 22.
https://tidesandcurrents.noaa.gov/datum options.html.

National Ocean Service. 2017c. "Vertical Datum Transformation." Accessed July 22.
http://vdatum.noaa.gov/docs/datums.html.

National Ocean Service. 2017d. "What is a datum?", Accessed July 22.
http://oceanservice.noaa.gov/facts/datum.html.

National Oceanic and Atmospheric Administration. 2013. “National Coastal Population Report:
Population Trends from 1970 to 2020.” Accessed July 25, 2017.
https://aamboceanservice.blob.core.windows.net/oceanservice-prod/facts/coastal-population-
report.pdf.

National Oceanic and Atmospheric Administration. 2017a. "Storm Surge and Coastal Inundation - Event
History." Accessed July 26. http://www.stormsurge.noaa.gov/event history.html.

National Oceanic and Atmospheric Administration. 2017b. "Storm Surge and Coastal Inundation -
Models and Observations." Accessed July 26.
http://www.stormsurge.noaa.gov/models obs modeling.html.

National Oceanic and Atmospheric Administration. 2017c. "Storm Surge and Coastal Inundation - What
is storm surge and coastal inundation?" Accessed July 26. http://www.stormsurge.noaa.gov/.

National Weather Service. 2017a. "National Weather Service Glossary." Accessed July 25.
http://wl.weather.gov/glossary/.

National Weather Service. 2017b. "National Weather Service Mission Statement." Accessed Aug 2.
http://www.nws.noaa.gov/mission.php

National Weather Service. 2017c. "Product Description Document - Experimental Probabilistic Hurricane
Inundation Surge Height." Accessed on July 25.
http://products.weather.gov/PDD/PDD%20PHISH%20Product.pdf

National Weather Service Meteorological Development Laboratory. 2017a. "Extratropical Water Level
Guidance User Manual." Accessed July 24. http://www.nws.noaa.gov/mdl/etsurge/.

National Weather Service Meteorological Development Laboratory. 2017b. "P-Surge 2.6: Probabilistic
Hurricane Storm Surge (with tide) - About P-Surge." Accessed July 24.
http://slosh.nws.noaa.gov/psurge2.0/about.php?S=Bill2015&Adv=2&Ty=e10&Z=m1&D=agl&Ti=
cum&Msg=13&Help=about.

National Weather Service Meteorological Development Laboratory. 2017c. "Probabilistic Hurricane
Storm Surge." Accessed July 24.
http://nws.weather.gov/mdlsurge/psurge/archive.php?S=Sandy2012adv25&Ty=e50&Th=508&7Z=
z7.

National Weather Service New York NY. 2010. Coastal Hazard Message.

Ocean Prediction Center. 2017a. "ESTOFS Storm Surge Model Guidance - US Northeast Coast (FO0-F96)."
Accessed July 25. http://www.opc.ncep.noaa.gov/Loops/ESTOFS NE SRG/ESTOFS NE f001-
f096.php.

Ocean Prediction Center. 2017b. "ETSS Storm Surge Model Guidance - Lower Northeast." Accessed July
25.
http://www.opc.ncep.noaa.gov/Loops/ocean guidance.php?model=ETSS&area=LONORTH&plot
=srg&loop=1#contents.

36


http://www.nhc.noaa.gov/surge/
http://www.nhc.noaa.gov/aboutpsurge5.shtml?
https://tidesandcurrents.noaa.gov/datums.html?id=8518750
https://tidesandcurrents.noaa.gov/datum_options.html
http://vdatum.noaa.gov/docs/datums.html
http://oceanservice.noaa.gov/facts/datum.html
https://aamboceanservice.blob.core.windows.net/oceanservice-prod/facts/coastal-population-report.pdf
https://aamboceanservice.blob.core.windows.net/oceanservice-prod/facts/coastal-population-report.pdf
http://web.archive.org/web/20170213172411/http:/www.stormsurge.noaa.gov/event_history.html
http://web.archive.org/web/20170213150800/http:/www.stormsurge.noaa.gov/models_obs_modeling.html
http://web.archive.org/web/20170516193224/http:/www.stormsurge.noaa.gov/
http://w1.weather.gov/glossary/
http://www.nws.noaa.gov/mission.php
http://products.weather.gov/PDD/PDD%20PHISH%20Product.pdf
http://www.nws.noaa.gov/mdl/etsurge/
http://slosh.nws.noaa.gov/psurge2.0/about.php?S=Bill2015&Adv=2&Ty=e10&Z=m1&D=agl&Ti=cum&Msg=13&Help=about
http://slosh.nws.noaa.gov/psurge2.0/about.php?S=Bill2015&Adv=2&Ty=e10&Z=m1&D=agl&Ti=cum&Msg=13&Help=about
http://nws.weather.gov/mdlsurge/psurge/archive.php?S=Sandy2012adv25&Ty=e50&Th=50&Z=z7
http://nws.weather.gov/mdlsurge/psurge/archive.php?S=Sandy2012adv25&Ty=e50&Th=50&Z=z7
http://www.opc.ncep.noaa.gov/Loops/ESTOFS_NE_SRG/ESTOFS_NE_f001-f096.php
http://www.opc.ncep.noaa.gov/Loops/ESTOFS_NE_SRG/ESTOFS_NE_f001-f096.php
http://www.opc.ncep.noaa.gov/Loops/ocean_guidance.php?model=ETSS&area=LONORTH&plot=srg&loop=1%23contents
http://www.opc.ncep.noaa.gov/Loops/ocean_guidance.php?model=ETSS&area=LONORTH&plot=srg&loop=1%23contents

Stocker, T.F., D. Qin, G.-K. Plattner, L.V. Alexander, S.K. Allen, N.L. Bindoff, F.-M. Bréon, J.A. Church, U.
Cubasch, S. Emori, P. Forster, P. Friedlingstein, N. Gillett, J.M. Gregory, D.L. Hartmann, E. Jansen,
B. Kirtman, R. Knutti, K. Krishna Kumar, P. Lemke, J. Marotzke, V. Masson-Delmotte, G.A. Meehl,
I.I. Mokhov, S. Piao, V. Ramaswamy, D. Randall, M. Rhein, M. Rojas, C. Sabine, D. Shindell, L.D.
Talley, D.G. Vaughan, and S.-P. Xie. 2013. "Technical Summary." In Climate Change 2013: The
Physical Science Basis. Contribution of Working Group | to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change, edited by T.F. Stocker, D. Qin, G.-K. Plattner, M.
Tignor, S.K. Allen, J. Boschung, A. Nauels, Y. Xia, V. Bex and P.M. Midgley, 33—115. Cambridge,
United Kingdom and New York, NY, USA: Cambridge University Press.

Sullivan, KD, and LW Uccellini. 2013. "Service assessment: Hurricane/post-tropical cyclone Sandy,
October 22-29, 2012." US Department of Commerce NOAA and NWS, Silver Spring,
Maryland.:66.

Taylor, Arthur. 2015. SLOSH Display Program (version 1.70). Windows. Silver Spring, MD:

National Weather Service Meteorological Development Laboratory.

US Army Corps of Engineers. 2017. "ADCIRC - The ADvanced CIRCulation Model." Accessed Aug 2.
http://www.erdc.usace.army.mil/Media/Fact-Sheets/Fact-Sheet-Article-
View/Article/476698/advanced-circulation-model/.

Vertical Datum Transformation (VDatum) (version 3.6.1). 2016. Windows. Silver Spring, MD: National
Oceanic and Atmospheric Administration (NOAA), National Ocean Service (NOS)

37


http://www.erdc.usace.army.mil/Media/Fact-Sheets/Fact-Sheet-Article-View/Article/476698/advanced-circulation-model/
http://www.erdc.usace.army.mil/Media/Fact-Sheets/Fact-Sheet-Article-View/Article/476698/advanced-circulation-model/

