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FIMP — Baseline Conditions Storm Surge Modeling and Stage-Frequency Generation

EXECUTIVE SUMMARY

The US Army Engineer District, New York (CENAN) is currently conducting a
reformulation study of the shore protection and storm damage reduction project for the
south shore of Long Island, New York. Exposure to Atlantic Ocean storms such as
hurricanes and nor’easters subjects the project area to higher than normal water levels
and wave heights. These storms generate higher water levels (storm stage), larger waves,
and stronger currents. The further inshore these effects are projected, the greater the risk
of damage to property, infrastructure, and natural resources. In order to determine the
likelihood and size of a justified federal project to reduce the magnitude, frequency, and
risk of these damages, engineering studies are being conducted to provide coastal
processes analyses and design input. Numerical modeling of physical coastal processes,
in support of these analyses and designs, has been undertaken for the full extent of the
project area. Formulating a long-term solution to storm - damage reduction will identify
alternatives that optimize mainland and barrier beach benefits by reducing economic
losses while preserving important human and ecological habitats.

The numerical modeling strategy for FIMP addresses a comprehensive list of physical
processes (wind conditions, barometric pressure, astronomic tide, wave conditions, and
morphologic response, and localized wind and wave setup) by merging hydrodynamic,

wave, and sediment transport models. The result is a description of storm surge
elevations throughout the project for input into the economic analyses, coastal

engineering design, environmental studies, and final alternative selection.

The modeling method consisted of four (4) process models: 1) WAVAD (i.e.,
WISWAVE) was applied to determine extreme storm wave conditions; 2) ADCIRC
simulated the ocean and nearshore, outside the surf zone, storm water levels; 3) SBEACH
was used to estimate pre-inundation dune lowering; and 4) the Delft3D model suite was
used to compute the bay water levels under storm conditions, taking into account the
contribution of storm surge, waves, winds and the contribution of overwash and/or
breaching.

Both hydrodynamic models, ADCIRC and Delft3D, underwent extensive calibration
before the models were used to simulate historical storm events. The ADCIRC model
was calibrated to match measured tidal water levels by simulating a 30-day record and
comparing model output with measurements at four NOAA stations and one Long Island
SHORE (LISHORE) station. To match measured tidal water levels in ADCIRC, the
bottom friction values were adjusted within reasonable ranges. Ocean storm surge
modeling with ADCIRC requires wind stress and barometric pressure for each node
within the grid as well as tidal constituent forcing. Significant efforts were put forth to
ensure that the wind and pressure inputs were the best available. In addition, research
into the drag coefficient formulation for wind stress calculation led to changes from the
default ADCIRC drag coefficients, which resulted in better water level comparisons to
available measured data. To assess ADCIRC'’s calibration for storm surge due to wind
and barometric pressure, 12 historical tropical and extratropical events were modeled,
and the results were compared with NOAA measured hydrographs at four nearshore
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locations: Sandy Hook, NJ; The Battery, NY; Montauk Fort Pond, NY Nawioort, RI.
This rigorous calibration verified that ADCIRC reliably and wetely simulates both
tide and storm surges over a regional domain that spans from &eeyJo Rhode
Island.

As with the ocean tidal calibration, the Delft3D model wasbated for bay tide by
simulating a 30-day record and comparing model output with measuseraerit3
measurement locations (6 in Great South Bay, 4 in Moriches Bay, sm&t8@nnecock
Bay). To match measured tidal water levels in Delft3D, theobofriction values in this
model were also adjusted within reasonable ranges. A Februaryi@@Divestigation,
including water level gages at six locations in Great Southveoreches Bays, provided
reliable information for calibration of the Delft3D suite in thay® under storm
conditions. The simulation water levels were compared with the measuredewvatgmat
the six bay locations and simulated results compare well wethsored, showing that
Delft3D performs well for this small winter storm.

Before proceeding with the simulation of the production run (finetl)o§ storms under
Baseline Conditions barrier island topography (LIDAR 2000), the Delftg8ilel skill
was assessed by comparing model results with available high matks (HWM) and
overwash and breaching data for two of the most significamrnst of record: the
September 1938 Hurricane and the December 1992 Nor'easters. Triteointiee test
was specifically to qualitatively validate the ability of tmedel to reproduce observed
overwash and breaching. Overall, the model'simulations for these historic ptoxnue
very realistic results, particularly when considering the unogytain the input
hydrodynamic conditions and, more importantly, the pre-storm topographke
simulation results are particularly realistic in the casthef1938 storm, for which more
comprehensive topographic data in the vicinity of some of the damagad were
available. The agreement between simulated peak water levddstfostorms and the
reported measurements can be considered excellent considering tladaintyc
associated with this type of data.

Under With Project Conditions, the hydrodynamics of the inlets watl change. The
flow contributions through then inlets during storm events are signifiewven under
Baseline Conditions that are susceptible to barrier island brgaahth overwash during
severe events. Tidal and surge propagation into the bays depends stnonihlg
hydraulic efficiency of the existing inlets and also bay hydiplic conditions. Ocean
tide range is reduced by 25% in Shinnecock Bay and by more than 60%iané4oBay.
In Great South Bay, observed tidal range reduction varies, wittndes from Fire Island
Inlet, from about 40% to 75%. Moriches Bay is smaller than GreathSBay and
Moriches Inlet is more efficient than Fire Island Inlet. ConsetipeMoriches Bay fills
more rapidly with storm surge flows than Great South Bay, dismptia normal tidal
flood and ebb flow and producing a continued flow westward from westchesiBay
through Narrow Bay into eastern Great South Bay. Shinnecockdrtlet most efficient
of the three inlets. During storm conditions the peak water lebsksrved at Shinnecock
Bay are close to the same magnitude as peak water levdie wpen ocean. During
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storm conditions a significant exchange in water level is obsented&e Moriches and
Shinnecock Bays, particularly affecting Quantuck Bay.

To develop stage-frequency relationships, the one-dimensional Empiiicailation
Technique (EST) was employed. In addition, this method was improvadcount for
other, equally probable, astronomical tide timings relative th eadividual storm’s
timing. In order to implement this EST method, several supplemstotahs were also
selected for numerical modeling. The final stage-frequencyes demonstrate gradual
alongshore variability in ocean station peak water levels, attalin periods, as a result
of accounting for variation in astronomical tide scenarios: Peakioenh (tropical and
extratropical) ocean water levklassociated with the 50-year and 100-year return period
vary from about 7.5 ft to 10 ft and 9 ft to 11 ft, respectively, fisamdy Hook, NJ to
Montauk Point. At ocean stations, contribution to peak water levelirave setup may
add as much as 4 ft to these stage-frequency values. Botadberequency values and
wave setup values will be included in FIMP economic analyses.

Stage-frequency relationships within each of the three ledlgstr spatial variations that
are consistent with each bay's geometry and inlet configurasowedl as with each

bay’'s corresponding ocean stage-frequency relationship. Peak lefadés in Great

South Bay are approximately 4 ft to 5 ft and 4 ft to 6 ft for30e and 100-year return
periods, respectively. Peak water levels in Moriches and ShirknBays are somewhat
higher. In Moriches Bay, peak water levels are approximétéito 7 ft and 6.5 ft to 7.5
ft for the 50- and 100-year return periods, respectively. In Shinkdtay, peak water

levels are approximately 7 ft to 8 ft and 7.5 ft to 8.5 ft for30e and 100-year return
periods, respectively.

! peak water levels for stage-frequency in this redo not include local wave setup contributiondl. A
peak stage-frequency water levels are referencédid@D29 and adjusted for sea level rise in the year
2000.
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TECHNICAL REVIEW PANEL ROLE AND FINAL COMMENTS
By Henry Bokuniewicz, Technical Review Panel Chairman

For the Fire Island Inlet to Montauk Point Reformulation Study (BIMi®e New York

District had and needed to continue to utilize numerical modedsetdict the breaching
of the barrier islands and the magnitude of storm surges in thealoagsLong Island’s
south shore. The storm surge modeling is the cornerstone of the EfttRulation

study, since the model output is used to generate ocean and bafresjagacy curves
for input into economic analyses, coastal engineering design, envimtainpeocesses,
and final alternative selection.

In addition, from preliminary economic evaluations, the storm damdgeagss seem
relatively sensitive to surge elevation. An increase in susyaton of 0.5 feet (15 cm)
doubles the amount of annualized damages in some locations.

Despite noble, initial-efforts between 1995 and 2001, by the summer of 2@02, t
development of ocean and bay stage frequency relationships had carpeita where
new methodologies where needed to rigorously incorporate the likelihobaroér
island-overwash and breaching in a technically robust and defensibiemanithin the
District and with other parties, such as the New York Stat€ B&d DOS, Department
of Interior and the Coastal and Hydraulics Laboratory in the surofm2002, there was
considerable amounts of discussion on the numerical modeling strategytinue the
FIMP study. Required was a complete updating of the hydrodgnatorm surge
modeling, and new state-of-the—art numerical modeling of storm inducedrhbaland
morphology, including overwashing and breaching. A new tool, the Delfi8Deling
system was being considered for use in the prediction of bastardi breaching and
storm-induced changes in bay water levels. Although ADCIRGedS. standard for
hydrodynamic forecasts, Delft3D had the advantage of providisgdanent transport
module for calculating the formation and impacts of new breaches.DiStrect and its
consultants wanted to ensure that they were proceeding on thdingodégh sound
technical judgment. Approaches that were somewhat new and untestist reutside
review and steering in methodology, assumptions and descriptions of modeling
limitations. The FIMP PDT embraced the concept of a technical review panel.

A list of potential members of the panel were generated bgitsadi opinions of many
consultants, academics, and other coastal processes professiosiateri Federal and
state agencies. Guidance on the members and conduct of the panisiovgasight from
Corps Headquarters. The District was seeking a balanced waheexperience in
hydrodynamic modeling, barrier island breaching processes, alithesd transport
modeling. To make the panel a coherent, cohesive group, a maximum ofdourers

were sought, including a local coastal expert, a member of the 'COqmestal

Engineering Research Board (CERB), someone from academia, aethbemfrom a
sister federal agency. Twenty-two potential candidates fof &fe were identified, and
from that list, with the consensus again from a large group @krex Henry
Bokuniewicz, Professor of Oceanography, Marine Science Researtbr G¢ Stony
Brook University was selected as the chairman of the paneliceBTaylor, Chief
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Executive Officer of Taylor Engineering and CERB membewi@®&asco, Director of
the Coastal Engineering Center at Old Dominion University, and fieesk Williams,

Senior Coastal Geologist, United States Geological Survey asgked and graciously
agreed to form the Technical Review Panel. As a group, the Pasetheroughly
familiar with model applications, specifically ADCIRC and SBHEA; they also

embodied considerable site-specific experiences.

A contract was put in place for attendance at and participatithree meetings, and the
review of reports and documents. The technical review panetovpsovide specific
technical comments and guidance on all aspects of the numerackling of storm
surge and barrier island breaching, including -data gathering, moget and
assumptions, parameters of modeling such as grid size and timanstepsight into
modeling results. The panel members were to provide written commneetite District
through the panel chairman, on the reports, documents, and meetingdprgsee
presented to the panel. All review comments and recommendatioaam@sidered by
the New York District to-improve and clarify the storm surge areaching numerical
modeling.

The contract identified three initial concerns that were tadukressed specifically by the
Technical Review Panel: (1) An updated circulation model (ADCIRGich would
incorporate the latest bathymetry and topography of the baraedss inlets and back
bays and be calibrate and validate to match water levels and darge full range of
storm events, (2) the inclusion of wave set-up, wave run-up, and dune eroslmn of
barrier island through either modeling of storm-induced erosion witlstdredard tool
(SBEACH) or new development in the Delft3D modeling systemd; @) prediction of
floading of the interior bays to include not only storm surge througlintees, but also
overtopping of the dunes and flow through newly created inlets.

Three meetings were held over a twenty-month period. Theseowddecember 12 and

13, 2002; May 27 and 28, 2003; and January 12 and 13, 2004. Over thirty formal
recommendations were made in the course of these meetings. fitipgbrioci of the
panel’s recommendations are summarized, however, in four general topics:

First, the panel considered the Corps’ plan to meld three existodgls (ADCIRC,
SBEACH and Delft3D) and agreed with an approach that would be&thnbe
individual strengths of these numerical tools. In brief, ADCIRC veaslibrated and
used to produce the regional storm-surge simulations. ADCIRC providdubtimelary
conditions to Delft3D, which was used to simulate the bay watetslend breaching of
the barrier islands. The Delft3D numerical model was calibratiecessfully to simulate
multiple, simultaneous, inundation and breaching events over the stady Hne
recommended comparison of ADCIRC results to Delft3D results utitkersame
conditions was excellent. There was little difference betvwiee two models providing a
high level of confidence to the results. The SBEACH application is discussed below.

Second, the panel advised a 30-day, synoptic, water level meastigogram in the
bays. Sufficient funds were made available to support a 30-dily rfieasurement
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campaign to verify the model results. During the field prograammsconditions were
captured in February 2003. The predicted water elevations wepecellent agreement
with the observed observations. The level of agreement substaatdiy to the level
of confidence in the approach. In addition, the comparison establishedpibetance of
(a) wave set-up in the ocean propagating through the inletsrigase water levels in the
bays and (b) the sensitivity of coastal winds in the set-up within the baysethesms

Third, dune elevations are clearly key factors in controlling stoverwash inundation
and breaching. At the second meeting, the panel advised the useenf, rdensely
spaced LIDAR coverage to establish initial conditions. LIDAR mesasents of
dune/beach geometry coupled with multiple SBEACH simulations haweded better
initial conditions for the Delft3D computations. In addition, there wassiderable
discussion of the best applications of SBEACH to impose pre-breamhtioning and

technical suggestions for its use in this case. This recomti@mdeas implemented
greatly expanding the application of SBEACH in establishing thelir@onditions for

the Delft3D/ADCIRC production run. Prior to breaching, lowering of d@e due to
wave action was calculated on LIDAR profiles using SBEACH andrparated into the
initial conditions for Delft3D. The panel agreed that the watdume of overtopping
before inundation could be ignored in the final analysis althoughtthege in dune
geamorphology could not.< The earlier Corps calculation of overtopping apjpebe a
substantial overestimate when compared to recent, laboratoryatadibmethods.
Lowering of the dune crest before overtopping could, however, be dirdgéactor in

breaching.

Fourth, the panel reviewed the model simulations of the histotmahs of September

1938 and December 1992 that were based on actual pre-storm topograptefiechd
“realism” tests. The “realisms” examples were useful trel panel considered that
further documentation was warranted. A “realism” test ofrif@mous Ash Wednesday
storm (March 1962) was recommended for both technical and politiesbne, even

though the quality of the available data was not as good as thaitlfer events

(marginal, even). Some attempt at recreating this pantistdam was deemed important
because it was a memorable one and many will expect to betcalolempare their

experience with the calculations.

In conclusion, the panel was impressed by these results and contplirtiee

investigators. This is an exceptional body of work and at thengwugtige of our
technical ability. It is probably the most comprehensiverreat of this phenomenon in
the country.

Submitted by Henry Bokuniewicz, Technical Review Panel Chairman
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IMPORTANT DEFINITIONS

Barrier Island Processes

A hurricane is an intense tropical cyclone in which winds tend to spiral intawdrd a
core of low pressure, with maximum surface wind velocitiesehatl or exceed 74 mph
(33 m/sec or 64 knots) for several minutes or longer at some poimgicdirstorm is the
term applied if maximum winds are less than 74 mph. Tropicahstare typically fast
moving and compact. Therefore, surge hydrographs peak rapidly, a&itlew hours,
and surge varies along the coast depending on the location of landfall.

A Northeaster or Nor'easter, is a large-scale storm formed by Artic cold fronts mixi
with warm low pressure fronts from the Gulf of Mexico thatpu#ed up the Northeast
coast by the northeast winds. These storms generally ocdait, iwinter, and spring.
The predominant wind direction during these storms is from the narth€asse storms
generally are characterized by widespread area of influendeelevated surge levels
lasting over one tidal cycle or more.

The severity of flooding along the mainland shoreline in the FIMR l{@yeat South
Bay, Moriches Bay and Shinnecock Bay) is a function of open stast surge defined
as the rise above normal water level due to wind-induced surface fhess and/or
atmospheric pressure reduction propagation through the inlets, storm sutge bay
(i.e., local wind and pressure effects), and barrier island overmvaksbreaching. These
three effects plus astronomical tides combine to produce theystdsm stage, defined
as the level of the quasi-steady state water surface abaieen datum at a given
location. The following definitions were adopted for this study:

Overwashis “(a) a mass of water representing the part of thasipthat runs over the
berm crest (or other structure) without flowing directly backhe sea or lake and (b) the
flow of water in restricted areas over low parts of barmerspits, specially during high
tides or storms,” (Glossary of Geology, American Geolodrmstitute, 1978). Overwash
tends to erode or flatten dunes during a storm with an attendant depasditeroded
sediment on the landward side of the barrier islamasfiovey. This terminology is
commonly used in most of the relevant research in the area okrbaland
morphodynamics (e.g., Leatherman, 1981) and in reports of large storagel@vailable
in the literature (e.g., Wilby et al., 1939). More importantlgirailar terminology has
been adopted in previous reports and studies relating to FIMP (e.g., USACE, 1995).

Note, however, that engineers and researchers sometimes usertleveérwash to refer
specifically to the intermittent volume of water that overtopsdiinge due solely twvave
runup, defined as the peak elevation wave uprushabove still-water level. Wave
uprush consists of two components: super elevation of the mean watedlevéb wave
action (vave setup and fluctuations about that measwgsh (USACE, 2002). This
intermittent flow occurs only when thetal water leve[tide + storm surge + wave setup)
remains below the dune crest elevation. Others use thetemoppinginstead to refer
to this intermittent water flow and the term overwash to refe¢he sediment transport
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associated with it. For the purposes of this study the intenittav due to runup will

be referred to asvertopping whereas the continuous flow that occurs after the dune is
inundated by setup will be denotedarflow. Overwash will be used according to the
more general definition provided in the previous paragraph, which could inbbttie
overtopping and overflow.

The termoverwash(or overwash arepwill also be used in this report to-denote the
resulting storm-induced barrier island response (topographic chamgegtér moving
over the barrier island by overwash and overflow processes (Ridre In this report,

the termoverwashwhen referring to storm-induced morphological change will indicate
lowering of the barrier island, between its pre-storm elevatt@hthe Mean High Water
(MHW) datum. Anoverwasharea only allows exchange of ocean and bay waters
through a portion of the spring tidal cycle. While the formation fifllabreach during
spring-tide conditions following a storm event is possible, itis much less thatyif the
same batrrier island location was cut to a lower elevation and during the storm.

Breaching refers to-the condition where overflow cuts a channel acrossldrelithat
permits the exchange of ocean and bay waters under normatdiuditions. For this
report, two degrees of morphological response to breaching willdgk (&sgure ID-1).

A partial breachis a storm<induced barrier island cut that has a scoured depteenetw
MHW and Mean Low Water (MLW) while dull breach is a storm-induced barrier
island cut that has a scoured depth at or below Mean Low WateWJMLA partial
breach will allow for water to exchange between the ocean and bay during a portion of

\‘ initial profile

! \ final profiles

¢ \
MHW | Overwash
+2 ft | /
Partial
| Breach _
MLW | Ul v Potential for
2 ft ” LA i Full New Inlet
| barrier island yBreach
cross-section )

(NTS)
Figure ID-1. Definition of morphological responses used in this report.

USACE — New York District
DRAFT 7 July 2006 XXi



FIMP — Baseline Conditions Storm Surge Modeling argtage-Frequency Generation

the normal tidal cycle while a full breach will allow watetchange during the complete
tidal cycle. A partial or full breach may potentially deygeinto a permanent breach
during normal tide conditions following a storm.

Overwashing and breaching are interrelated. For example., sesmeashing can lead
to breaching. The breach or overwash area may be temporary @ngeinfi.e., a new
inlet) depending on the size of the breach, adjacent bay water dppthsatial tidal
prism, littoral drift, etc.

Overwash, and particularly breaching, during a storm may contrgriéicantly to the
storm stage in the bays and therefore the modeling approach shoualgpdlele of
simulating these effects as well as open coast surge propatatogh the inlets and
bay storm surge.

Vertical Datums

Collected bathymetric and topographic data for the studyveeea referenced to various
different vertical datums including Mean Sea Level (MSL), Meaw Water (MLW),
and National Geodetic Vertical Datum 1929 (NGVD29). However, forghidy The
New York District has adopted feet NGVD29 as the vertical ddorndesign elements
and reporting. Further complicating matters is the fact thaitoldynamic model inputs
must be relative to meters in mean sea level (MSL). Tdrereall available data were
converted to meters, MSL. For those data sets referendddlW) conversions were
applied based on the nearest tidal benchmark information developed froftedong
water level measurements.  These included a number of NOAAbgsahmark sheets
(1960-1978 tidal epoch) nearby and throughout the study area alongsewidnal
LISHORE measurements offshore and within Shinnecock and Moriches. Bay
Generally, available tidal benchmark information within or nearsthdy area does not
include vertical reference to NGVD29. Further, the limited miation regarding
NGVD29-to-MSL conversions show that conversions vary widely throughosttioky
area: NGVD29 is below MSL by 0.59 ft (0.18 m), 0.50 ft (0.15 m), and 0.(T623 m),
at Shinnecock, Moriches, and Fire Island Coast Guard Stations, reslyectThis
presented a challenge for converting measured data referen&ViD29 to MSL. For
this study, the following conversion between NGVD29 and MSL was adopted:

Elevation, ., = Elevation,g, + 0.5ft (0.15m)

This conversion was based upon that used for past New York Didtrdies for the
south shore of Long Island and approximates the average of the knownstamser
within the study area. Fortunately, water level predictionByayodynamic models are
not overly sensitive to small bathymetric changes (on the ordd).2offt (0.1 m)).
Therefore, using one conversion for the entire project is expéctbave a negligible
impact on the final water level simulations.

The conversion given by the equation above is also used to convert sihpgdatewater
levels from MSL to NGVD29 for stage-frequency development apdrt@g. In this
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report, all water level comparisons between simulate stornmr Jetels and measured
water levels are presented relative to MSL. However,tafiesfrequency results and
comparisons are presented in NGVD29, as this is the datum required for this study.

Tidal Constituents

Tidal constituentsare components of the astronomic tidal time series computed by
performing a harmonic analysis. This analysis decomposes thsigita into diurnal

(K1, O1, Q1, etc.) and semidiurnal (M2, N2, S2, K2, etc.) components.evdsah
component is itself a sine wave defined by amplitude, phase, and. sgée most
dominant tidal constituent will have the largest amplitude. IfFtMP area, the largest-
amplitude constituent is M2, a semidiurnal constituent.

Observed and Measured Peak Water Levels

Two types of information exist that document historical stornewvkevels within the
FIMP area. High Water Marks (HWM) are indirect measurements of high water level.
These are namely post-storm observations of the high water tiipeally on a
permanent_structure, and are oftentimes represented by the teb. The HWM
includes the effects of astronomical tide, storm surge, localizadce setup, and the
impact of individual waves (including wave runup). Figure ID-2 itatsls these
contributions to the HWM.

Another type of peak water level measurements Mater Level Gage (WLG)
measurements. These are direct measurements of wateresalévation, and they are
generally more accurate and more reliable than HWM obsengat A peak WLG
measurement includes the effects of all quasi-steady statributions to water level.
Specifically, the WLG measures the water level contributioas fastronomical tide,
storm surge, and localized wave setup (Figure ID-2). These measurements diudet inc
the effects of individual waves; therefore, they betteectfthe quasi-steady state water
level conditions experienced during storm events.
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1. Introduction and Project Background

The US Army Engineer District, New York (CENAN) is cemtly conducting a
reformulation study of the shore protection and storm damage reductigctpior the
south shore of Long Island, New York. The study area, shown in Figlireextends
approximately 83 miles (130 km) from Fire Island to Montauk PoilMFf and includes
the barrier islands, Atlantic Ocean shorelines, and adjacentbiagclkreas. The three
bays of concern are, from west to east, Great South Bay, MoBaysand Shinnecock
Bay and are connected to the Atlantic Ocean by Fire-Island, Misi@nd Shinnecock
Inlets respectively. The area is primarily low-lying andsash, subject to flooding by
storm surge from the Atlantic Ocean, surge propagation throdghirilets, wave setup
and runup, and barrier island overwash and breaching. In 1995, in ordesteot pr
property from storm surge, wave attack, and storm-induced erosiongfimsulation
was initiated as a multi-year, multi-task effort to identdpd evaluate long-term
solutions for both the barrier islands and back-bay mainland. Strugbeathfill,
groins, revetments, and bulkheads) and non-structural solutions arentlaeypiocus of
the alternative engineering designs to be evaluated as phet study. However, there is
also_an environmental restoration portion to the study to investigait@adsefor restoring
natural processes and increasing sustainable and valuable habitatti¥e flora and
fauna.

NEW YORK
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f MASSAL
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To Reduce Storm Damages within
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or enhancing Natural Resources

Figure 1-1: Fire Island to Montauk Point (FIMP) Project Area.
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1.1 Project Area

The project area is located entirely in Suffolk County, Long Island, alongttaeti& and

the bay shores of the towns of Babylon, Islip, Brookhaven, Southampton, and Eas
Hampton. The overall study area is approximately 83 milesdodgncludes three large
estuarial bays: Great South Bay (connected to the ocean bislaimd Inlet), Moriches

Bay (connected to the ocean by Moriches Inlet), and ShinnecockcBagected to the
ocean by Shinnecock Inlet). The westernmost portion of the oveualy strea, the
Nassau/Suffolk County border at Great South Bay, is located aboniles/ east of The
Battery, NY.

1.2  Project Background and Goals

The original study was initiated in 1981 Iin response to decades losgrerdue to
seasonal storms and-their affects on dune systems, shorelinetimmentaarshore and
back-bay bathymetry, and inlet orientation and cross-sectional ggomeThis
reformulation. study was initiated in 1995 because significaniceraster 1981 could
have affected storm surge propagation and subsequently the possibditgrtfpping,
breaching, and back-bay flooding (Scheffner and Wise, 200b)achieve the goal of
determining the likelihood and size of a justified federal projagineering studies are
being conducted to provide coastal processes analyses and design Mpuerical
modeling of physical, coastal processes in support of these analydelesigns has been
undertaken for the full extent of the project area. Shorelinegeharodels (GENESIS),
littoral transport sediment budgets, beach profile erosion modelEASBH), wave
models (STWAVE and HISWA), and storm surge models (ADCIRC aglft3D) have
and will continue to be used. This report summarizes the use oakef/these models
in combination to simulate storm surge within the project.

By merging hydrodynamic, wave, and sediment transport models,age@urge levels
can be determined throughout the project. The storm surge modellreydsrnerstone
of the FIMP study, since the model output is used to generate ¢&EXDIRC) and bay
(Delft3D) stage-frequency curves for input into the economic yaes) coastal
engineering design, environmental studies, and final alternatigetisel. Chapter 3 of
this report provides details about the different models, how they uwsaé, and the
methodology behind their integration.

In general, compared to studies in the 1980’s and mid-1990’s, this recgnestipbbys
more advanced numerical models that include wave effects and moriphblegponse
in an integrated manner. This study is also based on improveddaikstorm wind and
pressure fields, an improved tidal database, an expanded hissboical set, improved
stage-frequency methodology, and rigorous calibration and compavisormeasured
data. This recent study is compared with past studies in Chapter O.
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The baseline conditions presented in this report are the basisrfarliéing a long-term
solution to storm damage reduction within the FIMP area. This fatioaol study will
identify alternatives that can optimize benefits by reducaogemic loss to the mainland
and barrier beaches, while preserving important human and ecolduatétats.
Furthermore, the Reformulation Study will reevaluate the AuthdriPéan (House
Document 1960) based on existing study area conditions and in aceowidmcurrent
Corps of Engineers’ policies and study criteria.
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2. Storm Surge Modeling Methodology

Coastal storm water levels are governed by a number of corpplesical processes:
wind conditions, barometric pressure, astronomic tide, wave conditions, aptatogic
response. Further, storm water levels in estuarial bays and soarugldy dependent
on tidal inlet and bay geometry and barrier island condition prior @¢ostbrm. In
particular, back bay water levels are driven by flow throinghtidal inlets, flow over the
barrier island as a result of overwash and breaching, and localimddand wave setup
(Figure 2-1). Ocean and nearshore (offshore of the surf zone) staten levels are
dominated by meteorological conditions and astronomic tide.

The numerical modeling strategy for FIMP addresses dflasfe processes by combining
a number of numerical models, some with external communication ands otliér
integrated dynamic communication.. The strategy also empkig$e-of-the-art
meteorological methods and uses recent high-resolution lidar suxvelescribe tidal
inlet and barrier island geometry. Figure 2-2 illustratesctmplexity of the numerical
modeling strategy. The numerical models and methods used for this project are:

* Planetary Boundary Layer model (PBL)

* Kinematic Reanalysis

» ADvanced CIRCulation model (ADCIRC)

« WISWAVE

e Storm-induced BEAch CHange model (SBEACH)
* Delft3D-FLOW

* Delft3D-WAVE (HISWA)

» Delft3D-MOR

« SWAN

» Empirical Simulation Technique (EST)

A description of Baseline Conditions, output locations for subsequentfstagency
development, and details of each numerical modeling component arebeeésarithis
chapter. The Empirical Simulation Technique (EST) used to devedge-fequency
relationships is detailed in Chapter 1.

2.1 Baseline Conditions

Baseline Conditions for the storm water level modeling effort were developed ba

the most up-to-date and reliable topography and bathymetry for the projecarsa
Baseline Condition is representative of the FIMP area’s condition in 2000. Table 2-1
shows the data source for each area.
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v localized wind setup
v localized wave setup

T

overwash ocean surge, setup, tide Qbreaching

Figure 2-1: Contributions to-bay storm water level.
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Figure 2-2: FIMP storm water level modeling and stage-frequency methadbgy.

Because tidal inlet geometry and barrier island topographyciieal elements for
accurate modeling of water level and morphological processes, e was given to
ensure the numerical grids and profiles adequately reflectiBagabnditions. Subaerial
barrier island topography is based on a 1995 topographic survey complemvihttdte
high-resolution topographic LIDAR data (Sallenggral, 2001) collected by NOAA in
September 2000 that covers the area between Fire Island Inl&oatithmpton. The
LIDAR data only covers the barrier islands therefore all theesidlacoastal areas along

the northern bay shorelines are based on the 1995 data. Submerged profles we
described using beach profiles collected in 2001. High-resolbttimymetric LIDAR
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data (Lillycropet al, 1996), from 2000 and 1998, were used to describe both Moriches
and Shinnecock Inlets, respectively. Finally, composite hydrograpimey data from
2001 were used to describe Fire Island Inlet (Moffatt and Nichol, 2005).

Outside of the FIMP area, tidal inlet bathymetry was basedurveys performed in
1998. Morphological impacts to the barrier islands outside the FIM& &ere not
included in this modeling effort.

For numerical modeling purposes, all survey data were converted do Bkea Level
(MSL) based on available published NOAA (National Oceanic and ogimeric
Administration) benchmark sheets for the 1960-1978 tidal epoch and valugs use
historically for FIMP. Vertical conversions for each data set are preseniable 2-1.

2.1.1 Verification and Processing of LIDAR 2000 Data

Raw LIDAR 2000 data was processed using an automatic classificd the data points
into three types: error, ground and no-ground points based on distance andrslopge a
neighboring._points. For example when the slope between two points teephyaa
relatively short distance is close to°9he. higher of the two points will likely be
classified as a no-ground (e.g., a building) point. After points have ddassified in the
aforementioned three categories, all the remaining pointdamsfeed as vegetation. An
additional manual check is finally performed to ensure the waliofitthe automatic
classification. A cross check comparison of profiles obtained fhemaw LIDAR 2000
data and the processed LIDAR 2000 against profiles from the Atl@uidst of New
York Monitoring Program (ACNYMP) spring 2001 survey show reasonable ragree
The comparison of four profiles is presented in Figure 2-3. The fijus&rates typical
differences between raw and processed LIDAR 2000 data. Spike$einddta
corresponding to buildings and vegetation were removed from profile F19.

Profile F19 Profile F22

25
ll\ — 4 CNYMP-F19 — 4 CNYMP-F22
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Figure 2-3: Comparison of LIDAR extracted profiles before and after ppocessing
with ACNYMP profiles — (Baseline Conditions).
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Table 2-1: Baseline Conditions bathymetry and topography data sources and
conversions for FIMP area.

Vertical Vertical Vertical
Project Area Data Source Horizontal Datum Conversion .
Datum Conversior?
Source
Nearshore: Geographic NAD27
Jones Inletto|  GEODAS grap MLW | LISHORE P1| 0.53m(1.73 ft
. (deg)
Montauk Point
South Oyster, .
Great South,| GEODAS Geog"’zgg'c) NAD27  \iw | LISHORE P7| 0.19 m (0.62 ft
Narrow Bays 9
Moriches Bay|  GEODAS Geog"’zgg; NAD27  \iw | LISHORE P6 | 0.35 m (1.14 ft
North shore of Geographic NAD27 NOAA
Montauk GEODAS (deg) MLW Benchmark 0.37 m (1.2 ft)
Great Peconic GEODAS Geographic NAD27 MLW NOAA 0.10 m (0.32 ft)
Bay (deg) Benchmark
. LI, NY State Plane Previous
Moriches Inlet| 1998 SHOALS NADS3 (ft) NGVD29 FIMP 0.15 m (0.50 ft)
Fire Island LI, NY State Plane Previous
Inlet 2001 surveys NADS3 (ft) NGVD29 FIMP 0.15 m (0.50 ft)
S ITEEOES 1998 SHOALS o ooraiiEi At MSL not required
Inlet (deg)
Shinnecock | 1998 Multibeam| Geographic NAD27 :
Bay (SUNY) (deg) MSL not required
Subaerial (east
of Wantach .
USGS UTM NADS83 Previous
Pkwy to NGVD29 0.15 m (0.50 ft)
Montauk Topography '| Zones 18 & 19 (m) FIMP
Point)
2000 USGS : .
thgﬁ; LIDAR Geogr?gg'c) NAD83 \cvD29 Pl'r:e”‘\’/:gus 0.15 m (0.50 ft)
Topography 9

2.1.2 Barrier Island Vulnerability to Overwash

The filtered LIDAR data was used to develop the barrier islapdgraphy in the
Delft3D model grid. Particular consideration was given to adelyuatgresenting areas
previously identified as vulnerable to breaching and overwash. A pneliynanalysis of
areas that would require increased resolution was performed lmaseavailable

topographic data, the breaching risk analysis presented in thelrB@ontingency Plan
(Moffatt & Nichol, 1995), and estimates of overwashing/breaching patdvdsed on

previous SBEACH simulations performed by CHL.
suggest that areas of the barrier island with a dune elewti@ss than 15 ft (4.6 m)
NGVD would be subject to significant overwashing, dune lowering anénpat
breaching under severe storm conditions. This limit is consistémawailable estimates

2 MSL = Vertical Datum + Vertical Conversion; allmeersions based on NOAA benchmark sheets for the

1960-1978 tidal epoch.
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of peak total water levels4.3 m or 14 ft NGVD) and dune lowering due to wave-
induced runup (3 ft or 0.9 m). Note that this initial dune lowering means évan a
dune with a relatively high crest elevation of 17 ft (5.2 m) NGVayrbe subject to full
inundation and potential breaching, albeit to a lesser extent than low lying areas

This analysis is also consistent with the limited informatigailable from previous
significant storms such as the 1938 Hurricane. Specifically, lSf®47) notes that
areas where dune crest height exceeded 18 feet above méeweteamained relatively
intact during this storm.

Figure 2-4 and Figure 2-5 show maximum barrier-island elevatiqgncéiyy the dune
crest) along the length of the FIMP project area based ob9®te topographic data and
the filtered 2000 LIDAR data. The figures suggest that mosisardentified as
vulnerable for the 1995 data are also vulnerable for the 2000 data. Thseigndifscant
differences between the two datasets are due to recent hbie@cbjécts in Fire Island
Pines (1997, 2002), Water Island/Barrett Beach (1996), Cupsogue Beachkasd Pi
Beach (Westhampton Interim, 1996-97, 2000-01), as well as other, smaller, dune
rebuilding efforts (e.g., beach scraping at Kismet and Watmd&Barratt Beach). The
2000 Baseline Condition, in general, shows that the barrier islandrsystgenerally
more robust than in 1995.- This is indicative of the natural shortatarrability in this
barrier island system.

Table 2-2 summarizes the characteristics of each of theas. aks noted in sections
below, Baseline-Condition model simulations have not suggested signidwamtash or
breaching outside these areas. Nonetheless, numerical simsil&dr Future Without-
Project Conditions may lead to overflow and breaching in other dhegsrequiring that
areas of increased resolution in the model be expanded.

Locations in Table 2-2 were identified on basis of dune elevation anly not other
considerations such as barrier island width, adjacent back-bay eegith, proximity to

an inlet, potential tidal prism, etc. Although these additional faetould also affect the
development of a breach, they are explicitly included in the model, and no prior isgreeni
based on these factors was considered. As such, model simulatioastshggsome of
these areas (e.g., the dune cut at the Wilderness Area tivetglamall dune cuts in
Southampton) do not contribute significant water volumes to the bay. faiteerhigh
resolution may not be required for some of the future storm simulations.

Table 2-2 does not include several locations along the baitlerelatively small “cuts”
in the dune for beach access roads, etc. These small cgenarally less than 30 ft (10
m) wide and are not expected to contribute significantly to peeaksvater levels in the
bays.

3 Peak total water level is computed as the sunmhefdcean surge (2.3 m or 7.5 ft, corresponding to
hurricane Gloria), spring tide (0.8 m or 2.6 ft NB)/ and setup (1.2 m or 3.9 ft, based on 20% ohad

20 ft, incident wave).

4 Dune lowering due to wave runup and prior to wae&p inundation. Based on available SBEACH
simulations.
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Table 2-2: Vulnerable areas and LIDAR profiles.

Approximate | Minimum
Length of Dune Nur(1)1fber
Name Description Location Reach Elevation
LIDAR
(NGVD) Profiles
ft m ft m
Western Fl Kismet to Point | Kismet to Point O’
Communities O’ Woods Woods 23,5001 7200 10} 3.4 g
Sailor’s Haven 200 60 12 3.7
Fire I\s/{/an(il Pines 3000 900 8 24
Central FI | Fire Island Pines - (West) - 30
Communities| to Water Island | Fire Island Pines | o0l o001 g | 5 5
(East) )
Barrett Beach/Water 5000 | 1500 12| 3.7
Island
Davis Park | Davis Parkto Davis Park 1000/ 30d 12 3fF @ 21
Watch Hill
Localized dune Dune cut in
Dune Cut cut in Otis Pike Wilderness Area 300 90 11| 3.4 9
Wilderness area
Eastern part of
Old Inlet Otis Pike Old Inlet 8000 | 2400 6 1.9 40
Wilderness area
] . Central part of . :
gg:l'g: ng’rf( Smith Point | oMt 'Tj‘z'r‘li Countyl 8000 | 2400 10| 3.0 32
Y County Park
Western and ' | Tiana Beach (West 5500 1700 2.7
Tiana Beach| central part of 57
Tiana Beach | Tiana Beach (East) 1000 300 2.1
West of Localized area
Shinnecock just west of West of Shinnecock 3000 200 1 3.4 6
Inlet Shinnecock Inlet
Localized area
Southampton just east of Southampton 5000 1500 7 211 13
Shinnecock Inlet
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Figure 2-5: Maximum dune elevation: Smith Point to Southampton.
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2.2 Historical Storm Set Selection

2.2.1 Tropical Storms

Historical tropical storms were selected by evaluating tagoNal Hurricane Center’s
(NHC) hurricane Atlantic tracks database and NOAA water lmedsurements at Sandy
Hook, NJ; Montauk Fort Pond, NY; and Newport, RIl. Of the three NOAAsmreanent
locations, Newport dates back the farthest to 1 January 1930. Allargdoems from
1930 through 2001 whose tracks came within 500 nautical-miles of Istewgd|were
considered. Of these storms, only those with peak surges (meagatexdlevel less
NOAA predicted tide) greater than 2.23 ft (0.68 m), at Sandy Hookjad&r-ort Pond,
or Newport, were selected for storm surge-modeling. In additionSepgember 1954
hurricane was added because Harris (1963) reports a peak surgg.dve(l m) at
Montauk.

Table 2-3: Historical storms selected for FIMP training set.

Tropical Events (1930 — 2001) Extratropical Event$1950 — 1998)

1 ** H **
name [ S0 cabase) | o™ | S pat Dot
not named | 10-Sep-1938* 15 22-Nov-1950 34
not named | 9-Sep-1944 10 04-Nov-1953 26
Carol 25-Aug-1954 5 11-Oct-1955 43
Edna 2-Sep-1954 7 25-Sep-1956 34
Hazel 5-Oct-1954 6 03-Mar-1962* 56
Connie 3-Aug-1955 0 05-Nov-1977 28
Donna 29-Aug-1960* 13 17-Jan-1978 16
Esther 10-Sep-1961 14 04-Feb-1978 27
Doria 20-Aug-1971 2 22-Jan-1979 19
Agnes 14-Jun-1972 18 22-0ct-1980* 17
Belle 6-Aug-1976* 7 26-Mar-1984 31
Gloria 16-Sep-1985* 5 09-Feb-1985 17
Bob 16-Aug-1991* 4 28-Oct-1991 50+
Floyd 7-Sep-1999* 3 01-Jan-1992 18

08-Dec-1992* 78
02-Mar-1993 12
10-Mar-1993* 25
28-Feb-1994* 22
21-Dec-1994* 23
05-Jan-1996 25
6-Oct-1996 12
02-Feb-1998 24
* Indicates storm is included in the calibration set.

** Storm durations represent duration that storm surge exceeded 1 ft (0.3 m), based
on ADCIRC simulations at Station 31.
+ Storm duration for this storm based on measured storm surge at Sandy Hook, NJ.
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Figure 2-6. Tracks of tropical storms impacting Long Island.

During wind field development, Oceanweather Inc. reclassified ¢peeBber 1956 and
October 1996 events as extratropical events. These two events amechamied in the

Nor'easter storm set (note that both storms exceed the 3.3 ft &ugée cutoff for

extratropical events). There are a total of 14 historicainston the final tropical storm
training set (Table 2-3). Storm tracks for these 14 histostains are illustrated in
Figure 2-6.

2.2.2 Extratropical Storms

Historic extratropical events were selected by evaludhegrior FIMP surge modeling
storm set plus the four additional storms used for prior FIMP SBEAdeling.
Additionally, storm selected for the recently completed NAMakeken/Bayville study
were also evaluated. All storms with a peak surge greater3tBaft (1 m) at Sandy
Hook, Montauk, or Newport were included in the FIMP extratropical stocaming set.
The 22 selected storms, between 1950 and 1998, are listed in Table 2-3.

2.3  Supplemental Surge Modeling Simulations

To develop stage-frequency relationships, several supplemental stermselected for
numerical modeling. These included variation in the timing of magioihcal events
such that different astronomical tide scenarios could be consid@ae 2-4 lists the
storms selected for supplemental simulations. For each of these storms, ithemax
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Table 2-4: Storm selected for supplemental simulations.

Storm Date

Sep-38
Sep-44
Aug-54
Sep-60
Aug-76
Sep-85
Nov-50
Nov-53
Mar-62
Oct-80
Dec-92
9-Mar-93

high-spring-tide scenario was simulated. A full discussion ofg¢hsoning for, selection
of, and implementation of alternate tide scenarios for stagedrey development is
given in Chapter 10.2.2.

2.4 | Storm Water Level Output Locations

For input to stage-frequency development, peak storm water flavelach storm was
extracted at 80 locations, 49 of which fall within the FIMP ar€he 49 stations within
the FIMP area were selected to capture the variabilityarmstvater levels along the
open coast and within the three bays. The remaining statiomessekcted to support
other New York District coastal and ecosystems projects. TaBleand Figure 2-7
through Figure 2-10 give the location of these output stations. Ifigines, stations

using Delft3D simulated results for water levels (Great Sdvtriches, and Shinnecock
Bays) are distinguished, by color, from those using ADCIRC stedlaesults (all

others).

2.5 Wind and Barometric Pressure Fields

Since the study area is affected by intense tropical andteyical storm events, wind
and pressure fields are needed in addition to tidal forcing in order to drive the stgem sur
models. The need for accurate model results requires wind and préssds to be
specified at higher temporal and spatial resolutions than typiaadilable from public
domain sources and previous hindcast studies. For that reason, NAN tednw#b
OCTI/Oceanweather, Inc. to provide wind and pressure fieldslftreahistorical storms

in the FIMP set. Storm winds and barometric pressure were ewbthgl introducing
wind stress and pressure (in m of water) at each grid node atmanigmporal intervals:
every hour for tropical events and every 3 hours for extratropical events.
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Table 2-5: Storm water level output stations.

Station Latitude (deg) Longitude (deg) | Location Description

Number
1| -73.428873626( 40.6550903780 Unqua Point
2| -73.461448871( 40.6317107990 South Oyster Bay
3| -73.226994750( 40.7144234420 Great Cove
4| -73.158109330( 40.6525715180 Ocean Beach
5| -73.123926370( 40.7222901470 Connetquot River
6 | -72.989047193( 40.6963460980 Watch Hill
7 | -73.011193806( 40.74523134F0 Patchogue
8| -72.890939341( 40.7570645950 Long/Sandy Point
9| -72.894681528( 40.7176628460 Old Inlet (ocean)
10| -72.842468352(0  40.75005411P0 Mastic Beach
11| -72.7477013760  40.79897959R0 _Hart Cove
12| -72.7267709190  40.80708579h0 Seatuck Cove
13| -72.6696602340  40.8009574760 Apacuck Point
14| -72.5827236370  40.8185131450 Quogue Canal
15| -72.5367418400 40.85793350B0 Tiana Bay
16| -72.4921723890  40.87972410R0 Cormorant Point
17| -73.3121000000 = 40.68160000P0 & Sampawams Point
18 | =73.3100000000 | 40.63000000P0 | Fire Island Mouth
19| -73.2700000000 ./ 40.63000000P0._- Fire Island Bridge
20| -73.1868000000- 40.69860000Pp0 Heckshire State Par
21| -73.0736000000  40.71620000p0 Brown Point
22 | -73.0728000000  40.6754000000 Great South Bz (
23| -73.0707000000  40.65640000Dp0 Great South Bemeaf)
24 | -72.9477000000 ' 40.73130000Dp0 Narrow Bay
25| -72.8849000000 ' 40.73830000D0 Smith Point
26 | -72.8040000000 ' 40.77780000Dp0 Masury Point
27| ~72.7533000000  40.76990000Dp0 Moriches Inlet)bay
28 | -72.7556000000  40.76200000Dp0 Moriches Inletgnre
29 | -72.7484000000  40.78460000Pp0 Moriches CGS
30| -72.700000000Q0  40.7950000000 Westhampton Beach
31| -72.5900000000  40.80000000p0 Post Lane
32| -72.5553000000  40.83920000Dp0 Pine Neck Point
33| -72.5200000000  40.85000000D0 Shinnecock CGS
34| -72.5000000000  40.84200000P0 Shinnecock Bridge
35| -72.4770000000  40.83550000P0 Shinnecock Int&g0)
36| -72.4789000000  40.84790000Dp0 Shinnecock In&t)(b
37| -72.4423085900  40.87074133D0 Shinnecock IndeseRation
38| -72.2069981610 40.9279511080 Apaquogue (ocean)
39| -71.9135552390  41.0334139410 Ditch Plains (9cean
40| -71.9342158830  41.07411266{10 Montauk Harbor
41| -73.1905700000  40.6295300000 Great South Bemeal)
42| -73.3581600000  40.6561300000 Great South Bay
43| -72.8045800000  40.7705000000 Moriches Bay
44| -72.6851100000  40.7893200000 Moriches Bay (GunRiint)
45| -72.5342900000 40.82925000P0 Shinnecock Bayo&ifgpTiana Beach)
46 | -74.0136700000  40.5735800000 Coney Island Laigl
47| -73.9469200000  40.57312000p0 Manhattan Beadh Par
48| -73.885090000(0  40.6176400000 Island ChannelgiganBay)
49| -73.835830000(0  40.6428100000 Channel BridgeditanBay)
50| -73.7964500000  40.63241000D0 Grassy Bay (JRi¢)r
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Station Latitude (deg) Longitude (deg) | Location Description
Number
51| -73.8849200000  40.57353000p0 Marine Parkwaydrid
52 | -73.8359600000  40.57355000p0 Rockaway Park f)cea
53| -73.7567300000  40.58790000Dp0 East Rockaway (imbeian)
54 | -73.5802400000  40.57832000DP0 Jones Inlet (ocean)
55| -73.6673900000  40.57949000p0 Long Beach (ocean)
56 | -73.5685000000  40.59268000D0 Jones Inlet (bay)
57| -73.4565400000  40.59864000p0 Tobay Beach (ocean)
58| -74.0084400000 40.5836300000 Gravesend Bayifmtii@gRockaway Point)
59| -73.9230500000  40.54709000p0 Rockaway Beaclafdce
60 | -73.7861300000 40.60677000p0 Grass Hassock €hann
61| -73.8199000000 40.5926300000 Cross Bay Bridge
62| -73.6724700000 40.5946200000 _Reynolds ChanwoelgBeach)
63| -72.3429900000 40.88179000p0 Watermill Beachdoy
64 | -72.0528200000 40.98682000P0 Napeaque Beachr(pce
65| -71.8483500000 41.0745500000 Montauk Point (@cea
66 | -73.2994000000 40.6167000000 Fire Island - Deatd®oint (ocean)
67| -74.0176460000  40.46283300D0 Sandy Hook, NG [¢@3AA)
68| -74.0214290000  40.69917400D0 The Battery, NSo(AIOAA)
405 | -73.8046779576 40.5978451856 ' Jamaica Bay (kad 1
407 | -73.7741085619 40.6151637767 . Jamaica Bay (kad 3
426 | -73.8783340000 40.6310540000 Jamaica Bay (&ahé 7a)
429 | -73.8705460000  40.6323550000 Jamaica Bay (ahé 7b)
435| -73.8845624808 40.6283545569 Jamaica Bay (kad 8
436 | -73.8904190000  40.6165130000 Jamaica Bay (kah® 10a)
442 | -73.8910250000 = 40.6222360000 Jamaica Bay (kah® 10a)
446 | -73.9068350000 ' 40.5843110000 Jamaica Bay (kpd 1
452 | -73.9036478695 ' 40.5866923940 Jamaica Bay (Rpd 1
453 | ~74.0826343800 40.5027055600 Sandy Hook/Raitgs (cr 1)
454 | < -74.1679275400  40.4742975100 Sandy Hook/RéaBitgs (cr 2)
520 | -74.2708333300  40.4900000000 Raritan Bay (Stu)
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Figure 2-7: Storm water level output stations.
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Figure 2-8: Storm water level output stations (continued).
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Figure 2-10: Storm water level output stations (continued).
USACE — New York District
DRAFT 7 July 2006 2-16



FIMP — Baseline Conditions Storm Surge Modeling argtage-Frequency Generation

2.5.1 Tropical Wind and Pressure

OCTI/Oceanweather, Inc. developed wind velocity fields (10-m (38Hgve the water
surface) and barometric pressure fields for tropical stormtevesing their Planetary
Boundary Layer (PBL) model. The wind and pressure fields wer@uped on a grid
domain extending from 30° N to 47° N and fronf 64 to 82 W with grid spacing of
0.0625° latitude by 0.0625° longitude (about 7 km) at 1-hour intervals. Wind Welds
not produced outside this domain for tropical storms. Specificallytrdipécal storms
were hindcast using Oceanweather Inc.’s (OWI) PBL tropicaloog wind model,
which was mainly driven by existing historical storm paransetiecluding storm track,
scale radius of the storm, and radial pressure profile. Hegleggon surface wind fields
for all tropical cyclones were specified by the PBL, a provepit¢al cyclone boundary
layer model (Thompson and Cardone, 1996). The model is driven by thigcapieai of
a relatively few parameters that describe the vortex predgeld and other parameters
that describe the pressure field of the environment in which thereyes embedded.
Briefly, the track and initial estimates of intensity of astdwical North Atlantic basin
tropical storm to be analyzed are taken, with modification, froenNOAA Tropical
Prediction Center’s database. The radial distribution of the vpressure field, which
mainly-determines the radius of max wind, is one of the storm wgmdbles and is
incorporated using a pressure profile fit to available surfacendaisns and aircraft
reconnaissance data. Surface winds generated from the modeé@arenported into a
graphical interface called WindWorkstation (WWS) at 6-hourlyrirstkls and evaluated
against available surface data and aircraft reconnaissanceobsedvations adjusted to
the surface as described by Powell and Black (1989). The whole procesded iertd a
solution for the surface wind fields that is most consistent Wlithf éhe available data is
achieved. The final wind field is this best fit model solution.

2.5.2 Extratropical Wind and Pressure

OCTI/OWI also developed wind fields for extratropical storm ewveunsing data
assimilation methods. Barometric pressure fields for erpatal events were taken
directly from NOAA’s NCEP (National Centers for EnvironmerRaédiction) database
(www.ncep.noaa.ggv The wind fields were delivered on the same grid domain and
spacing as the tropical storms, but with a temporal resolution of 3:hblue difference
is that outside this grid and for the domain covering the entirchN&tfantic Ocean,
wind fields from the NOAA/NCEP Global Reanalysis Project A)Rvere interpolated
in space and time and delivered at 3-hourly resolution on a grid ohgpaé25° latitude
by 0.833° longitude. For extratropical storms and within the fineutsnldomain, the
wind fields were developed by OWI's Interactive Kinematic Otiye Analysis (IOKA)
method. The benefits of IOKA enhancement to the skill of ocegponse modeling
over wind fields produced by strictly automated methods for eapiatil storms are well
established (e.g., Cardone et al., 1995). The method starts fromstaguess
“background” wind field and then proceeds to assimilate observabiossrface winds
from ships, buoys, coastal stations, and remote sensing sourceanalyst interactively
affects and controls the analysis on the WWS and may impose thgagussof a
classical kinematic analysis. For storms within the NRAoge the background winds
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are taken from the AES40 (Swail and Cox, 1999) hindcast. Howeviee, @xtratropical

storm occurred within the decade of the 1980s or 1990s the background wends ar

specified at 0.25 degree and 3-hourly resolution from wind fields produc€iNd in
support of the ERDC CHL WIS update study (made available to tloggbrwith
permission of WES/ERDC, Vicksburg). As a part of the quality coptratess, the final
winds were compared to measured winds from NOAA NDBC data bwdin the
areas of interest, mainly buoy #44025 located just south of Shinnecoc{QGIEI/OWI,
2002). These comparisons are presented in Chapter 5.

2.6 WISWAVE - Offshore Wave Fields

In an effort to determine extreme storm wave conditions duringrédm@ng set of 36
storms (14 tropical and 22 extratropical), a directional spearaparally sensitive wave
model WAVAD (also known as WISWAVE) was applied.

2.6.1 Model Input and Output Parameters

The wave model was driven by the wind fields developed for the windcast,

described in Chapter 2.5. The wind fields were interpolated ontoahe grid domains
for each level of nesting. Input parameters for the model indltiie model time step,
(30 seconds for the finest grid), the 15 wave frequencies over whichatre spectrum
was computed (0.03 to 0.31 Hz with an increment of 0.02 Hz), and the dztoeti
increment for the directional spectrum (22.5 degrees). Output includegénaineters
(zero-moment wave height, peak wave period, peak wave direction) andwésll

dimensional wave spectra. Storm simulations were reported at dogatibns on an
hourly basis.

2.6.2 Computational Grid

Open ocean bathymetry was obtained from NOAA nautical charts, with the Ndw Yo
Bight area resolved from chart 12300, “Approaches to New York” and from chart
12352, “Shinnecock Bay to East Rockaway Inlet.” Five levels of ngestere used to
generate the wave data:

A 1.0-degree grid extending from 50 degrees to 80 degrees wesutngind
from 20 to 45 degrees north latitude.

* A 0.25-degree grid extending from 67.75 degrees to 74.25 degrees west longitude

and from 36.75 to 42.25 degrees north latitude.

A 0.08333-degree grid extending from 69.50 degrees to 74.083 degrees west

longitude and from 40.1666 to 41.3333 degrees north latitude (Figure 2-11).
* A 0.01667-degree (approximately 1 nautical mile) grid extending ffor@50

degrees to 74.083 degrees west longitude and from 40.417 degrees to 41.000

degrees north latitude (Figure 2-11).

« A 0.008333-degree (approximately 0.5 nautical mile) grid extending from
72.08333 degrees to 73.5000 degrees west longitude and from 40.500 degrees to

40.833 degrees north latitude (Figure 2-11).
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igure 2-11: Map depicting the 5-min model grid. (The red box bounds the aa
modeled at 1-min resolution. The green box bounds the area modeled at
0.5 —min resolution.)

Tl

2.7 | ADCIRC - Nearshore Water Levels

Ocean and nearshore, outside the surf zone, storm water levessmardated with
ADCIRC Version 43.02 (ADvanced CIRculation model; Luetittal, 1992). ADCIRC

is a long-wave hydrodynamic numerical model that simulatesrgatéace elevations
and currents from astronomic tides, wind, and barometric pressur€IR&Dsolves the
two-dimensional, depth-integrated momentum and continuity equations ontea fini
element grid in spherical coordinates.

2.7.1 Computational Grid

For the FIMP study, the numerical grid covers a large computatitomahin, spanning

the northeastern Atlantic Ocean, to fully capture large-scald and pressure effects
during storm events (Figure 2-12). In addition, the numerical grid hasrésglution at
inshore areas, such as the tidal inlets and bays, to fully capeireomplexity of the
hydrodynamics in these areas. The subaerial portions of therbeleands are not
included in the computational domain. Instead the shorelines are répoeseith
shoreline boundary conditions. In total, the computational domain includes 44329 nodes.
Model bathymetry is based on several data sources. At theRiMeetidal inlets and in
Shinnecock Bay, recent high-resolution SHOALS LIDAR or multibeamesudata was

used. In Moriches and Great South Bays and in the nearshore aFéliPofdata from
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the GEODAS (GEOphysical DAta System) database, supplemertiediata provided
on NOAA charts, was employed. In all other areas, the batryns based on that
compiled for developing the East Coast 2001 Tidal Constituents Datdbakai et al.,
2002). This data set was developed using the ETOPO5, Digitalchla@iharts, and
National Ocean Service raw sounding databases.

2.7.2 Model Forcing

The ADCIRC model is forced:

* On its offshore boundaries with astronomic tidal constituents frorAEHeIRC
East Coast 2001 Tidal Constituent Database for seven main tidditwems
(Mukai et al., 2002; Table 2-6).

e Throughout the computational domain with simulated wind and barometric
pressure fields (see Chapter 2.5).

2.7.3 Model Setup

For each storm simulation, time series of simulated watet &e output from the model
every 6 minutes (real-time) at 42 of the 80 reporting statianstdge-frequency analyses
(see Figure 2-7 through Figure 2-10). The remaining 38 statiomsiide of the FIMP
project boundaries and were included for the benefit of other New YistkdD projects.
In addition, time series are recorded at 8 stations approxima@b miles (3.6 km)
offshore of the FIMP area at an approximate depth of 65 ft (20Timgse 8 stations are
used to force subsequent SBEACH and Delft3D simulations.
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Figure 2-12: ADCIRC computational domain (insert illustrates higher resolution

inshore at Shinnecock Inlet).

Table 2-6: Astronomic tidal constituents.

Montauk Fort Pond, NY(eastern

FIMP)
0.992 (0.302)

0.260 (0.079)
0.213 (0.065)
0.061 (0.019)
0.244 (0.074)
0.176 (0.054)
0.049 (0.015)

NOAA Measured Amplitude (ft (m))

Sandy Hook, NJ (west of FIMP)

2.258 (0.688)
0.518 (0.158)
0.438 (0.134)
0.126 (0.038)
0.338 (0.103)
0.176 (0.054)
0.037 (0.011)

Tidal
Constituent

M2
N2
S2
K2
K1
o1
Q1
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2.8 SBEACH - Pre-inundation Dune Lowering and Ocean Wave Setup

2.8.1 Pre-inundation Dune Lowering

The SBEACH $torm-induced BEAch CHange) model was used to estimate pre-
inundation dune lowering along the study area. The overall objectithasomodeling
task was to estimate changes in existing barrier island tquograrior to-inundation.
These estimates are required to pre-condition the Delft3D-MapRgtaphy grid to
account for wave runup and overtopping processes not-included in thatingodel
technology and to improve estimates related to overwash procass@®tential barrier
island breaching. Dune lowering is caused by wave runup and overtoppiayes in
conjunction with storm-elevated water levels and encroaching on the vobrerable
dunes, causing collapse and/or landward retreat of the dune creseringwf dune
crests results in increased risk of profile inundation and poteotidbreaching. All
vulnerable sections (those areas where overtopping and breaching aigereoins
possible) of the study area were modeled. Recent high-resolutidARLIsurveys
provided subaerial profiles in nine identified vulnerable areas (Tade LIDAR
profiles were coupled with updated submerged profiles derived fropeated
conventional surveys along established ACNYMP profile lines over thedpdpril
1995 through March 2002. Additional detail on the methodology is provided in the
following paragraphs.

SBEACH (Larson and Kraus 1989a; Larson, Kraus, and Byrnes 1990) is aicaime
simulation model for predicting beach, berm, and dune erosion due to stwes and
water levels. A basic assumption of the SBEACH model is thafilgorchange is
produced solely by cross-shore processes, resulting in a redistribfisediment across
the profile with no net gain or loss of material. Longshoaagport processes are
assumed to be uniform and therefore can be neglected in the cafcofabeach profile
change. These assumptions are expected to be valid for shogtterminduced profile
responses on open coasts sufficiently removed from the influenadabfirtlets and
coastal structures. SBEACH was initially formulated usgilaga from prototype-scale
laboratory experiments and further developed and verified baseedldnrfeasurements
and sensitivity testing from four sites (CHL's Field Resedfakility (FRF) at Duck,
North Carolina; Manasquan and Point Pleasant Beach, New Jarskyorrey Pines,
California).

SBEACH is an empirically-based model of beach profile charyeldped to replicate
dynamics of dune and berm erosion using standard data (topography, begées ptof)
available in most engineering applications. In model simulatithves,beach profile
progresses to an equilibrium state as a function of the initialg@dndition (including
median grain size and shoreward boundary conditions) and storm conditiians (
height, period, and direction; wind speed and direction; and water.le¥&l¢ model
predicts profile response to storms including wave over-topping and ldwezing
(Kraus and Wise 1993, Wise and Kraus 1993). Model improvements including the
implementation of a random wave model for wave transformatiosedichent transport

and the dune overwash algorithm are documented in SBEACH Reporisé, (8vnith,
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and Larson 1996) together with extensive model validation with data colledbethi the
laboratory and the field.

SBEACH simulations were performed for all LIDAR profiles frahe nine vulnerable
areas (see Chapter 2.1.2) and a set of storms identified ablecagfaproducing
inundation (when tide plus surge plus wave setup exceeds the remnantresine c
elevation) for at least one profile. Storms consisted of 36 hiateients, both tropical
and extratropical storms, and 21 variations of historical evendésdount for alternate
astronomical tide occurrences. Selection of the storm training discussed in Chapter
2.2. Dune crest elevation change just prior to inundation was extrioctedthe
SBEACH simulation results to identify most vulnerable profilddeor and to pre-
condition the Delft3D-MOR topography grid to improve estimates ofnpiaiebreaching
and overwash processes. Following inundation, the Delft3D model simulate
overwash and breaching processes. For profile and storm combinationkich
inundation was not predicted, dune crest elevation change at the dm& smulation
was extracted. Figure 2-13 shows an example of initial andpfinéle from SBEACH
simulation of a severe tropical storm.  Dune volume change betteanitial and final
SBEACH profiles was also extracted and evaluated. The proctxturalculating dune
volume.change was the same as used in an earlier phase oMResttldy to produce
response vectors for EST analysis, including eroded volume above OMD N@&d
eroded volume above 9.8 ft (+3 m) NGVD.

The LIDAR profiles provide a wide range of profile charactesswithin the vulnerable
areas. Thus, the SBEACH results indicate the range of resptret could be expected
in each area and help to identify a most vulnerable section im \adoerable area.
Profile vulnerability to inundation was found to depend on a combinedt effesune
crest elevation, dune crest distance from the shore, and dune volumexafgie, dune
crest elevations and distance from shore for the 57 LIDAR prddiiédana Beach are
shown in Figure 2-14 and Figure 2-15 respectively. Profiles wieigherienced
inundation in at least one storm are circled in red. Most inundateideprbive dune
crest elevations less than 15 ft. Exceptions (inundation caiesiwie crest elevation
higher than 15 ft and non-inundation cases with dune crest elevation lamet3 ft) can
be explained with consideration of dune crest distance from shora (lieith) and/or
dune volume.

2.8.2 Ocean Wave Setup

To assess oceanfront damages, the SBEACH model was applied mgireseorofiles
for all 36 historical events. This effort will be detailed isudbsequent report. However,
the application of SBEACH for this purpose will be summarized bigiee ocean wave
setup computed with SBEACH contributes to the total water levelstdasequent
economic analyses.

Ocean wave setup is an important physical process for simusdting water level and
barrier island morphology during storm events. The additional contribution to to&al wat
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Figure 2-13: Initial and final Tiana Beach LIDAR profile #35 from SBEACH
simulation of Sep 60 hurricane.
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Figure 2-14: Initial dune crest elevation for Tiana Beach LIDAR profiles circles
identify profiles inundated in at least one storm.
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Figure 2-15: Initial dune distance from shore for Tiana Beach LIDAR profles;
circles identify profiles inundated in at least one storm.

level at the shoreline from wave setup is on the order of 20%eohe¢arshore wave
height. This additional contribution is sizable for major storms atipg the south shore
of Long Island.

For FIMP, ocean wave setup was computed using two methods: SBBAC Belft3D.
In SBEACH, detailed cross-shore resolution allows an accuratetidepid wave setup
across the surf zone. In Delft3D, the two-dimensional HISWA wanaslel and
hydrodynamic model allow accurate depiction of the two-dimensidrsitibution of
wave setup and its'impacts on nearshore circulation and barried larphology. The
HISWA model is described in the following section.

While SBEACH simulations for baseline conditions profile responfidoe presented in
a separate report, a summary of ocean wave setup findings thenSBEACH
simulations for dune lowering are presented here because efaNeis a sizable total
water level contribution.

SBEACH employs a random wave modeling approach developed by L@8@5), and
this approach is detailed in USACE (1996). The random wave mppktsa technique
similar to Monte Carlo simulation but uses statistical reteinips such that only one
representative wave height is required. The representative isdransformed across
shore, and the statistical relationships determine the fractiotiee aandom wave field
that break or reform. In SBEACH, the sea is assumed to bewsbanded in both
frequency and direction, and surf-zone wave decay follows Da#y. €1985). Finally,
SBEACH solves for wave setup by using the cross-shore momemuation and linear
theory to find radiation stress.
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Variation of Wave Setup Alongshore

Because wave setup varies with profile shape, the peak wave sdéhapimstantaneous
shoreline for a particular storm varies with alongshore locatios.sukh, two values of
wave setup will be presented for discussion: nearshore and shoFéfjnee(2-16). The
nearshore wave setup value represents the cross-shore locatidnictoiittle variation,
due to profile shape, in wave setup alongshore is observed from the $Bfeadlts: As
shown on the figure, this nearshore location is just seaward dfetine The shoreline
wave setup value indicates the peak wave setup at the instantaie@oekne. This
shoreline value varies somewhat from profile to profile.

Wave Setup Simulations for Major Historic Storms

To assess the influence of wave setup on total ocean water level, SBEA@&tising of
wave setup for 10 major historic storms were analyzed. Theribistorms considered
here include five hurricanes and five Nor'easters:

Hurricanes Nor'easters

* September 1938 * November 1950
» September 1944 * November 1953
» September 1960 (Donna) *» March 1962

* June 1972 (Agnes) * December 1992
» September 1985 (Gloria) * 9 March 1993

Wave setup information was extracted from the SBEACH simukation the 252
profiles used to calculate pre-inundation dune lowering (see Chapteo2yomparisons
with ocean water level output stations, widely-spaced as showguineF2-7 and Figure
2-9, the 252 more closely-spaced profiles were grouped based on pydwistiations 41
(Great South Beach), 23 (Great South Beach), 9 (Old Inlet), 28 (Maricihet), and 35
(Shinnecock Inlet) (see Figure 228)At least 30 profiles are associated with each station.

Based on the profiles assigned to each station, mean nearshol®@elithes wave setup
values were calculated for each storm. In addition, standard deviatshoreline wave
setup was calculated. Because the cross-shore location factegrthe nearshore wave
setup value was such that variation was small, no standardidev&fpresented here.
Figure 2-17and Figure 2-21 show total water level contributions a#stADCIRC),
wave setup at the nearshore location, and additional wave setup abtekns. The
error bars on the figures represent one standard deviation around the mean @ketup res

On average, ocean wave setup increases total water leliel m¢drshore location by 40
to 50 percent and at the instantaneous shoreline by 65 to 75 perladive te offshore
(surge plus tide) water level. For the ten major storms pie$emean wave setup at the
instantaneous shoreline is at least 3 feet at all statiohg nlost extreme hurricanes,
September 1938 and September 1985 (Gloria), produce mean wave setugscéxt
feet at the instantaneous shoreline.

5 Note that no vulnerable profiles are closestatiah 31 (Post Lane).
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Water Elevation Definitions

20

Nearshore
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Figure 2-16. Definition of total water level at shoreline, nearshore, and offehe
locations.

Impact of Ocean Wave Setup on FIMP Economic Analyses

In performing the assessment of economic damages alongehafont for FIMP, total
water level from SBEACH life-cycle simulations will be dseConsequently, the values
used for economic analyses will inherently include the influence afewsetup as
computed at the instantaneous shoreline.

As discussed in Chapter 2, ADCIRC time series, representingnosarge plus
astronomical tide, and transformed WISWAVE wave parameter senes were input
along the offshore boundary for all SBEACH simulations. Then,ARBIEwas used to
simulate total water level at the shoreline as the sum @hoserge, astronomical tide
and shoreline wave setup. These total water levels, including soege, astronomical
tide, and shoreline wave setup, are used to develop life-cycleasiomsl of total water
level. It is these life cycles that are ultimately incogped into the oceanfront economic
analyses for FIMP.

Therefore, the influencing water level for oceanfront economicagenassessment is
better reflected by the SBEACH-simulated total water ltewean by the EST stage-
frequency curves presented in Chapter 12, since these curvesmepeesn surge and
astronomical tide only. Figure 2-22 presents the EST stageefieguelationship for
station 9, OId Inlet, and illustrates this difference. Using ADCIRC water levels,
return periods were interpolated for each of the 10 storms prdsenthis Chapter.
Superimposed on the stage-frequency relationship in Figure 2-22 atetdhevater
levels, including nearshore (circles) and shoreline (stars) watug, plotted at each
storm’s corresponding return period. As this figure indicates, dt@ water level
employed for economic analyses (stars) is 3.5 to 4.0 feet higherthe EST stage-
frequency curve. Note that the superimposed individual storm results including wave
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Station 41: Great South Beach (ocean)
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Figure 2-17. Simulated total water level contributions at Station 41.

Station 23: Great South Beach (ocean)
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Figure 2-18. Simulated total water level contributions at Station 23.

USACE — New York District
DRAFT 7 July 2006 2-28



FIMP — Baseline Conditions Storm Surge Modeling argtage-Frequency Generation

Station 9: Old Inlet (ocean)
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Figure 2-19. Simulated total water level contributions at Station 9.
Station 28: Moriches Inlet (ocean)
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Figure 2-20. Simulated total water level contributions at Station 28.
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Station 35: Shinnecock Inlet (ocean)
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Figure 2-21. Simulated total water level contributions at Station 35.

Station 09: Combined Stage-Frequency Curve (DRAFT March 2005)
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Figure 2-22. EST stage-frequency curve based on ocean surge and astronomical
tide (solid line) with individual historic storm water level resuts that include
the additional effects of wave setup. . Note that the superimposed indiuial
historical storm results including wave setup presented here arfer
illustrative purposes only; they do not represent formal stage-frequesy
results.
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setup in Figure 2-22 are for illustrative purposes only and that dbegot represent
formal stage-frequency results.

As the FIMP simulations illustrate, ocean wave setup is an tangoprocess for
determining total water level at the shoreline. Ocean waug seot only directly
impacts the total water level at the ocean shoreline, but als@noks morphological
profile response, barrier island overwash, barrier island breachimd), water flow
through the tidal inlets. Since the simulations presented above thlabwcean wave
setup increases total water level by as much as 75 percastegisential that this
phenomenon be included throughout the surge modeling process, as describeden Chapt
2, and in subsequent economic analyses.

An additional set of stage-frequency curves will be developed thdude the
contributions of wave setup to the total water level. These cumidsewpresented in a
subsequent report.

2.9 Delft3D — Bay Water Levels and Bay Wave Setup

The activity presented in this section integrates the resaits the previously presented
wind, wave (WISWAVE), circulation (ADCIRC), and morphology (SBEAQH)deling
efforts into a single numerical model to compute the bay wlatezls under storm
conditions taking into account the contribution of storm surge, waves, wittsha
contribution of overwash and/or breaching. Use of the Delft3D modeling allows
fully-integrated, simultaneous simulation of ‘wave fields, morpholbgit@ange, and
hydrodynamics. Capturing these phenomena in an integrated mameeessary since
storm-induced breaching and overwash historically occurred during bemurh storm
events included in the FIMP training set.
2.9.1 Numerical Model Description (Delft3D)

The Nearshore and Bay Water Level model of FIMP is a fulbypimological model
developed using the general Delft3D modeling system. The 3Delflystem fully
integrates the effects of waves, currents and sediment transpomorphological
evolution. The different components of the Delft3D system appliethisnstudy are
presented in the following sections.

Hydrodynamic Model

The hydrodynamic module, Delft3D-FLOW, simulates two-dimensio2a), (depth
averaged) or three-dimensional (3D) unsteady flow and transport pheaoesilting
from tidal and/or meteorological forcing, including the effect afgiy differences due
to a non-uniform temperature and salinity distribution (density-drilcem)f This model
can be used to predict the flow in shallow seas, coastal, @&aaries, lagoons, rivers
and lakes. Three-dimensional modeling is of particular interestamsport problems
where the horizontal flow field shows significant variation in ¥ketical direction. This
variation may be generated by wind forcing, bed stress, Cofiwtie, bed topography,
and/or density differences. When the fluid is vertically homogenesuss the case for
this study, a depth-averaged approach is appropriate. In thaDedis®@D-FLOW is run
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in two-dimensional mode (one computational layer), which correspondsviogs the
depth-averaged equations.

Delft3D-FLOW solves the Navier Stokes equations for an incomptedsiid, under the
shallow water and the Boussinesq assumptions. In the vertical momeqtation the
vertical accelerations are neglected, which leads to theostadiic pressure equation.
Delft3D-FLOW'’s system of equations consists of the horizontal epsabf motion, the
continuity equation, and the transport equations for conservative censsit The
equations are formulated in orthogonal curvilinear co-ordinates. mlicear co-
ordinates the free surface level and bathymetry are reiatadflat horizontal plane of
reference. The flow is forced by water levels or velogiaé the open boundaries, wind
stress at the free water surface, and pressure gradient® dree tsurface gradients
(barotropic) or density gradients (baroclinic). In addition, results fileenwave model
are included in Delft3D-FLOW resulting in a surf zone longshoreeatirand a cross-
shore set up generated by the variation in the radiation st@asdedso an enhancement
of the bed shear-stress. - Source and sink terms may be incluthedeiquations to model
the discharge and withdrawal of water.

Sediment Transport model

Three-dimensional transport of suspended sediment is calculatedft8CDigy solving
the three-dimensional advection-diffusion (mass-balance) equation fosuspended
sediment. The local flow velocities and eddy diffusivitieskmased on the results of the
hydrodynamic computations. Computationally, the three-dimensional ptidnsf
sediment is computed in exactly the same way as the transory @ther conservative
constituent, such as salinity and heat. However, there are a numberpoftant
differences between sediment and other constituents, including thengecof sediment
between the bed and the flow and the settling velocity of ssdinnder the action of
gravity. These additional processes for sediment are obviougdyitichl importance.
Other processes such as the effect that sediment has on thenixizeie density, and
hence on turbulence damping, can also be taken into account. In additioef flux of
sediment from the bed to the flow, or vice versa, occurs thenghkimg change in the
bathymetry should influence subsequent hydrodynamic calculations. Theldtion of
several of these processes are sediment-type specifiespiesially applies for sand and
mud. The sediment transport computation of Delft3D allows the combiredfus
cohesive and non-cohesive sediment. For cohesive sediment fractidlosesebetween
the water phase and the bed are calculated with the well-knavtheRiades-Krone
formulations (Partheniades, 1965). For the transport of non-cohesive sethmérdn
Rijn (1993) formulation is used, which accounts for the effect of waves.

The elevation of the bed is dynamically updated at each computdiioeattep. This is
one of the distinct advantages of the model as the hydrodynamicawlations are
always carried out using the correct bathymetry. At ebwh-$tep, the change in the
mass of bottom sediment that has occurred as a result of tleesédiink and source
terms is calculated. This change in mass is then transtatea ichange in thickness of
the bottom sediment layer using the density of the bed matfEhnialchange in thickness
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is equivalent to a change in bed elevation, which is applied to ftk dalues stored at
computational points.

The hydrodynamic model implementation used in the sediment transpaoricapkology
model includes the effects of the waves on both nearshore hydrodgn@am, longshore
currents and wave setup) and sediment transport (i.e., increased dottomsteesses and
turbulence). It should be noted, however, that the model does not incluoietiad
physics affecting beach profile changes during storm condition$, asicthe three-
dimensional wave and hydrodynamic processes that generate -undedaffshore sand
transport. Nonetheless, this model implementation is particidaiigble for simulating
barrier island inundation and sediment overwash processes.

HISWA Wave Model

The stationary wave model HISWA was used within the storm surgdeling

framework to compute nearshore waves during the morphological sonslaHISWA

(Holthuijsen et al., 1989) is a second generation wave model that esnpatve
propagation, wave generation by wind, non-linear wave-wave interactions apdttss
for a given bottom topography and stationary wind, water level andntutedd in

waters-of deep, intermediate and finite depth. The model accoomtde following

physics: Wave refraction° over a bottom of variable depth and/oraBpatiarying

ambient current; depth and current induced shoaling; wave generationwinioly

dissipation by depth-induced breaking and/or bottom friction; and wavditdpby

strong counter currents. Since the model does not account for puretidiffreffects the
wave field computed will generally not be accurate in the ichate vicinity of obstacles
and in harbors.

HISWA is based on the action balance equation and wave propagati@edsdralinear
wave theory (including the effect of currents). HISWA wave potations are carried
out on a rectangular grid. The results obtained in this rectangut are automatically
transferred to the hydrodynamic module, which simulates thedloa curvilinear grid.
Non-stationary conditions are simulated with HISWA as quasbsiaty with repeated
model runs, i.e. as the flow model progresses in time a statio@g computation is
performed at intermediate time steps. Such stationary wave catopgtare usually
considered to be acceptable since the travel time of the wavesHe seaward boundary
to the coast is mostly relatively small compared to the tsoale of variations in
incoming wave field, the wind or tidal induced variations in depth and currents.

The HISWA model also has a dynamic interaction with Delft2IDW (i.e., two way
wave-current interaction). By this the effect of waves on cufreatforcing, enhanced
turbulence and enhanced bed shear stress) and the effect of fiwaves (via set-up,
current refraction and enhanced bottom friction) are accounted fog HISWA model
is applied within Delft3D.

Applicability of Delft3D to the Simulation of Breaches

The simulation of breaching using the Delft3D modeling systemwahdated by Van
Kessel and Roelvink (2002) who presented a comparison between nmodiitisins and
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breaching data from laboratory experiments conducted by \(i5388). The model skill
was further assessed by comparing model results with blait@easurements from the
1994 field experiment at Zwin Channel (Visser, 1998).

Model Resolution

The Delft3D morphological model grid extents from 1.9 miles wefstthe East
Rockaway Inlet to 4.3 miles east of Shinnecock Inlet. From Eastdst W includes
Shinnecock Bay, Moriches Bay, Great South Bay, South Oyster Bay,Bay, Middle

Bay and Hempstead Bay. The model also includes Shinnecock, E®riElre Island,
Jones and East Rockaway inlets. The distance between the site@fine and the
offshore model boundary varies between 1.9 to 3.1 miles. The maximuim atefite

offshore model boundary is on the order of 77 ft (23.5 m), offshore of Morlolets

The minimum depth, on the order of 54 ft (16.5 m), is offshore of Jones Inlet.

An orthogonal curvilinear model grid was built for simulations when pimological
changes of the barrier island are expected. The model grid habl@aresolution
throughout the domain. The cross-shore resolution varies from values off6(t6520

m) at the barrier island and the intertidal zone, to around 1,150 ft (Ba0thre offshore
boundary. The typical model’s longshore resolution is around 650-1,000 ft (200-300 m)
in areas outside of those described in Table 2-2. Within the exttd wiiinerable areas,

the longshore resolution is in the order of 82 ft (25 m). At Morica$ Shinnecock
inlets the grid size is in the order of 100 ft (30 m) and it thénorder of 250 ft (75 m) at

Fire Island Inlet. Figure 2-23 shows the extent of the grid atetaal of the grid at three
locations (Old Inlet, Moriches Inlet and Shinnecock Inlet).

Low Resolution Grid

An additional reduced resolution grid was developed and used for casesnwer
inundation occurs according to SBEACH simulations. The grid hasthe sesolution at

the inlets as the one previously described but it lacks high resohittithre vulnerable

areas. This grid was used in the comparison of ADCIRC and3Detftsults. Results

from these comparisons are presented in Chapter 5.2.

Sensitivity to Grid Size

In order to test the sensitivity of the model prediction of peakmiavels in the bays to
grid resolution, two model grids with varying degrees of resoluhahe vicinity of Old
Inlet were developed. The rest of the model grid is based on¢k®ypsly defined low
resolution grid only with high resolution at the inlets. The crossestesolution is in the
order of 50-65 ft (15-20 m) for both model grids which is the same gredused in the
low resolution grid. The grid size in the longshore direction over trenpat breach area
is 5 and 25 m (16 and 82 ft) for the two cases considered. Thestatprm available
from the historical set of storms, the September 1938 Hurricanesimasated using
both grids. Differences obtained for this storm are the largdfaratices that are
expected from any storm of the historical set. Table 2-7 pre#égtences in peak water
level observed during the simulation using the two different grid wdsnk. The
locations were the differences have been computed are presenigdrs 7 through
Figure 2-9.
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Figure 2-23: Hydrodynamic and sediment transport model grid.

Table 2-7:< Sensitivity to grid size resolution. Differences in peak watéevel
between 25 and 5 m resolution grids (inches).

St.8 | St.25| St.10, St.24 St21 St22 St.20 St.p6
Difference| 140 1.26 0.73 1.34 1.35 1.27 1.69 0.64

Results indicate that the 25 m grid generates a peak surgehlnythegher than the one
produced by the 5 m grid. The largest difference observed is indee ©69” in Station

20. This sensitivity tests indicates that in our study the ibanion of a breach to peak
water levels in the bays is copmparably simulated with a 25idnsgge and that no
significant improvement would be achieved using smaller grid size.

Wave Model Grids

Offshore wave conditions calculated from WISWAVE (see Chdh®rare transformed
to the nearshore in the morphological model using the HISWA modelWHAI&lso
provides the values of the radiation stresses that are used irydhmdynamic and
sediment transport models to compute the longshore current, wavetgerssp and
bed shear stress enhancement. HISWA simulates the wavesdtaagular grid oriented
to the mean wave direction.
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A regional wave grid (See Figure 2-24) extending from Rockaway Inlet toaukioint
was used. The grid is oriented approximately parallel taotean shoreline and has a
grid size of 164 ft (50 m) in the cross-shore direction and 820 ftr(®50 the longshore
direction. Wave input conditions (significant wave height, peak wakiedoand mean
wave direction) obtained from WISWAVE simulations are prescrdiet? points along
the offshore boundary of the regional model.

In order to have a good description of the nearshore processes andiéhgrayEgation

through the inlets two sets of nested grids with higher resolwé&ne also developed.
First, two local grids with a resolution of 82 ft (25m) and 32 ft ()Qmthe longshore

and cross-shore directions respectively were developed alondhoreaggreas fronting
Shinnecock, Moriches and Great South bays. Figure 2-24 shows thts@ftthese local

grids. Results from the regional grid are-used as boundary condiiotigflocal grids.

Finally, three additional grids were defined at Shinnecock, Moricmes Fire Island

inlets with a resolution of 64 ft (20 m) and 32 ft (10 m) in the longslhad cross-shore
directions. The additional grids at the three inlets were sapedo optimize wave
model performance related to the orientation of the inlets reltdiwveave propagation
direction. These grids are forced by results from the locds gRigure 2-24 shows the
location-of the inlet grids.

Wave model parameters were calibrated as part of a sepdkéestudy task (Moffatt
and Nichol, 2005) using a slightly different grid configuration. The sanualel
parameters were used for this study.

\ Wiswave

HISWA input

output

Regional Grid 250 x 50 m?
Local Grids 25 x 10 m?
Inlet Grids 20 x 10 m?

Figure 2-24: Model wave grids.
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2.9.2 Description of Model Inputs

Hydrodynamic (tide+surge) data, offshore wave data, and spaiml speed and
pressure fields for each storm in the historic dataset werkeded by NAN as input to
the Delft3D model. All data was transformed to the Delft3D firmsing a set of
computer programs specifically developed for this effort.

Water Levels from ADCIRC

Water levels at the offshore boundaries were obtained from AD@IREas provided by
NAN (see Chapter 2.7). The water level was prescribed at tex@land seven offshore
boundaries in Delft3D, which automatically interpolates the wdgsels at the
intermediate grid points. A computer program was developecatb ABCIRC output
files for each storm and generate water/level boundary conditions in Delft3Btform

Wind from Oceanweather

Wind speed and pressure were interpolated from the Oceanweatiterfields (see
Chapter 2.5) into the Delft3D model grids. The model drag coeftionas defined
following a similar formulation to the one applied in ADCIRC. kand speeds between

0 and 42.5 mph (19 m/s) the drag coefficient is interpolated bet@€¥985 and
0.00190. A value of the drag coefficient equal to 0.00190 is applied for windsspee
higher than 42.5 mph (19 m/s). 'This is consistent to the wind dragnémtator
ADCIRC simulations.

P
\ P &

. A . » /
G T — “70° 7 ’
J iR e 0% s N /’
O f%}f 7\ / R 2T

53 55 5 i Note | Angles represent wind blowing from
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Figure 2-25: Wind speed correction as a function of wind direction.
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Since the Oceanweather wind field products do not account for ovefff@ots ethey

tend to overestimate wind speed for offshore-directed winds, as medfirby

comparisons between the Oceanweather wind fields and measuremadés at
Shinnecock Inlet and at Islip (Figure 2-26). These findings support eatsrmade by
CHL during their review of the Oceanweather wind productsi¢Régril 2003). As

such, a 30% reduction in all offshore-directed winds was appliedet@teanweather
wind fields for the validation period as well as for every stofrthe historical-.set. The
30% reduction is reasonable approximation of overland effects, asssistin Resio
(April 2003) and demonstrated in Figure 2-26. This correction incladasnooth

transition of the wind speed reduction, as shown in Figure 2-25. Theerttdud field

better matches the measured wind speed at both Shinnecock Inléslipnfbr the

validation period. In addition and for the same period, using this wind seéection in

the Delft3D model dramatically improves hydrograph shape casgmarbetween
measured and simulated results in Great South Bay. In partiquiegictions of
localized bay wind setup and setdown are improved, as shown in Chapter 7.

Waves from WISWAVE

Values of significant wave height, peak period and mean waveidiregére provided
for each storm at 12 points offshore from WISWAVE simulations. @hssints are
approximately located along the offshore boundary of the Delft3@nagwave grid.
This grid covers the area from the East Rockaway Inlet to Momauk. The resolution
of this grid is 250 m in the longshore by 50 m in the cross-shore.
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Figure 2-26. Measured wind speed, Oceanweather wind speednd scaled
Oceanweather wind speed in February 2003.
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Dune Lowering from SBEACH

Preliminary study findings and recommendations from the Techiteaiew Panel

(TRP) led to the selection of a method for the calculation of riltiali dune lowering

based on SBEACH. “Initial” refers to the lowering due to waweup prior to dune
inundation as the total water level (tide, plus surge, plus wave sstapg¢ds the dune
crest elevation. When inundation occurs the “standard” flow and sedina@sport

model in Delft3D takes over and simulates any additional dune logverithe same way
as it computes sediment transport for any submerged portion ofatiel.nTwo main

variables obtained from SBEACH can be used in the Delft3D silon& the

overtopping discharge and the dune lowering prior to inundation.

Overtopping Discharge

The term “overtopping” refers specifically to the intermittesaiume of water that
overtops the dune due to wave runup, while the total water level (taflerm surge +
wave setup) remains below the dune crest elevation. An analyssenped in a
memorandum to USACE dated October 2, 2003 suggests that overtopping volames ar
insignificant and result in only 0.03% to 1% of typical storm swaees in the bays.
Based on.-this assessment it was considered that overtopping dis¢phaogeto
inundation) be neglected in future FIMP Storm Surge Modeling efforts.

Estimates of Dune Lowering prior to Inundation using SBEACH

A total of 252 barrier island cross-sections (profiles) wereaetad from the processed
Fall 2000 LIDAR dataset at each of the areas identified as alligerto
overwash/breaching. The number of profiles analyzed at each rableearea is
presented in Table 2-2.

Figure 2-27: LIDAR data and location of extracted profiles at Old Inlet.
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The profiles were selected to capture as well as pogbiblspatial variability of barrier
island characteristics (e.g., dune height and width) within eachrableearea. Figure
2-27 shows an example of the LIDAR 2000 data and representative fofilthe Old
Inlet area.

As a first approach, subaerial raw LIDAR profiles wereduvy CHL to create a
representative synthetic set of profiles (including sub-aqueousomprior each
vulnerable area. CHL then ran SBEACH for each set of praditeseach storm in the
historical dataset and summarized the results in tables dratwsed to interpolate dune
lowering values along the barrier island. The tables include dumerihg prior to
inundation as a function of location, initial dune height, and storm.

An improved methodology was developed to improve the calculation of the dune
lowering associated with each storm by better taking intowstcthe variability of the
dune along the barrier island. One of the main goals of this newasbpwas to ensure
that the most vulnerable breaching and overwash areas are inchietpehily in the
surge modeling. Revised SBEACH dune lowering results were obtain@thdlyzing
profile response for the 252 profiles extracted from the FallAR2000 data. The new
SBEACH results capture the variability of the dune with reispecseveral profile
characteristics such as dune height, dune volume, berm width, baakblvegions, etc.
These results were subsequently incorporated into Delft3D. Tyortse entitled
“Proposal for Delft3D Profile Lowering by Reach Based on SBBHAResults from all
LIDAR Profiles” and “Comparison of SBEACH Results due to PeoShape (LIDAR
vs. Representative)”, submitted to the TRP in March 2004, summbezeetv SBEACH
dune lowering results and method for incorporating the results inttt3Del Most
relevant details of the lowering algorithm are as follows:

1. Each Delft3D grid line in the direction perpendicular to the shome&ed as an
individual profile. Every point along the profile above the minimum dune height
simulated in SBEACH is lowered by the amount defined in the SBEAM@put
tables.

2. The total lowered volume is computed as the sum of the individual velume
lowered at every grid point along the profile.

3. The total lowered volume is redistributed landward of the dune cragtegék is
performed so that the addition of this volume will not create points higher than the
estimated dune crest after lowering. This volume redistributipproach
maintains the total profile volume.

2.9.3 SWAN — Bay Wave Setup

As at ocean stations, localized wave setup at bay stationsnigartant physical process
for determining risk of economic damages. As such, a discussibe aidthods used to
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estimate bay wave setup is included here. Bay wave setup somsiléor Baseline
Conditions will, however, be presented in a separate report.

The impact of localized wave generation and its impact to bagrwavels was
determined using SWAN. The third-generation SWAN wave modulBetit3D was
used to simulate the evolution of wind-generated waves for each si@nt using the
wind fields provided by NAN. The results of the SWAN simulatignamely, the
significant wave height and period) were then used in conjunction pvdbedures
outlined in the Shore Protection Manual (SPM, 1984) and Coastal Engméésimual
(CEM, 2003) to calculate wave setup at each back bay-location givesible 2-5 and
Figure 2-7 through Figure 2-10.

The SWAN wave model, developed at Delft University of Technologietherlands,
was used to compute wind generated wave in the bays-independently [ét#35-
FLOW simulations used to compute backbay storm surge elevationsough
significantly more computationally intensive, SWAN was used idstef HISWA
because the grid inc<SWAN does not have to be oriaited) the mean wave propagation
direction as it does in HISWA. Therefore multiple grids caowgrall wind-generated
wave directions are not required. In addition SWAN can perfammpecitations on the
same curvilinear grid used by Delft3D-FLOW and previously develdpestorm surge
simulations.

SWAN is based on the discrete spectral action balance equatios faigt spectral (in
all directions and frequencies). The latter implies that shedted random wave fields
propagating simultaneously from widely different directions can be acodated (e.g. a
wind sea with superimposed swell). SWAN computes the evolutioanofom, short-
crested waves in coastal regions with deep, intermediate andvshediter and ambient
currents. The SWAN model accounts for refraction effects dewertent and depth and
represents the processes of wave generation by wind, dissipation whéecapping,
bottom friction and depth-induced wave breaking and non-linear wave-waxactiaas
explicitly with state-of-the-art formulations. Wave blockingdwrents is also explicitly
represented in the model. To avoid excessive computing time arthievex a robust
model in practical applications, fully implicit propagation schemes Heeen applied.
The SWAN model has successfully been validated and verifiedreraddaboratory and
complex field cases (Ris et al., 1999).

For this study, the SWAN model operates on the same grid endployeDelft3D
hydrodynamic and sediment transport modeling (Figure 2-23). The wohgra@ssure
fields presented in Chapter 2.5 were applied to SWAN using time send speed
reduction procedures outlined in Chapter 2.9.2. Wave fields were sichulateSWAN
for three discrete wind conditions for each of the historical stamdsadditional storms
listed in Table 2-3 and Table 2-4. The three wind conditionssept¢he wind field at
the time of peak water level at Station 9, Old Inlet, the wirld B@proximately 3 hours
before this peak water level, and the wind field approximately 3 reftes this peak
water level.

USACE — New York District
DRAFT 7 July 2006 2-41



FIMP — Baseline Conditions Storm Surge Modeling argtage-Frequency Generation

Bay Wave Setup Calculation

Wave setup is the super-elevation of mean water level cause@\u®y action (CEM,
2003). Wave setup estimates were computed for the selected baskabays using
significant wave heights obtained from the SWAN simulations. Tgeifgiant wave
height represents the condition most suitable for design purposesséete higher
values present in the wave spectrum occur too infrequently to contsilganiécantly to
wave setup (SPM, 1984). According to the Shore Protection Manual (2EN) wave
setup at the still-water shoreline is given by:

Equation 2-1
_ 1
s =1, * 3 h,
1+——
3¢

where the first term in Equation 2-1 is setdown at the breaking aodthe second term
is setup across the surf zone, and

h, =depth at breaking
¥, =breaker depth.index (ratio of breaker height to breaker depth)

Longuet-Higgins and Stewart (1963) obtained the expression for sefdosvfirst term
in Equation (1)) for regular waves from the integration of the eshsse balance of
momentum assuming linear wave theory and normally incident waves (CEM, 2003).

In order to calculate the setup, the breaking wave depth must firsoreuted.
Breaking wave depth is given by:

Equation 2-2
H
h, = b

b-g b
gT?

where the parameters and b are empirically determined functions of beach slope,
given by:

Equation 2-3

a=438(1-exg(-19m)) and b= 156

1+exp-19.5m)

where m is the beach slope and was measured using awababhymetric data at each
backbay station location. Since the breaking waeight must be estimated a priori, a
semi-empirical relationship for the breaking waweght from linear wave theory was
used from Komar and Gaughan (1973) (CEM, 2003).
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Equation 2-4

N
H, = 056H0(ij
L,

where
H, =deepwater wave height

H, =equivalent unrefracted deepwater wave height
L, =deepwater wave length

The equivalent unrefracted deepwater wave heighiven by:

Equation 2-5

- _H,
H0=K

S

where
H . =significant wave height (SWAN output)

K, =shoaling coefficient

Although the methodology discussed in this sectéipplies for regular waves, the setup
for irregular waves can be calculated from the gexahe root mean square wave height

parameterH, .. The mean ratio of setup to deepwater root mgaars wave height for

all 35 backbay locations and 57 storm events israqipately 20%, which is in
agreement with the results of the irregular wauagsealculations using the Dally, Dean,
and Dalrymple (1985) wave decay model presentdtiénCoastal Engineering Manual
(CEM, 2003).

The methodology outlined in Chapter 2 is compreivens It captures all important
physical processes that govern storm water levélsnthe project area. Further, the
methodology outlined above takes advantage ofrallen state-of-the-art technology.
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3.  Wind and Barometric Pressure Comparison

In conjunction with ocean storm surge calibratiohtke ADCIRC model, it was
necessary to verify that the model inputs, wind bametric pressure fields, accurately
represent the historical storm conditions. Thedaand pressure fields developed for this
study were verified for spatial and temporal caesisy prior to their use in-the wave and
hydrodynamic models. The pressure and wind fiptdsided were verified by graphical
representations and comparisons to available data.

3.1 Barometric Pressure

By selecting the closest node to the NOAA statiorguestion, comparisons could be
made between provisional NOAA data and the providatbmetric pressures. That
comparison is shown in Table 3-1 and Table 3-2.foldmnately, only two NOAA
stations contain barometric pressure data withen dtudy area for any of the tropical
storms within the study’s scope. The differencevieen the two sets of data is expressed
in feet of water because length is the unit reguiig the ADCIRC model.

It should be reiterated that the NOAA data usethis report has “not been subjected to

the National Ocean Service's quality control orligpi@ssurance procedures and do not
meet the criteria and standards of official Natldbeean Service data. They are released
for limited public use as preliminary data to bedisnly with appropriate caution.”

3.2  Wind Fields

In addition to the digital files containing the stoevent wind fields also provided were
Bitmaps of the wind field for each storm event.eBitmaps were visually compared to
the wind fields for the time frame and positiorncasse as possible. In addition, the storm
tracks were verified against the historical movemeihthe storm. Technical Paper
Number 48, “Characteristics of the Hurricane StdBurge”, published by the U.S.
Department of Commerce was also utilized for veaiiion of the overall impression of
the storms from 1938 to 1961. All wind field comipans resulted in adequate
representations when compared to the available data
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Table 3-1: Barometric pressure comparison of September 1999 tropical star

Station:8531680 (-74.010, 40.466)
Da Time NOAA Simulated Difference
y (GMT) (millibars) (millibars) (feet of water)
09/14/1999 | 00:00 1020.8 1010.8 0.335
09/15/1999 | 00:00 1018.5 1010.8 0.256
09/16/1999 | 00:00 1016.5 1010.4 0.203
09/16/1999 | 18:00 995.9 1004.2 0.279
09/17/1999 | 00:00 983.1 988.6 0.184 [peak]
09/17/1999 | 06:00 998.3 998.7 0.013
09/17/1999 | 12:00 1007.9 998.7 0.308
Station:8516945 (-73.765, 40.810)
Da Time NOAA Simulated Difference
y (GMT) (millibars) (millibars) (feet of water)
09/14/1999 00:00 1021.0 1010.9 0.338
09/15/1999 00:00 1018.6 1010.9 0.256
09/16/1999 00:00 1016.7 1010.6 0.203
09/16/1999 18:00 997.8 1005.4 0.253
09/17/1999 00:00 982.9 987.2 0.144 [peak]
09/17/1999 06:00 996.2 996.4 0.007
09/17/1999 12:00 1006.5 996.4 0.338

Table 3-2: Barometric pressure comparison of September 1985 tropical star

Time NWS* M2D Difference
Day (GMT) (millibars) (millibars) (feet of water)
09/27/1985 | 16:00 961 960.6 0.013
09/27/1985 | 18:00 964 964.1 0.003

*Taken from the Archive of Past Hurricane Seasanmfthe National Hurricane Center's Tropical Prédic

Center, a service of the National Weather Senhtip{/www.nhc.noaa.gov/pastall.shmi

1(-73.3, 40.6)
2(.72.8, 41.9)
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4. Offshore Wave Field Validation
4.1 Offshore Wave Model Validation

Primary validation of the hindcast wave data wadgomed using data from NOAA
buoy 44025 for significant storm events. Comparssohwave height, peak wave period
and peak wave direction for five extratropical (e storms and four tropical events are
presented in Table 4-1. The five extratropicalnesdin bold) occurred in January 1992,
December 1992, March 1993, February 1998 and Feb2@E03. The tropical events
occurred in August 1991, October 1991, October 1888 September 1999.

The agreement between the hindcast results andhé@surements is generally good,
especially for the extratropical events. The averdijference between the hindcast and
the measurements is —2.3 feet (-0.7m) in zero-monvawe height, 0.2 seconds in wave
period and -18 degrees in peak wave direction. tiegiations are most often a result of
sub-scale processes (squall lines, for examplé)trabe seen in the March 1993 storm,
where the-wave direction suddenly changes for at $imee period along with a jump in
the_measured wave height: Tropical storm wincdi§elere developed using a cyclone
wind model that does not account for the sub-sstlgcture of the storms and subtle
nuances of short-term changes in storm track, sasymmetry, etc. These, in turn, may
cause the wave directionality and wave height ieade from the measurements.

Table 4-1: Comparison of hindcast peak storm wave parameters to measured dat
at NOAA buoy 44025.
Hindcast Measured
Event (Buoy 44025)

(yyyy/mm/dd) Hmo Tp Dp Hmo Tp Dp
(ft) (sec)| (deg) (ft) (sec)| (deq)
19910817 19.7 11 90 19.0 16 64
19911027 14.1 14 90 16.4 11 76
19920101 19.0 11 67 20.7 11 99
19921208 27.9 14 90 30.5 13 83
19930309 20.0 11 90 23.9 14 155
19961007 15.1 9 45 15.7 8 86
19980202 15.4 14 90 18.4 11 96
19990915 14.8 9 90 22.0 12 155
20030212 17.4 14 90 20.0 10 94
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5. Tidal Calibration

The following sections describe ADCIRC and Delft8&8libration for astronomical tide.
To match measured tidal water levels, bottom frittivas adjusted in ADCIRC and
Delft3D. In both cases, final bottom friction vakiwere within reasonable ranges. In
ADCIRC, the ocean bottom friction coefficient wast $0 0.0035 following calibration.
In Delft3D, Manning’s n was set to 0.025 followinglibration.

51 Ocean

The ADCIRC model was calibrated for ocean tide lmgusating a 30-day record and
comparing model output with measurements at LISHQEdhg Island SHORE) station
P1, just offshore of Shinnecock Inlet, and four N®Atations: Sandy Hook, NJ; The
Battery, NY; Montauk Fort Pond, NY; and Newport, e Figure 2-7 through Figure
2-10).

During the 30-day simulation, tidal constituentshet five measurement station locations
were computed by ADCIRC. The M2 constituent dort@adhe tide signal in the FIMP
area, and Table 2-6 indicates that its amplitudeus times larger than the next largest
constituent’s amplitude. As such, the ADCIRC Mzhsituents were compared with
measured M2 constituents. The ADCIRC results compary well to measured M2
constituents. At all five stations, M2 amplitudeoe is less than 1.6 in (4 cm), and, with
the exception of The Battery, M2 phase error ihiwits minutes (2 degrees). At The
Battery, phase error is 30 minutes (12 degreesableT5-1 presents M2 constituent
comparisons.

Sixty-day predicted time series constructed frore th constituents computed by
ADCIRC were compared with predicted time series stmcted from the same 7
constituents measured by NOAA and LISHORE at tlve fmeasurement locations
(Figure 5-1 through Figure 5-5). Table 5-1 presestrrelation coefficient and RMS
error between the measured and modeled 60-day danies. Percent RMS error is
computed as the ratio between RMS error and the Al@wasured tide range (MHHW
— MLLW). Correlation coefficients at all four NOAAocations are 0.97 or better.
Further, percent RMS errors are less than 7% &waillocations.
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Table 5-1: Comparison of M2 tidal constituents and of predicted time sies.

Region Data Station ID Model M2 Amplitude (in) M2 Phase (degres) Predicted Time Series
Source Measured | Modeled| Delta| Measured Modeled Delta RMSror | Correlation
(in) Coefficient
Nearshore NOAA Montauk, NY ADCIRC | 11.8 11.8 0.0 46.8 46.7 -0.1 0.8 1.00
(8510560)
Nearshore NOAA Newport, RI ADCIRC | 20.5 19.3 -1.2 2.2 0.4 -1.8 1.2 1.00
(8452660)
Nearshore NOAA Sandy Hook, NJADCIRC | 27.6 26.8 -0.8 7.5 6.3 -1.2 1.2 1.00
(8531680)
Nearshore NOAA The Battery, NYADCIRC | 26.4 28.0 1.6 19.4 7.7 -11.Y 4.3 0.98
(8518750)
Nearshore LISHORE Shinnecock InletADCIRC | 18.9 18.5 -0.4 346.4 345.3 -1.1 0.8 1.00
Ocean (P1) IDELFT /18.4 /-0.5 /345.1 /1.3 | /15 /0.99
Great South | LISHORE | Fire Island Inlet DELFT 11.4 9.5 -1.9 4.8 3.9 -0.9 2.8
Bay (P8)
Great South | LISHORE | Smith Point DELFT 6.3 6.1 -0.2 74.8 75.2 0.4 0.8
Bay Bridge (P7)
Great South | NANO3 Bayshore DELFT 5.3 4.6 -0.7 101.0 80.7 -20.3.5 0.94
Bay
Great South | NANO3 Patchogue DELFT 6.3 5.6 -0.7 103.0 102.1 -0.90.6 0.99
Bay
Great South | NANO3 Watch Hill DELFT 6.1 5.6 -0.5 102.3 100.6 71.| 0.6 1.00
Bay
Great South | USGS Lindenhurst DELFT 7.0 5.9 -11 86.3 75.1 -11.2
Bay
Moriches Bay| LISHORE| | Moriches' CG|SDELFT 12.1 12.6 0.5 25.2 28.9 3.7 1.1 1.00
(P6)
Moriches Bay| NANO3 Mastic Beach DELFT 8.4 11.3 2.9| 41.3 32.8 -8.5 2.4 0.99
Moriches Bay| NANO3 Westhampton | DELFT 11.6 12.9 1.3 38.9 34.1 -4.8 1.4 0.99
Dunes
Moriches Bay| NANO3 Remsenberg DELFT 11.7 12.9 1.2 9.93 34.4 -5.5 1.5 0.99
Shinnecock | LISHORE | Shinnecock Inlet, DELFT 16.4 16.7 0.3 357.0 359.4 2.4 1.3 1.00
Bay Bay (P2)
Shinnecock LISHORE | Cormorant Point DELFT 15.4 16.3 0.9 8.5 9.7 1.2 1.4 1.00
Bay (P3)
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Figure 5-1: Predicted time series starting 0:00 1 March 2001:
Sandy Hook, NJ.
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Figure 5-2: Predicted time series starting 0:00 1 March 2001:
The Battery, NY.
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Figure 5-3: Predicted time series starting 0:00 1 March 2001:
Montauk, Fort Pond, NY.
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Figure 5-4: Predicted time series starting 0:00 1 March 2001:
Newport, RI.
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Figure 5-5: Predicted time series starting 0:00 1 March 2001
Shinnecock Inlet (ocean).

5.2 Bay
5.2.1 Water Level

As with the ocean tidal calibration, the Delft3D debd was calibrated for bay tide by

simulating a 30-day record and comparing model wutpith measurements at 13

measurement locations. Measurements were avagatfidocations within Great South

Bay, 4 locations within Moriches Bay, and 3 locatowithin Shinnecock Bay (see

Figure 2-7 through Figure 2-10). Length of obsdrwater levels at those stations varied
from as little as one month to more than one yelonger-term measurements were
collected in the late 1990s to present as pat@l{SHORE program at 6 locations and
by USGS at one location. During a 3-month fieldamaring program sponsored by the
FIMP study in Spring 2003, measurements at 6 auwitilocations were collected.

Tidal constituents computed from the measured detiee compared with constituents
computed from Delft3D model output. Within Greatu$h Bay, Delft3D M2 amplitudes
are within 0.8 in (2.0 crl) M2 phase is within 15 minutes (6 degrees) attRajue and
Watch Hill and within 45 minutes (21 degrees) ay®ere. The phase error at Bayshore
is most likely due to the complex geometry of thebayment near Bayshore. In
Moriches Bay, the model overpredicts M2 amplitugeab much as 2.9 in (7.4 cm) at all

8 The Lindenhurst model output station and the US@&surement station are not collocated. Therefore,
this station was excluded for the presentationvefrall statistics. However, these results aregmiesl in
Table 7.1.
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measurement locations while modeled phase is witiminutes (9 degrees). Errors in
M2 amplitude in Moriches Bay are most likely attried to the age and reliability of
available bathymetry for the bay. In Shinnecocky, B2 amplitudes and phases are
within 1.0 in (2.5 cm) and 6 minutes (3 degreeskgpectively, at the inlet and at
Cormorant Point. However, M2 amplitude and phasereare 2.5 in (6.4 cm) and 45
minutes (18 degrees), respectively, at Quogue Carta¢ complex geometry and lack of
recent bathymetry data in Quogue Canal is modlylikee cause of these differences.

As with ocean tide comparison, predicted time segenerated with tidal constituents
computed with Delft3D time series were comparedhwiiose generated measured
constituents. Figure 5-6 and Figure 5-7 show eprtive bay time series. All RMS
errors for interior bay stations are less thani2.@.4 cm). Correlation coefficients are
0.98 or better for all stations but Bayshore, ire&@&rSouth Bay. At Bayshore, the
correlation coefficient is 0.94.

These figures also demonstrate the consistency eeetwADCIRC and Delft3D
simulations for tide simulation. In both figurelifferences between the two simulated
time series are negligible.

— ] —— measured |
£ v {1] -——- DELFT
© ] BN ERE ADCIRC |
P b AT A
pu YRy v ?

i |

8 9 10

E , ;\ .' . ‘ -
= S AN _;_ﬁ\_._;\ f\....}ﬂ?i_
P BV A Y
- JH | ‘.' !\ \‘ ‘IJ |
g 3 B
i i i l I i i i \
10 11 12 13 14 15 16 17 18 19 20
N B - . N I f
é 2 o I3 ’V“E /N'-\: f‘é J‘H‘ Jf\‘ ’lﬁ\\ ;(\\
5 0.1 —'f'\r cefebd ,\ e f g e A R S 4 S (Ll B A
= AR AR AN R IAY - LTS WY 08 5 S SO SR N WO O S 0 N
2 0 7;' i\ ! 1§ / l\ ;I {IEJ‘ { E{, J i {\/ \ r" \/\/If *\/\/ ,’I : \u wﬂ jﬁu’ f 1U \ b
L ) | vl / | f [ ‘f & {' Y ._‘: Y Y / : ‘ f ‘ I
R VAR R VA R Vi : ; g f AR VIR TRy
i i i | i i i i |
20 21 22 23 24 25 26 27 28 29 30

Time since 14Feb03 at 1200
Figure 5-6: Predicted time series: Patchogue, Great South Bay.
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Figure 5-7: Predicted time series: Westhampton Dunes, Morichdzay.
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5.2.2 "Inlet Discharge

During the Spring 2003 field-monitoring program, 8P measurements were collected
at Fire Island and Moriches Inlets. These measenésn along with ADCP
measurements collected at Shinnecock Inlet in 18@8¢ compared to inlet discharges
and tidal prisms simulated by Delft3D.

Tidal prism is a measure of the extent of tidasliung of the bay and can be defined as
the amount of water that flows into the bay fromw licde to high tide. The current effort
has used multiple techniques to determine the pidams of the inlets within the Fire
Island to Montauk Point (FIMP) Reformulation Stutdtymain. These techniques include
both physical measurements, with a boat mountedugtao Doppler Current Profiler
(ADCP), and Delft3D computer simulations. The AD@Rasurements were taken by
Offshore and Coastal Technologies, Inc. (OCTI) atrithes and Fire Island Inlets in
2003 on April 15 and 16 respectively.
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ADCP Cruise

Since ADCP data is broken into multiple bins over tvater column being surveyed, the
data was integrated over the water column depthtlamdransect length. Specifically,
measured current in each bin was multiplied by lilre area and the results summed
vertically over the water column. Additionally,ettbottom-most and topmost bins were
assigned interpolated values due to limits of epeipt to collect data in these bins. Then
the water columns were summed horizontally for aatlque transect. The result of the
horizontal summation provides a discharge (volueretime) for each transect during the
data collection period. Even though the entiradezt was not surveyed instantaneously,
the discharge is assumed to have occurred at dggeumoment in time. Discharge data
over the measurement period, i.e., approximatehhdas, was used to determine the
tidal prism for each inlet. Figure 5-8 through tiig 5-9 show the approximate locations
of the transects collected during the boat cruisédCP data was not collected at
Shinnecock Inlet during the 2003 field-monitoringogram, but one transect was
included in the Delft3D modeling. The location thie Shinnecock Inlet transect is
illustrated in Figure 5-10 below.

Comparison of Methods

When plotting the discharge, flood and ebb condgiavere assigned positive and
negative values respectively. Figure 5-11 throkigjure 5-13 provide the discharge time
series for Fire Island, Moriches, and Shinnecod&t$n respectively. The Keulegan and
Hall (K&H) method was used as a crosscheck fortithel prisms determined from the
ADCP and Delft3D discharge time series. The K&#htiprism was calculated with an
average of the peak discharges, as measured B\DIG®, for the three transects at each
inlet. The K&H method is a relatively simple eqoatbased on the tidal period, the peak
inlet discharge, and a coefficient, which was takehe 1.0 for this analysis.

Equation 5.1 below provides the form of the Keutegend Hall method used in this
investigation.

Q=P=— D

k

[Keulegan and Hall (1950)] [Eq. 5.1]

m

where: G = coefficient (0.81 < £< 1)
Dm = peak inlet discharge (volume per time)

Figure 5-11 and Figure 5-12 illustrate how clogéky Delft3D and ADCP time series of
flows agree in both shape and magnitude. The mdifferences can be partially
explained by the inherent difficulties in takingdbtanounted ADCP measurements. This
includes the inability to collect the entire tracisgrom bank to bank) due to the draft and
turning radius of the boat. Even with on-board GRSs difficult to duplicate the
straight-line transect in a boat due to wind andenis. These same factors make it
difficult to sample the identical transect on thésequent passes. Considering the
sampling error of the instrument and the diffiedtiin the data gathering and the
differences between modeled and observed flowseseminor.
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Figure 5-8: Approximate ADCP.transects at Fire Island Inlet, NY.
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Tidal prisms for the 2003 ADCP and Delft3D data eveetermined using a numerical
integration of the discharge time series over thed cycle captured during the ADCP
cruises. Since the intervals between discharg&s(nobservations for the ADCP
transects was approximately one hour and only l1Qutes for Delft3D, there is
significantly more data available over which to rasioally integrate the Delft3D results.
However, in order to compare the prisms, appropiizxlft3D data was selected as close
to the same interval as possible to the ADCP datee results, in Table 5-2 below, show
slightly larger tidal prisms for Delft3D modelingsults than for the measured ADCP
results for both methods at Fire Island and Momischdets. Percent differences were
calculated in order to better quantify the variatibetween modeled (Delft3D) and
measured (ADCP) data. The percent differenceprasgented in Table 5-2. No ADCP
data was collected at Shinnecock Inlet during then§ 2003 monitoring. The ADCP
values reported in Table 5-2 for Shinnecock Inlarevcollected in July 1998 and
reported in Technical Report CHL-98-32. The nuc@rintegration prism value for the
Shinnecock ADCP data is believed to have been méted in a similar fashion to the
numerical integration method in this document. Keellegan and Hall prism value for
the Shinnecock ADCP data was determined using gegkarge from a discharge time
series plot in the Technical Report. These valaes included here primarily for
crosschecking purposes.

Percent differences for Fire Island Inlet demonstexcellent agreement between the
ADCP measurements and Delft3D modeling. The ‘diffiees at Moriches Inlet are less
encouraging, but may be partially explained by f&et that transect 7, presented in
Figure 5-9, was the only available ADCP transecp#ss through the inlet channel.
Transect 7 is located at the extreme landward efigige inlet channel and variability in
the vessel’'s ability to stay within the channel nmaye allowed portions of the flow to go
unmeasured. Other transects through the inletrehancountered problems with GPS
equipment, water depths due to tide that restribtet access, and excess turbulence that
made them unreliable sources of data.

5.2.3 Calibration Outside of FIMP

ADCIRC model results were used to develop stagguizacy curves for bay areas west
of the FIMP study area (i.e. Jamaica Bay, SouthtédyBay, Raritan Bay). However,
comparison between measured tides and ADCIRC sfiontain these areas was beyond
the scope of this study. Therefore, it is recommeeinthat comparisons between
measured tidal data and the ADCIRC results in tla@eas be performed prior to using
the ADCIRC results presented herein.

The tidal calibration presented in Chapter 5 dertrates the effectiveness of ADCIRC
and DELFT3D to reliably and accurately predict @strmic tidal water levels within the

project area. Further, it demonstrates that bagtgymand inlet and bay geometry are
defined properly in the model grids used for thisly.
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Fire Island Inlet - Flow Comparison
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Figure 5-11: Delft3D & ADCP time series of inlet discharge (rits) for Fire Island

Inlet.
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Figure 5-12: Delft3D & ADCP time series of discharge (fts) for Moriches Inlet.
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Shinnecock Inlet - Flow Comparison
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Figure 5-13: Delft3D time series of discharge (ffs) for Shinnecock Inlet.

Table 5-2: Summary of tidal prism results for multiple methods for all hree FIMP

inlets.
Fire Island Inlet Moriches Inlet Shinnecock Inlet

ADCP (integrated) 4,93 x 10 m3 1.74 x 10 m* 3.29x 16 m3*
Delft3D (integrated) 5.27 x 16 m® 2.22x 16 m? 4.24 x 16 m®
Percent Difference 7% 28 % 29 %
ADCP (K&H) 6.19 x 16 m® 258 x 10 m® 3.73x 10 m* *
Delft3D (K&H) 6.58 x 10 m® 3.16 x 10 m® 440 x 10 m?®
Percent Difference 6 % 22 % 18 %

* CHL-98-32 refers tdShinnecock Inlet, New York, Site Investigation,dRef, Evaluation of Flood and
Ebb Shoal Sediment Source Alternatives for the \@feShinnecock Interim Project, New Ydrk Adele
Militello and Nicholas C. Kraus, March 2001.
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6. Ocean Storm Surge Calibration

In the open ocean and nearshore, storm surge fimnmm svinds and barometric pressure
were modeled using ADCIRC. As input, ADCIRC reggimwind stress and barometric
pressure for each node within the ADCIRC grid (Fegg@-12). The barometric pressure
fields provided by the PBL model, for tropical et&nand NCEP, for-extratropical
events, were readily interpolated onto the ADCIR{d.gWind fields, however, required
conversion to wind stress during interpolation.

The default wind stress calculation used with ADCIl&nploys the wind drag coefficient

formulation of Garratt (1977). The Garratt (197&lationship is based on drag
coefficient measurements for wind speeds below risk(20 m/s). Based on this data
set, Garratt's (1977) formulation provides a stn&igne relationship between wind speed
and drag coefficient such that higher wind speedsit in correspondingly higher drag
coefficients. However, recent field measurementsPbwell (2003) show that drag

coefficient gradually decreases with wind speedchiaricane-force winds, or winds over
40 knots (20.m/s). Therefore for the FIMP studhe trag coefficient formulation was

based upon Garratt (1977) for wind speeds less4Bdmots (20 m/s) and a straight-line
fit to data collected by Powell (2003) for wind sds greater than 40 knots (20 m/s).

To assess ADCIRC'’s calibration for storm surge @ueind and barometric pressure, 12
historical tropical and extratropical events weredeled. These 12 storms were selected
to represent a range of storm conditions, and ipyieras given to those storms whose
input wind and pressure fields were best definEdllowing simulation with ADCIRC,
model results were compared with NOAA measured dy@phs at four nearshore
locations: Sandy Hook, NJ; The Battery, NY; Montddkt Pond, NY; and Newport, RI.
In general, the ADCIRC simulated hydrograph shalosety follows measured data.
Figure 6-1 and Figure 6-2 show representative fgrdigh comparisons.

Figure 6-3 shows comparisons between measured peddr level and ADCIRC
simulated peak water level for all four NOAA staiso Mean errors for tropical events
vary from +3.5 in (+9 cm) at Montauk Fort Pond %5-in (-19 cm) at The Battery.
Mean errors for extratropical events are betten ##a8 in (-7 cm) at three of the four
stations. RMS errors for both tropical and extpital events are (11.0 in) 28 cm or
better at all four stations.

The ocean storm surge comparisons presented inchapter demonstrate the high
quality of this surge modeling effort. RMS errgresented herein are within 28 cm and
exceed the industry standard, on the order of 2Br40This rigorous calibration verified
that ADCIRC reliably and accurately simulates st@unge over a regional domain that
spans from New Jersey to Rhode Island. Furthes dalibration demonstrates
ADCIRC'’s effectiveness in simululated water levielsa wide range of storm intensities
and durations.
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Figure 6-1: Hydrograph comparison for Hurricane Donna (1960): Sandy Hook, NJ.
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Figure 6-2: Hydrograph comparison for March 1962 Nor’easter: Montauk, NY.
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Figure 6-3: ADCIRC simulated versus NOAA measured water levels.
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7. Bay Storm Surge Comparison
7.1  February 2003 Nor'Easter

A field investigation conducted in February 2008om@ed the opportunity to assess the
performance of the modeling approach for simulastggm water levels. Offshore and
Coastal Technologies, Inc. installed water levgjegaat six locations in Great South and
Moriches Bays (Figure 7-1). In addition, water leneasurements were also available
for NOAA stations at Sandy Hook, New Jersey; Thé&ddg, New York; Montauk Fort
Pond, New York; and Newport, Rhode Island. FindlpBC Buoy 44025, offshore of
Long Island, provided measurements of wave chaiatits, wind speed, and barometric
pressure.

The blizzard in mid-February 2003, impacting theirennortheastern USA, occurred
during the field deployment and resulted in minaastal flooding and significant
snowfall. This extratropical event was characetiby peak offshore wind speeds near
20 m/s resulting in elevated ocean water levels Were as much as 0.5 m above
astronomical predictions for 1.5 days. Offshorevevaeights over 4 m were sustained
for 1 day with peak wave height around 6 m.

MorichesBay Remsenburg

Patchogue
Bayshore

Westhampton
Dunes

N
i Mastic

Beach

e Watch Hill

Figure 7-1: Location of bay water level gages.
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7.2  Simulation Comparison to Measurements

Following the meteorological hindcasting and stosmrge modeling methodology

outlined in Chapter 2.5, water levels were simuldte the blizzard of 2003. Computed

wind speed, barometric pressure, wave charactsjsaind water levels were compared
with measurements at a number of locations.

7.2.1 Meteorology

Wind fields developed using IKOA and barometricgse from NCEP for the 2003
storm were compared with offshore measurement&WNBuoy 44025 (Figure 7-2 and
Figure 7-3). Wind speed time series shape and im@gnmatches well with measured
time series, showing that the IKOA performs welf this storm. Peak wind speed
comparisons with the offshore buoy are very godth peak speed differing by less than
1 m/s. NCEP barometric pressure compares verlywidi measured pressure at the
offshore buoy with the peak NCEP pressure only Om)3water, below the measured
peak.

7.2.2  Wave Characteristics

Spectral wave height, period and direction compuwtégtt WISWAVE were compared
with measurements at NDBC Buoy 44025 (Figure 7iguie 7-5, and Figure 7-6). Time
series for all three wave parameters compare wighi measurements. Differences in
peak significant wave height and peak period é8enDand 2.5 s, respectively.

7.2.3 | Offshore Water Levels

ADCIRC simulated storm water levels were comparétt NOAA measurements at the
four NOAA measurement locations near the study.ar&éane series comparisons at
Sandy Hook and Montauk Fort Pond are given in lEig#7 and Figure 7-8, respectively.
ADCIRC performs well for simulating water levels finis storm. Differences between
measured and simulated peak water levels are D&ty ¢r better at all four locations.
Further, hydrograph shape is very similar to measurydrograph shape at all four
locations.

7.2.4 Bay Water Levels

The DELFT3D-FLOW simulation of the 2003 blizzaratlinded ocean surge, local wind
and pressure fields, and ocean waves. The sironlatater levels were compared with
the measured water levels at the six bay locatidgiigure 7-9 shows the simulated and
measured results at Watch Hill in Great South B&ynulated hydrograph shapes at all
locations compare well with measured hydrographpshahowing that DEFLT3D-

FLOW performs well for this storm. This storm ikatacterized by two peak water
levels. Simulated peak water levels for the fiestd second peaks at the three
measurement stations in Moriches Bay are withim3amd 10 cm, respectively, of the
measured peak water levels. The model also pesfarafi at Watch Hill and Bayshore,
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Figure 7-2: Wind speed comparison at offshore NDBC buoy 44025

10.60

10.55

10.50

10.45 -

Q-

10.40

Pressure (m of water)

10.35 -

10.30

15-Feb

16-Feb 17-Feb 18-Feb 19-Feb 20-Feb
Date

——NDBC44025 e NCEP

Figure 7-3. Barometric pressure comparison at offshore NDBC buoy 44025.
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Figure 7-4. Significant wave height comparison at offshore NDBC buoy 44025.
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Figure 7-5. Peak wave period comparison at offshore NDBC buoy 44025.
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Figure 7-6. Wave direction comparison at offshore NDBC buoy 44025.
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Figure 7-7. Measured (solid) and simulated (dashed) water level at Sandy Hook
New Jersey starting at 0000 GMT on 12 February 2003.
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Figure 7-8. Measured (solid) and simulated (dashed) water level at Montawort

Pond, New York starting at 0000 GMT on 12 February 2003.
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Figure 7-9. Measured (solid) and simulated (dashed) water level at WatchIH
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in Great South Bay, with simulated peak water levier the first and second peaks
within 10 cm and 2 cm, respectively, of measureakpsater levels. Peak water level
comparisons at Patchogue are within 2 cm.

Comparisons between measured data and simulatsoittsdor meteorological forcing,
wave characteristics, and ocean and bay waterslesfedw that the modeling strategy
performs well for the blizzard of 2003.

7.3  Bay Water Level Contributions from Various Physical Processes

To understand the water level contributions of vidiial physical processes, a series of
DELFT3D-FLOW simulations were performed for thezialrd of 2003:

1. Only offshore boundary forcing with ocean hydrogrsjrom ADCIRC.

2. Simulation 1 plus local wind and barometric presstorcing throughout the
DELFT3D-FLOW model domain.

3. Simulation 2 plus ocean wave forcing from HISWA.

These three simulations allow separation of thecgsf on bay water levels from:
astronomical tide; propagation of ocean surge tjinatidal inlets; propagation of flow
generated by ocean wave setup through tidal inketst localized wind setup and
setdown.

Figure 7-10 and Figure 7-11 compare the water lewed series for three test simulations
to measured bay water levels, and Figure 7-12 aguard-7-13 summarize water level
contributions from each process. For the blizaz#r@003, the combined effect of tidal
amplitude and tidally generated superelevation malkeabout 40% (25cm) of the total
peak water level in Great South Bay and 50% (40 ofmjhe peak water level in

Moriches Bay. Water level contributions from oceamge alone are about 35 cm in
Great South Bay and 30 cm in Moriches Bay.

The addition of local wind has only a small effeot Moriches Bay water levels:
DELFT3D-FLOW predicts a small setdown, on the ordér5 cm, at Westhampton
Dunes and Remsenburg, on the eastern side of thevbhde the contribution from local
wind at Mastic Beach, on the western side of thg & negligible. In contrast, the
model predicts setdown of 10 cm at Patchogue antth\dill, at the eastern end of
Great South Bay, and setdown of 6 cm at Baysheax, the center of Great South Bay.

Wave setup from ocean waves is a significant douttor to water levels in both Great
South and Moriches Bays. At all three measurerogations in Great South Bay, water
level contribution from wave setup is around 9 cAt.all three measurement locations in
Moriches Bay, water level contributions are arodddcm. For the same offshore wave
height, water level contribution from ocean waveupds 50% larger in Moriches Bay

than in Great South Bay. This indicates that ialed bay geometry, and its effects on
hydrodynamics, are important for accurate prednctibbay water levels associated with

USACE — New York District
DRAFT 7 July 2006 6-7



FIMP — Baseline Conditions Storm Surge Modeling argtage-Frequency Generation

0.8

water level (m, MSL)

- measured

-0.4 - without local wind or waves
=== with local wind
: _ === with local wind and waves |:
| | I |
25 3 35 4

time (days) since 14 Feb 2003 at 1200GMT

4.5
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Figure 7-12. Water level contributions from physical processes for peak oating
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ocean wave setup. For the blizzard of 2003, flovough the inlets created by ocean
wave setup accounts for 15% of the total waterl$ewvethe bays. The model simulation
comparisons with measurements during the blizzB&003 prove the modeling strategy
adopted for the FIMP study accurately simulaterstaater levels.

In particular, the DELFT3D simulation comparisonsthw February 2003 storm
measurements demonstrate the effectiveness of EH&ED-FLOW and DELFT3D-
WAVE models for this study. Specifically, the DELED model suite accurately
captures the influences of ocean surge propagaticio the bays, astronomical tide
influences, ocean wave setup propagation into thyes,band localized wind setup and
setdown. Given that the February 2003 storm .isy anlminor coastal event, the
comparisons between the simulated and measureltsresseven more impressive.

Finally, model simulations indicate that propagated ocean wave setup into back bays
is a major contributor to total water level withime study area. This demonstrates the
importance of dynamically coupling the nearshorezevenodel with the hydrodynamic
model even for storm that do not result in overwasth breaching.

74  Comparisons to Other Historical Peak Water Level Measurements

Two types of water elevation measurements exissétected historical storms. Of these
measurements, those from water level gages (WL&jher most reliable. Furthermore,
these WLG measurements more accurately reflectetippecesses simulated by the
modeling suite. Namely, a WLG measures the gquesdy state water level from

astronomical tide, storm surge, ocean wave setopagation through the inlet and bay,
localized wind setup or setdown, and localize wsatelp.

High water mark observations are not as appropriaie verifying simulation
performance primarily because they include thectdfef individual waves (i.e. runup).
Additional discussion of HWM and WLG data is prostin the

| MPORTANT DEFI NI TI ONS section, at the front of this report.

The most comprehensive set of WLG bay measurenexdts for the 1962 Nor’easter.
Figure 7-14 shows comparisons between these measare and the Baseline Condition
simulated water levels for this storm. It mustnmed, however, that in contrast to the
historical event whose pre-storm topography wasrety degraded, minimal overwash
occurs during simulation of the 1962 storm usingdliae Conditions (representing
conditions in 2000). Nonetheless, these compasisare informative. The mean,
standard deviation, and RMS error for these compas are 0.2 ft, 0.3 ft, and 0.3 ft,
respectively. The figure and the statistics intidhat the model performs well for this
storm.

Table 7-1 demonstrates the differences between pPéak measurements and HWM
observations for the 1962 storm. In Great Soutyy Bee HWM observations are around
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Figure 7-14. Comparison between simulated peak water levelssing Baseline
Conditions topography, and peak WLG measurements for the 1962
Nor'easter.
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Table 7-1. Peak WLG measurements and HWM observations for 1962 Nor'easter.

Location Peak WLG (ft) HWM (ft) Delft3D (ft)
Station 1 4.4 6.0 4.8

(Great South Bay)

Station 7 3.6 5.0 3.7

(Great South Bay)

Eastern Great South Bay| 3.6 5.0 3.5-3.8
Moriches Bay 4.7 5.0 4.3-4.6

1.5 ft higher than the WLG peak measurements.ohtrast, the HWM observations and
peak WLG measurement are closerin magnitude: aidt5.0 ft, respectively.

Additional bay WLG measurements exist for the Sebker 1938 and August 1954
hurricanes. At the two bay measurements for Audi®si4, the simulated Baseline
Condition peak waterlevel is within 0.9 ft (Gre@buth Bay) and within 0.2 ft
(Shinnecock Bay). ‘Given the changes in inlet aayldeometry between 1954 and 2000,
these comparisons are quite good.

Comparisons with available bay HWM observations tfee 1938 Hurricane and 1992
Nor’easter will be presented in the Realism testussion in Chapter 8.

This chapter demonstrated that the modeling s@téopns well in predicted bay storm
water levels, for both small and large storms.panticular, simulations of the February
2003 storm demonstrated that the modeling suitalilglcaptures the temporal evolution
of storm water levels within the three bays.
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8. Breaching and Overwash Realism Simulations

Before proceeding with the simulation of the histalr and the additional set of storms
under Baseline Conditions barrier island topograghg model skill was assessed by
comparing model results with available HWM obseors and overwash and breaching
data for three of the most significant storms abrd: the September 1938 Hurricane and
the December 1992 Nor’easter. The intent of theparison was to validate the ability
of the model to reproduce observed overwash anachieg impacts within the FIMP
project area as well as reported HWM observatiangng these events. Despite of the
lack of reliable pre- and post-storm topographitada significant effort was made to
represent as well as possible the pre-storm topbgréor each storm in the model.

8.1 September 1938 Hurricane

The barrier island topography in 1938 was signifigadifferent than under Baseline
Conditions. Therefore, it was important to devetomodel grid representative of 1938
topography that would result in storm impacts samilo those documented after the
storm. Two sources of data were available to agvéhe model topography. The first
one consists of two sets of aerial photographyriedenost 3 months before the storm
(June 31, 1938) and a few days after the storm (Septemi&r1038). These photos do
not provide barrier island elevation data but tikap be used for a qualitative analysis
and comparison of pre- and post-storm conditiortee $econd source consists of an
incomplete 'set of plans depicting approximate pasd post-storm topographic
conditions. 'In addition, these maps identify lomas where overwash and/or breaching
were observed. These maps include elevation conttrawn by hand based on pre- and
post-storm stereo aerial photography and possitiigrasources of information such as
USGS quadrangle sheets. An example of the pre-pastistorm maps near Moriches
Inlet is presented in Figure 8-1. The maps covestnof the FIMP barrier island from
Fire Island Inlet to Tiana Beach, but unfortunatelgps including Shinnecock Inlet and
areas farther east were lost. Therefore, the areached by the 1938 storm, which
subsequently became Shinnecock Inlet, was assigmeaximum profile elevation of 10
ft NGVD based on the available aerial photograpimg @n the closest elevations
obtained from the available maps. Other areasnotuded in the charts, which in general
are not affected by the storm, are based on theliBasCondition topography (i.e.,
LIDAR 2000 data). Figure 8-2 and Figure 8-3 shoaximum barrier island elevations
as defined in the model (typically the dune credébhg the length of the FIMP project
area for baseline and 1938 conditions. Note hanethvations were significantly lower
in 1938 than in the Baseline Condition in the vitgirof Moriches Inlet, which is the area
that suffered the most damage during this storneaérin Figure 8-2 and Figure 8-3
where the maximum dune elevation is similar for pne-1938 and Baseline Conditions,
are those where information from the topgraphic snaps not available and therefore
baseline topography was used.
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Figure 8-1: Example of pre- and post-1938 Hurricane charts at Moriches Inte
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Model bathymetry was developed using available NOA®veys from the 1930’s with
some modifications based on the maps and the gdrdbgraphs. A dredged channel in
the back side of the barrier island about 8 feepdehere Shinnecock Inlet opened was
also implemented in the model grid. This channed waemnant from a previous attempt
to artificially open an inlet at the same locatidhe barrier island in front of the channel,
as implemented in the model, had a width of ~35@itth a dune height of 10 ft. and a
dune width of 100 ft. East and West of the chaaneh the barrier island width'is around
800-1000 ft. Note that there are some significastrépancies among. the different data
sources at some locations. For example the bdopergraphy near Moriches Inlet and
the inlet geometry is similar for the topographiapa and NOAA surveys data while it
differs from the pre-storm aerial photo. Data aledi from charts and surveys was used
when available since these contain informationlemagions.

Initial model topography was modified using the éulowering relationships (i.e.,
lowering vs. initial dune elevation) developed bidlCusing SBEACH for baseline
barrier island conditions. Although barrier islaoahditions in 1938 differ significantly
from the Baseline Conditions, the range of profikestracted from the Baseline
Conditions, to represent each region, covers miosteovariability observed in the 1938
topography for the same region. In addition, ieaarwhere the dune height was even
lower that those observed under Baseline Conditidnse lowering prior to inundation
was assumed to be zero. This assumption is supptyeSBEACH results under
Baseline Conditions for the 1938 storm that shomedune lowering prior to inundation
for the lowest profiles (dune height in the orde8® ft (NGVD).

After a two-day spin-up period of the hydrodynamite storm was simulated from 21
September 1938 00:00 to 22 September 1938 02:@nhipthe Delft3D model with
waves, wind, atmospheric pressure, and water letelke offshore boundaries. Winds
blowing from the land were decreased by 30% in otdeccount for land effects. This
follows recommendations and findings from the Fabyu?2003 simulation presented in
Section 2.9.2.

The 1938 Hurricane caused widespread overwashraated several breaches across the
barrier island (see Figure 8-4). These includedr ftm Shinnecock Bay, three to
Quantuck Bay and eastern Moriches Bay, and foltdaches Bay in the vicinity of the
inlet. With the exception of the Shinnecock Irdeening, these breaches were all closed
mechanically shortly after the storm.
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Figure 8-2: Maximum dune elevations for pre-1938 and Baseline (2001) conditions
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Figure 8-3: Maximum dune elevations for pre-1938 and Baseline (2001) conditions
(continued).
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Figure 8-4: Observed overwash and breaching from 1938 Hurricane.
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Figure 8-5: Shinnecock Inlet, Realism Test 1938 Storm. Pre and Post-Stomodel
topography and Aerial Photographs
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Figure 8-6: East of Moriches Bay, Realism Test 1938 Storm. Pre and Post-Storm
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Figure 8-7: Moriches Inlet, Realism Test 1938 Storm. Pre and Post-Stormodel
topography and Aerial Photographs
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The model predicts the opening of a relatively wialed deep full breaéhat the
Shinnecock Inlet location together with significaoterwash and two other small
breaches in the immediate vicinity. Two additiopaltial breaches are also observed
near Ponquogue bridge. As shown in Figure 8-5,ethresults are very similar to the
observed storm impacts. Note how material is parted bayward in the model. One
additional breach and other overwash areas obseastof Shinnecock Inlet were not
predicted because the model uses the Baseline f@orsdiopography and barrier island
geometry in that area, which is presumed to be madd higher than in"1938 since this
area has experienced significant accretion afterctinstruction of the east inlet jetty.
Three additional breaches and significant overweste predicted to Quantuck Bay and
eastern Moriches Bay, which also roughly correspaitt the observed impacts in this
area (Figure 8-6), although the breach locatiomm@glWesthampton Beach are not
exactly the same.

At Moriches Inlet the model also predicts signifit@verwash and widening of the inlet
(Figure 8-7). A large amount of material is depegibayward of the barrier island during
the storm. Breaches are predicted east and weke ajriginal inlet location, which also
coincides with observations.

Additional overwash is observed in the vicinity Démocrat Point, east of Fire Island
inlet, and at some locations along Fire Islandyalgh no breaches were predicted there
and none were observed in the data.

Simulated peak water levels were compared to HWMNepktions reported by Harris
(1963) and they are presented in Figure 8-8. Wigaistern Shinnecock Bay, simulated
water levels are in the 6 to 7 ft NGVD range whistsimilar the two reported HWMs
(6.5 and 7.2 ft NGVD). This is a remarkably goodanparison considering that model
simulates the opening of Shinnecock Inlet and estime time simulates quite accurately
the peak water levels at Shinnecock Bay. This atég that the model also predicts
accurately the flow through the breaches and dwebarrier island into Shinnecock Bay
and to some extent the breach dimensions.

At central and eastern Moriches Bay reported HWhitgge from 12 to 15.7 ft NGVD.
The largest simulated values are in the order oft NGVD within eastern Moriches
Bay, with a peak water level offshore of Morichaket below 10 ft. Simulated values at
western Moriches Bay and Mastic Beach are in the tb- 8-ft NGVD range while
reported values are in the 7-ft to 10-ft range.y\Mgood agreement is observed at South
Oyster Bay and Central Great South Bay. At thesations reported HWMs are 4.7 and
3.6 ft NGVD respectively while model simulated weduare 4.5 and 3.2 ft NGVD. At
Eastern Great South Bay simulated values are inotter of 4 ft NGVD witch are
roughly 1 ft lower than the HWM.

7 See the IMPORTANT DEFINITIONS section at the bedig of this report for definitions of full
breaching, partial breaching, and overwash forghigly.
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Figure 8-8: Peak water level from the Realism September 1938 test. Boxesgent
HWM observations from (Harris, 1963) in ft NGVD. Shoreline is
representative of 1995 conditions.
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Some of these differences between predicted valndseported HWMs, particularly in
Moriches Bay, are likely due to the contributiontioé waves to the HWM observations.
Butler and Prater (1983) considered the wave indleoatribution to the flood levels for
the September 1938 storm to have a value betwéemarti 4 ft at different locations
throughout the project area. This local wave effacludes the wave setup and 7/10 of
the estimated peak wave height at the site.

8.2 December 1992 Nor'easter

The most recent storm that opened a breach in i@ area was the December 1992
Nor’easter. This storm created two breaches edgboithes Inlet in the vicinity of Pikes
Beach (Figure 8-9). The westernmost (and.initiehgest) of the breaches (Pikes Beach
breach) was repaired within one month of the st(@@danuary 1993). However, the other
(Little Pikes Beach breach) remained open to cootis tidal flow for nearly 10 months
after the storm, leading to.continued growth ansklof numerous structures on the
barrier island. Prior to the storm, this area waffering significant erosion and was
particularly vulnerable to storm impacts. The Vdasipton Interim project, first
constructed in 1997, now provides protection agdunsire storm-induced overwash and
breaching. This improved condition Is _reflected thre Baseline Conditions grid.
Therefore, it was necessary to modify this grigitoulate the effects of the 1992 storm.
Specifically, a new grid was developed with highalation at the inlets and at the area
between Moriches Inlet and the Westhampton grald fiincluding the location of the
1992 breaches.

Unfortunately, detailed pre-storm topographic datare not available. Therefore,
available 1995 topography was modified using ab#lgre-storm aerial photography
and anecdotal information about the minimum bargksvations prior to the storm.
Specifically, Spencer and Terchunian (1997) rejottat by 1992 the three mile stretch
of beach from the westernmost groin to Morichegtlfiad degraded so badly that the
island overwashed during spring tides. In addjtieirst Coastal (1992) reported that two
low areas with elevations around 6.5 ft NGVD hadalieped over Dune Road in
Westhampton after the 1991 Halloween storm (Octob891). Based on this
information, barrier elevations in the model wereé¢red to 6.5 ft NGVD (6.0 ft MSL) at
roughly the location where the Pikes Beach breaduroed. Barrier island width at this
location prior to the storm was approximately 790-8t based on available pre-storm
aerial photography dated 29 September 1992. Aatha where the Little Pikes Beach
breach was observed the maximum barrier islanchgtevwas set to 8 ft NGVD (7.5 ft
MSL) and the barrier island width was as narrowb@8 ft, also based on the available
pre-storm aerial photography.
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Figure 8-9: Pre- and Post-Storm aerial photographs of Pikes Beach Breachrihg
the December 1992 Storm

Under these conditions the model predicts the mpeaf the western breach similar to
the observed Pikes Beach breach. In addition, theehpredicts the opening of a partial
breach at the eastern location (Little Pikes Behobach). Initial and final model
topographies are shown on the two left panes afrEi®-10. In general the simulated
bathymetry at 12-13-1992 looks very similar to thaiserved in the 12-18-1992
photograph. That is, opening of a relatively srbaflach immediately west of the groin
field and a larger one farther west with a large ¢& accumulated material on the bay
side. The dimensions of the breaches are probatilyperfectly matched by the model
since the initial topography, as previously mergwnwas based on anecdotal dune
height values, aerial photographs, and the availaBb5 topography and shoreline. Also
note that this visual comparison is done betwe@haograph taken more than 5 days
after the end of the storm (12-18-1992) while thedlel result corresponded to the end of
the simulation on 13 December 1992.

In the days following this storm, normal tide leveixceeded the breached elevations in
both locations (the partial breach location andfthlebreach location) over at least part
of the tidal cycle. Specifically, the full breaclmained inundated throughout the tide
cycle, while the partial breach was inundated aviten the normal tide height exceeded
the breach’s deepest elevation This provided piadefor both breaches to continue to
deepen. This post-storm deepening process was likelst further accelerated by the
presence of spring-tide conditions.

Sheffner and Wise (2000) presented a table of flnadks for the December 1992 storm.
These values are presented in Figure 8-11 incluiieghame of the township, the range
of recorded surges (and number of observationdgwoirthe data set) and the average
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Doyt 513
D &-2.4] J<=1.2192 22,0000 2<1.2192 B<2,4384 B <3.8578
O<-1.8288 O =<—0.6086 O <0606 O<1.8288 B<3.0480 B >3.6376

Figure 8-10: December 1992 model results. Top: Pre and Post-Storm Topography

for 6.5 ft initial dune height. Bottom: Pre and Post-Storm Topography for 6.5
and 5 ft initial dune height

surge. Figure 8-11 shows that the simulated pestkrevels agree within the range of
observed values in the vicinity of the township vehdata were collected. At Moriches
Bay, modeled values at Mastic Beach, RemsenburgCamdral Moriches match very

closely to the reported ones. In other location®latiches Bay the average reported
HWMs are in the order of 1 ft higher although timaidated values are within the range
of reported values. At Great South Bay, simulatatles at Bay Shore agree with the
average of the reported values. At Patchogue andehhurst the model results are
within the reported range although the averagertegdHWMs are underestimated by
approximately 1 ft.

Overall, peak water levels obtained from the sitioaof the December 1992 storm
agree very well with the reported HWM considerihg uncertainty in the observations
and the large range of reported values. It is atsed that although the model includes
the effect of winds in the hydrodynamics and alse ¢ffect of waves offshore, some
local wave effects in the bays are not represeimedtie model and should account for
some of the observed differences.
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Figure 8-11: Peak water level from the Realism test of December 1992. Boxes
present HWM from Sheffner and Wise (2000) in ft NGVD (range (number of
observations): average). Shoreline is representative of 1995 conditions.
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8.3  Summary

Overall the model simulations for these histormrists provide very realistic results and
compare remarkably well with the available datartipalarly when considering the
uncertainty in the input hydrodynamic conditioneg<hapters 5 through 7) and, more
importantly, the pre-storm topography. The simalatesults are particularly accurate in
the case of the 1938 storm, for which seeminglyebébpographic data in the vicinity of
some of the damaged areas were available. NoersHefjiven the uncertainty with
regards to the pre-storm topography and the passittbrs in the input hydrodynamic,
wind and wave conditions, the results of the 1992 éhster simulation are also judged
to be very accurate. Overall, the agreement| betwsenulated and observed
morphological impacts and also between peak watexld for the two storms and the
reported HWMs can be considered excellent consideifie uncertainty associated to
this type of data.
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9. Simulation Results

This section presents the results from the simarabf 36 historical storms and 21
additional storms under Baseline Conditions barskand topography. The following is a
discussion of the response of the bays to stormteyvpeak simulated water levels, water
level contributions during storms, and morpholobaanges in the barrier.island.

9.1 Response of the Bays to Storm Events

Tide and surge enter Great South Bay from the thestigh Jones Inlet and South Oyster
Bay, from the east through Narrow Bay, and fromgabeth through Fire Island Inlet. In
addition, during extreme storm conditions oceargsunay inundate the barrier island
and propagate into the bay. During normal condgithe main tidal flow contributor to
Great South Bay is Fire Island Inlet. The influent¢he tidal inflow through Jones Inlet
is limited to the eastern part of South Oyster Bayherefore, during tidal flood
conditions flow across the Robert Moses Causewaggmerally towards the west. Flow
through Fire Island Inlet reaches central and easteeat South Bay although the main
contributor to the eastern Great South Bay is i through Narrow Bay coming from
Moriches Bay. During normal tidal conditions thewl through Narrow Bay changes
direction from west to east during flood and ela tirespectively, due to the phase lag
between the tides at Moriches and Fire Island s$nlBuring storm events, the water
elevation is higher in Moriches Bay than in east@meat South Bay. This gradient
generally creates a predominant flow westward tiinoNarrow Bay at all tidal stages.
Another important force influencing the water ledgtribution in the bays is the effect
of wind during storms, which typically causes tbeniation of a water level gradient in
the bays from west to east. This effect is paréidulimportant in Great South Bay
because it is the largest of the three bays ifrthE° study area. It is observed, especially
during tropical storms, that water elevation inse=ain the western portion of the bay
while it decreases in the eastern portion. Immedjafter the storm and once the effect
of the winds decrease, the water accumulated inewe&reat South Bay starts to move
east. Therefore, during tropical storms the pealemlavel in eastern Great South Bay is
observed 2 to 3 hours later than offshore. Orother hand, during extratropical events
(e.g. March 1962 or December 1992) the peak watesl lat eastern Great South Bay is
observed at high tide but one or two tides afterdhe that presented the peak water level
offshore. This is a consequence of the dominandead over ebb flow through the inlet
for the duration of the storm.

Water flows into Moriches and Shinnecock Bays tlgfouhe existing inlets. During
extreme storm conditions, additional water may rettite bays over the barrier island due
to barrier overwash and inundation. Moriches anthi&tock Bays are linked through
Quantuck and Quogue canals. Tidal waters flow tinoQuantuck canal from eastern
Moriches Bay and through Quogue Canal from Wess#tinnecock Bay and converge at
Quantuck Bay. This convergence of flow producesatemevel gradient along Quantuck
and Quogue canal with the peak elevation at Quiriagy.
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Tidal and surge propagation into the bays depetmdsgly on the hydraulic efficiency of
the existing inlets and bay hydrographic conditid@sean tides are reduced by 25% at
Shinnecock Bay, from a range of 3.46 ft offshore2t62 ft at Quogue Canal. On the
other hand, in Moriches Bay the tidal range is oeduby more than 60 percent from
offshore of the inlet to Smith Point Bridge. In Gtr&outh Bay, the observed tidal range
at WES-TG6 station near Nicoll Point is only 0.83 representing a more than 75%
reduction of the offshore tide. At the Fire IslaBdast Guard Station near the Robert
Moses Causeway the observed tidal range is 2.0dhdrre the offshore tide has been
reduced already by approximately 40%. This indisah large reduction of the tidal
range as the tide propagates into Great South Bay.

9.2 Peak Water Levels in the Bays

The distribution of flow through the bays observédring normal tidal conditions

changes during storm conditions. For example, M@scBay fills more rapidly with

storm surge flows than Great South Bay becausésamaller size and more efficient
inlet, disrupting the normal tidal flood and ebbwil and producing a continued flow
westward from west Moriches Bay through Narrow Bdag eastern Great South Bay.

Maps of simulated peak water levels for nine his&rstorms and three additional
variations of the historical storms at high tideden Baseline Condition barrier island
topography are presented in Figure 10-1 to Fig0Ord.IThese maps help to illustrate the
following discussion. Shinnecock Inlet is the me#icient of the three inlets. During

storm conditions (for both tropical and extratr@pistorms) the peak water levels
simulated at Shinnecock Bay are generally on thheesarder or higher (due to offshore
wave setup and local wind effects in the bay) ttieose observed offshore. This is not
the case.in Moriches Bay and especially in GreatlsBay, where the peak water levels
during storm conditions are significantly smallean the peak water levels offshore.
During storm conditions a significant exchange @itav is observed between Moriches
and Shinnecock Bays, particularly influencing QuahktBay. At the onset of the storm
water enters through both inlets. A larger peragmtaf water that has accumulated in
Quantuck Bay leaves through Shinnecock Inlet bexdls inlet is more efficient and

also because the ebb tide occurs earlier at Stockehan at Moriches.

The efficiency of Shinnecock Inlet and, to a lessiegree, Moriches Inlet has a
significant effect on the propagation of the offi@hosurge into the bays. As a
consequence, the peak simulated water levels inichkes Bay and especially at
Shinnecock Bay are obtained for the largest trogt@rms (See Figure 10-1 to Figure
10-4). The opposite applies for Great South Baytduie low efficiency of Fire Island
Inlet. The average peak water level produced byeiteatropical storms of the historical
set is around 0.5 ft higher than that obtained ftbentropical storms in South Oyster Bay
and Great South Bay. The storm surge associatédantitopical storm that lasts for only
a few hours is significantly dampened at Fire Idl&mlet while the surge generated by
extratropical storms that last for several tidatleg continues to increase the total
discharge through the inlet during the storm, t@sylin higher peak water levels in
Great South Bay for extratropical than for tropieaénts.
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Peak water levels at Great South Bay obtained ftben numerical simulations of
historical storms are on the order of 4.8 ft (NG\dD}he eastern and western ends of the
bay, and decrease towards the center of the Bay \talue of 3.8 ft (NGVD). Peak
simulated water levels in Great South Bay fromdieof historical tropical storms are on
the order of 0.5 ft lower than those obtained frivm extratropical storms. At Moriches
Bay peak water levels are observed at the westatropthe bay with values on the order
of 6.7 ft (NGVD), while at eastern Moriches Bay theak simulated water levels are in
the order of 5.5 ft (NGVD). At central and east®étoriches Bay the peak water levels
associated with a tropical storm are on the ordet.® ft higher, than those from the
largest extratropical storm. In western Morichey,Baeak water level values obtained
from both types of storms are practically the sbeeause extratropical peak water levels
are higher than tropical peak water levels in G&mith Bay and in the vicinity of Smith
Point Bridge. This is also because overwash ocau&mith Point County Park during
the simulation of the largest tropical storm (Seyier 1938).

At Shinnecock Bay the peak simulated water levelmfthe historical set of storms are

8.9 ft (NGVD) to the east and around 7.6 ft (NG\d)the west. This peak water level,

produced by a tropical storm (September 1938)dgiéb peak water levels higher than

those associated with extratropical storms on theroof 3 ft and 1 ft at the eastern and
western parts of the bay respectively. Since tlak palues are associated with the 1938
storm, this difference from west to east is duéhtowind setup generated inside the bay
during this particular storm.

For all the simulated storms, the peak water lewelshe bays occurred during the

September 1938 storm at high spring tide (See €igor4). With differences in peak

water levels offshore on the order of 0.75 to Htatigher than those associated with the
historical storm simulation, peak water levelshie bays vary from bay to bay. It must
be noted here that the contribution of overwasiifation from this additional storm is

higher than the contribution from the historicadraet. At Shinnecock Bay, peak water
levels for the additional storm at high tide arstjaver 1 ft higher than for the historical

storm. At Moriches Bay, these differences are @ndtder of 1 ft. In Great South Bay,

the differences vary along the bay. At western G&auth Bay differences are in the
order of 1 ft while at the east are from 0.5 toS0f7 Finally at central Great South Bay
differences are very small, less than 0.1 ft. Despiie fact that the September 1985
additional storm at high tide has the largest peater levels offshore at the western part
of the project, peak water levels in the bays amaller than for the September 1938
additional storm at high tide.

In the case of extratropical storms, the peak sbedl water levels are not produced by
the same storm throughout the study area. Witherhiktorical set, the peak water levels
in central Great South Bay are associated withMaech 1962 storm while peak water

levels to the east correspond to the November X#&3n. In addition, the December

1992 storm produces the peak water levels at Mesiegmd Shinnecock Bay. Figure 10-3
presents the simulated peak water levels for ttiese historical storms, and Figure 10-2
presents the simulated peak water level for theeRtber 1950 extratropical storm.
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Regarding the additional extratropical storms, evember 1953 storm produced the
peak water levels in Great South Bay while the il (high spring tide) November

1950 storm is associated with the peak water lemeMoriches and Shinnecock Bays.
The lower pane of Figure 10-4 presents the simdilpéak water levels for this additional
November 1950 extratropical storm.

9.3  Water Level Contribution During Storm Conditions

The peak water levels presented in the previousoseiticlude the contribution of water

from barrier island overwash, though for all thersts of the historical set only the
September 1938 storm results in a significant doutiion of water to the bays from

overwash and inundation of the barrier island. €betribution from overwash events
associated with the extratropical storms of théohisal set is very small compared to the
discharge through the inlets. Therefore, its dbution to-the simulated peak water
levels in the bays is minimal.

In order to quantitatively illustrate the overwashents during the 1938 storm, as it
historically occurred, a discussion using model udated values of peak discharges
follows:

The September 1938 storm, the largest storm inhistorical set, produces peak
overwash discharge at Smith Point County Park @ndtder of 53,000 its. This
represents 33% of the peak storm flow through Mhagcinlet at the same time, and 70 %
of the peak flow during normal tidal conditions. 8hinnecock Bay, overwash at Tiana
Beach is on the order of 60,00&/$tduring the peak of the storm which representsiab
17% of the flow through Shinnecock Inlet during {heak of the 1938 storm and over
67% of the flow during normal tidal conditions. @re other hand, overwash over the
low area west of Shinnecock Inlet also results gigaificant contribution. Here, a peak
flow of 25,500 ft/s represents 28% of the normal tidal conditionsvfthrough the inlet
and 7% of the peak flow during the storm. In Gi®atith Bay, water entering Fire Island
Inlet (peak flow during the 1938 Hurricane was 89, ff/s) flows mostly eastward,
because there is also a large flow entering thefioay the west through Jones Inlet and
South Oyster Bay. Contribution due to the overwais®ld Inlet during the 1938 storm
has a peak flow of 40,00G*.

Other tropical storms, such as September 1944, ub@54 or September 1960, also
produce significant, albeit smaller, overwash diggles. Peak storm flows over the
barrier island for these storms at Old Inlet, Ti&sach, and Smith Point County Park are
below 1,000 f/s, and barrier island inundation lasts for onfgw hours. Therefore, the
contribution of these inflows to the peak waterelsvin the bays is expected to be
insignificant.

The largest water contributions from overwash/iratrh are simulated for the
additional tropical storms of September 1938 anptésber 1985 at high spring tide.
Overwash contribution from the additional Septembt@88 storm at high spring tide is
on the order of 2 to 3 times larger than the cbotron from the historical September
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1938 storm at Old Inlet, Smith Point County Parigna Beach, and West of Shinnecock.
Additional contribution at Western and Central Hst&and are small. The largest water
contribution due to overwash/inundation in WestEire Island is associated with the
September 1985 additional storm at high spring trdéh peak storm flows on the order
of 5,000 to 7,000 fts. For this storm, peak storm flows at Tiana Beacd West of
Shinnecock are very small. At Smith Point CountykP#he peak flow is 90,0003%f
which is 30% smaller than the one associated vighSeptember 1938 additional storm
(high spring tide). At OId Inlet, the September 338lditional storm at-high spring tide
produces the largest peak flow of all the simulatedms with a value of 130,000/4.

The water contribution to peak water levels in thgs due to overwash/inundation from
all the extratropical storms of the historical isetery small. Peak storm flows are below
1,500 ff/s for November 1950 and December 1992 and wedvbehat value for the next
two largest storms, November 1953 and March 1964t @f all the simulated
extratropical storms, the only storm that presarggynificant flow over the barrier island
due to overwash/inundation is the November 1950tiaddl storm (high spring tide).
This storm presents peak storm flows of 22,08 ftand 14,000 its at Old Inlet and
Smith Point County Park, respectively.

9.4 Morphological Impacts

Morphological changes to the barrier island dustmyms are produced by overwash or
by complete inundation of the dune (see

IMPORTANT DEFINITIONS section). SBEACH results sy that for many of the
small storms that show no morphological responsgu(é 9-5 and Figure 9-6), wave
runup and overtopping result in the transport ofdsandward from the beach berm and
face of the dune leading to a very small accumutatif sand at the crest of the dune;
therefore; creating a post-storm dune that is mardout slightly higher than the pre-
storm one. Some of the storms within the historisat that produce this type of
morphological response are August 1976, March 138@ December 1994 among
others.

In other cases, overwash processes lead to erokithhe dune crest and transport of the
sand behind the dune. Consequently, this type efveash process leads to a lower dune
crest and an accumulation of sand behind the dilmis.process is present in a total of 15
storms (6 tropicals and 9 extratropicals) from 3Bestorms of the historical set and a set
of 18 additional storms (12 tropicals and 6 extnaitals). Figure 9-5 and Figure 9-6
present for each storm of the historical and trditemhal sets, the type of morphological
response observed in the barrier island basededdtfinitions presented in the
IMPORTANT DEFINITIONS section.

For the September 1938 historical storm, overwagiradicted for dunes with elevations
of up to 17 to 20 ft (NGVD). In general, these a@row dunes fronted by narrow
berms. In some cases, dunes with wide berms andderdunes and with a dune height
elevation within the aforementioned range or in s@mases even lower do not overwash
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Historical Tropical Storm
September 1938 under Baseline Conditions

Historical Tropical Storm
September 1944 under Baseline Conditions

Historical Tropical Storm
August 1954 under Baseline Conditions
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Figure 9-1: Peak water level in ft (NGVD) for the September 1938, Septembl944,
and August 1954 historical storms.
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Historical Tropical Storm
September 1960 under Baseline Conditions

Historical Tropical Storm
September 1985 under Baseline Conditions

Historical Extratropical Storm
November 1950 under Baseline Conditions
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Figure 9-2: Peak water level in ft (NGVD) for the September 1960, Septembl985,
and November 1950 historical storms.
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Historical Extratropical Storm
November 1953 under Baseline Conditions

Historical Extratropical Storm
March 1962 under Baseline Conditions

Historical Extratropical Storm
December 1992 under Baseline Conditions
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> X 96 © A ® 9 O O

. . .

v ¥ e o AT 7
Figure 9-3: Peak water level in ft (NGVD) for the November 1953, March 1962, and
December 1992 historical storms.
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Additional Tropical Storm
September 1938 under Baseline Conditions

Additional Tropical Storm
September 1985 under Baseline Conditions

A TS Additional Tropical Storm
November 1950 under Baseline Conditions
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Figure 9-4. Peak water level in ft (NGVD) for the September 1938, Septembl1985,
and November 1950 additional storms at high spring tide.

USACE — New York District
DRAFT 7 July 2006 8-9



FIMP — Baseline Conditions Storm Surge Modeling argtage-Frequency Generation

for the September 1938 storm. Therefore, dunehhegnnot be considered as the only
factor leading to overwash. Overwash occurs at sirman dune height that varies by
storm and location. For example at Smith Point @p®ark, storms such as September
1944, September 1960, November 1950, and Decerd9@r dverwash occurs with dune
heights as high as 14 ft NGVD. On the other halnel,.September 1985 and the 9 March
1993 storms only produce overwash for dunes lohem L1 ft NGVD.

In addition to the sediment transport due to ruragme storms present continued flow
over the barrier island after the water level affgh reaches, the dune crest (i.e.,
inundation). This effect was simulated for 3 tr@bi(September 1938, September 1944,
and September 1960) and 4 extratropical (Novem®8d,INovember 1953, March 1962,
and December 1992) storms of the historical setstMib the storms included in the
additional set present some degree of barrier dsianndation with the exception of
those cases associated with low tide conditiong Maximum dune heights at which
inundation is observed for the September 1938 ticsticstorm vary with location, but the
values are on the order.of 13-15 ft (NGVD). Thessaa normally contain narrow dunes
where significant dune lowering prior to inundatioccurs. Inundation for the rest of the
storms of the historical set occurs mainly at Ohiet, within the Wilderness Area.
Inundation occurs at low profiles (about 9 ft NGVar)at relatively narrow profiles with
dune heights between 12 and 15 ft NGVD where theeduas lowered about 4 to 6 ft
prior to inundation by wave runup (in SBEACH).

Inundation of the dunes can lead to the formatiba €ull breach or a partial breach.
Figure 9-5 and Figure 9-6 present the locationsstons for which either a full breach
or a partial breach occur. From the historical agfestorms, only the September 1938
storm produced a breach at the Wilderness Areajfggadly at Old Inlet. As observed in
Figure 9-8 the storm opens a breach at Old Inled &ication where the initial dune
height was just below 9 ft NGVD. East of this laoat and in areas with similar or even
lower initial dune heights, the storm only creagegartial breach with a large washover
fan. This morphological response is a consequeic wider barrier island and the
presence of shallow marshes at the bay side dbdhger island in the eastern location.
The September 1938 storm also created partial bhesaat Smith Point County Park,
Tiana Beach, and West of Shinnecock. About tegelavashover fans were created by
channelized overflow at these locations. Figure t8-Figure 9-11 present the pre- and
post-storm model topography in these areas togetitlr the morphological changes
produced during the simulation. As these figureshdnstrate, depth and width of these
overwash channels vary from location to location.

Figure 9-12 presents cross sections through 4itowatvithin the vulnerable areas where
the largest dune erosion values were modeled.rergé these profiles correspond to the
lowest profiles in the vulnerable area, and themdated before any dune lowering prior
to inundation occurred. Here, inundation occur®rpto any pre-inundation dune

lowering. Consequently, all morphological changeshese locations are simulated by
Delft3D. It should be noted that in other profilegh higher dunes the pre-inundation
contribution , simulated with SBEACH, to morphologji changes is more important, and
in some cases, the dune is only lowered due toprifinundation does not occur. From
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the profiles presented in Figure 9-12, only the ¥ésShinnecock profile includes some
dune lowering prior to inundation.

The simulation of the September 1938 storm duriigh tspring tide produces larger
morphological changes in the barrier island thars¢hchanges produced by the historical
storm. The September 1938 storm at high tide presladditional full breaches at Smith
Point County Park and West of Shinnecock and agbdmteach at Tiana Beach. At Old
Inlet the storm develops a wide and deep full dremad a smaller breach at the eastern
area where only a partial breach developed for historical- storm. In addition,
significant overwash is observed at Robins Reshiwithe Western Fire Island reach.
Morphological results from the September 1938 ahhspring tide are presented in
Figure 9-13 to Figure 9-18.

The second largest storm of the historical sehés $eptember 1985 hurricane Gloria.
This historical event happened during low tide ate simulation under Baseline

Condition topography results in a limited numbepwérwash events, due to runup only.
The additional simulation of the Hurricane Gloriahagh spring tide under Baseline

Conditions topography opens a wide and deep feldn at Old Inlet and a second one
east of this location. In addition it also opensesal partial breaches at Smith Point
County Park. This storm. creates the most pronoumserphological changes at the

Western Fire Island reach though none of thesewasdr events developed into a full or
partial breach. Figure 9-19 to Figure 9-23 prestet pre- and post-storm model

topography for Hurricane Gloria® at high "spring tideder Baseline Conditions

topography together with the morphological changesduced in the barrier island

during the simulation. Finally, Figure 9-24 preseatoss sections through 4 locations at
the vulnerable areas where the largest dune ergsioes were simulated.

9.5 Summary

A total of 36 historical and 21 additional stormeressimulated under Baseline
Conditions of the barrier island. Within the higtal set, the peak water elevations at
Great South Bay are produced by extratropical stosmile tropical storms generate the
peak water levels at Moriches and Shinnecock Bawt of the 57 simulated storms, the
additional September 1938 storm at high springpigeluces the highest peak water
levels in all the bays. Only a small number ofsi® (the historical September 1938, the
additional September 1938 at high spring tide atthéitional September 1944 at high
spring tide, the additional September 1985 at Bging tide, and its variations, and the
additional November 1950 extratropical storm ahlsgring tide) have a significant
contribution to the water levels in the bays duewerwash/inundation of the barrier
island. In addition, only these storms producddbiteaches or partial breaches at the
barrier island. Modeling results indicate that W#derness Area ,and particularly Old
Inlet, is the most vulnerable location of the barisland being followed closely by Smith
Point County Park. These areas represent the |lauests of the study area under
baseline conditions.
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Storm Date WFI CFlI WA SPCP TIANA WOSI
38/9/18

44/9/12
51/10/2
54/8/27
54/9/8
54/10/13
60/9/9
61/9/17
71/8/25
72/6/19
76/8/7

Tropicals

85/9/24

91/8/16
99/9/14

OVERWASH

PARTIAL BREACHING

_ FULL BREACHING

Storm Date WEFI CFI WA SPCP TIANA WOSI
50/11/22
53/11/4
55/10/11
56/9/25
62/3/3
77/11/5
78/1/17
78/2/4
79/1/22
80/10/22
Extra- 84/3/26
tropicals 85/2/9
91/10/27
92/1/1
92/12/8
93/3/2

93/3/9

94/2/28
94/12/21
96/1/5
96/10/6
98/2/2

Figure 9-5: Morphological response of the barrier island forthe Historical Set of
storms by vulnerable area (WFI: Western Fire Island; CFIl: Central Fire
Island; WA: Wilderness Area; SPCP: Smith Point County Park TIANA:
Tiana Beach and WOSI: West Of Shinnecock Inlet)
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44/9/12 A 1.0

44/9/12 A 0.9

44/9/12 A0.3
54/8/27 A 1.0
60/9/9 A 1.0

Tropicals
60/9/9 A 0.3

85/9/24 A 1.0
85/9/24 A 0.9r
85/9/24 A 0.9f
85/9/24 A 0.5

85/9/24 A 0.37

85/9/24 A 0.2

50/11/22 A 1.0
52/11/3A 1.0
Extra- 62/3/3A 1.0
Tropicals' | 80/10/22 A 1.0
92/12/8 A 1.0
93/3/9 A 1.0

OVERWASH

PARTIAL BREACHING

_ FULL BREACHING

Figure 9-6: Morphological response of the barrier island for the Additioral Set of
storms by vulnerable area (WFI: Western Fire Island; CFIl: Central Fre
Island; WA: Wilderness Area; SPCP: Smith Point County Park; TIANA:
Tiana Beach and WOSI: West Of Shinnecock Inlet)
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Figure 9-7:  Historical Storm September 1938 under Baseline Cditions
Topography. WESTERN F.l. COMMUNITIES. Model topography: (Top)
Pre-Storm (ft MSL) and (Middle) Post-Storm(ft MSL) . (Bottom) Storm
induced morphological changes in ft. (Blue — Erosion, Red — Deposition).
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Figure 9-8: Historical Storm September 1938 under Baseline Cditions
Topography. OLD INLET. Model topography: (Top) Pre-Storm (ft MSL)
and (Middle) Post-Storm(ft MSL) . (Bottom) Storm induced morphological
changes in ft. (Blue — Erosion, Red — Deposition).
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Differences (ft)
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Figure 9-9:  Historical Storm September 1938 under Baseline Cditions
Topography. SMITH POINT C. P. Model topography: (Top) Pre-Storm (it
MSL) and (Middle) Post-Storm(ft MSL) . (Bottom) Storm induced
morphological changes in ft. (Blue — Erosion, Red — Deposition).
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Figure 9-10: Historical Storm September 1938 under Baseline diditions
Topography. TIANA BEACH. Model topography: (Top) Pre-Storm (ft MSL)
and (Middle) Post-Storm(ft MSL) . (Bottom) Storm induced morphological
changes in ft. (Blue — Erosion, Red — Deposition).
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Figure 9-11: Historical Storm September 1938 under Baseline diditions
Topography. WEST OF SHINNECOCK. Model topography: (Top) Pre-
Storm (ft MSL) and (Middle) Post-Storm(ft MSL) . (Bottom) Storm induced
morphological changes in ft. (Blue — Erosion, Red — Deposition).
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Figure 9-12: Historical Storm September 1938 under Baseline diditions
Topography. Morphological changes along Cross-sections (note: Dune
lowering refers to lowering prior to inundation of the dune)
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Figure 9-13: Additional Storm September 1938 under Baseline ddbditions
Topography. WESTERN F.l. COMMUNITIES. Model topography: (Top)
Pre-Storm (ft MSL) and (Middle) Post-Storm(ft MSL) . (Bottom) Storm
induced morphological changes in ft. (Blue — Erosion, Red — Deposition).
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Figure 9-14: Additional Storm September 1938 under Baseline ddditions
Topography. OLD INLET. Model topography: (Top) Pre-Storm (ft MSL)
and (Middle) Post-Storm(ft MSL) . (Bottom) Storm induced morphological
changes in ft. (Blue — Erosion, Red — Deposition).
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Figure 9-15: Additional Storm September 1938 under Baseline ddditions
Topography. SMITH POINT County Park Model topography: (Top) Pre-
Storm (ft MSL) and (Middle) Post-Storm(ft MSL) . (Bottom) Storm induced
morphological changes in ft. (Blue — Erosion, Red — Deposition).
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Figure 9-16: Additional Storm September 1938 under Baseline ddbditions
Topography. TIANA BEACH. Model topography: (Top) Pre-Storm (ft MSL)
and (Middle) Post-Storm(ft MSL) . (Bottom) Storm induced morphological
changes in ft. (Blue — Erosion, Red — Deposition).
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Figure9-17:  Additional Storm September 1938 under Baseline Cditions
Topography. WEST OF SHINNECOCK. Model topography: (Top) Pre-
Storm (ft MSL) and (Middle) Post-Storm(ft MSL) . (Bottom) Storm induced
morphological changes in ft. (Blue — Erosion, Red — Deposition).
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Figure 9-18: Additional Storm September 1938. Morphological changealong

Cross-sections (note: Dune lowering refers to lowering por to inundation of
the dune)
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Figure 9-19: Additional Storm September 1985 under Baseline ddditions
Topography. WESTERN F.l. COMMUNITIES. Model topography: (Top)
Pre-Storm (ft MSL) and (Middle) Post-Storm(ft MSL) . (Bottom) Storm
induced morphological changes in ft. (Blue — Erosion, Red — Deposition).

USACE — New York District
DRAFT 7 July 2006 8-26



FIMP — Baseline Conditions Storm Surge Modeling argtage-Frequency Generation

Elevation (ft)

Differences (ft)
W<-80

Figure 9-20: Additional Storm September 1985 under Baseline ddditions
Topography. OLD INLET. Model topography: (Top) Pre-Storm (ft MSL)
and (Middle) Post-Storm(ft MSL) . (Bottom) Storm induced morphological
changes in ft. (Blue — Erosion, Red — Deposition).
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Figure 9-21: Additional Storm September 1985 under Baseline ddditions
Topography. SMITH POINT COUNTY PARK Model topography: (Top)
Pre-Storm (ft MSL) and (Middle) Post-Storm(ft MSL) . (Bottom) Storm
induced morphological changes in ft. (Blue — Erosion, Red — Deposition).
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Figure 9-22: Additional Storm September 1985 under Baseline ddditions
Topography. TIANA BEACH. Model topography: (Top) Pre-Storm (ft MSL)
and (Middle) Post-Storm(ft MSL) . (Bottom) Storm induced morphological
changes in ft. (Blue — Erosion, Red — Deposition).
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Figure 9-23: Additional Storm September 1985 under Baseline ddbditions
Topography. WEST OF SHINNECOCK. Model topography: (Top) Pre-
Storm (ft MSL) and (Middle) Post-Storm(ft MSL) . (Bottom) Storm induced
morphological changes in ft. (Blue — Erosion, Red — Deposition).
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Figure 9-24: Additional Storm September 1985 under Baseline ddbditions
Topography. Morphological changes along Cross-sections (note: Dune
lowering refers to lowering prior to inundation of the dune)
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10. Stage Frequency Methodology
10.1 Important Probability Concepts

To develop stage-frequency relationships, proldgitiethods must be applied-based on
peak water level records (historical or simulatedfhe probability, P(X=x), is the
probability that an event, X, will occur and be abuwo some prescribed value, x.
Probability of exceedance, P(Xx), is the probability that an event, X, will occun, i
some prescribed time interval, and exceed x. Pibtysof exceedance, PEX), is equal

to the sum of all probabilities, P(Xgxwhere x> x. For example, if a peak water level
of 1 m has a probability of exceedance of 0.9,ah&l 90% chance that peak water level
will exceed 1 m. Conversely, tipeobability of nonexceedance, P(Xx), is equal to 1-
P(X>x) and is the probability that no event, X, willooe and exceed some prescribed
value, x. For this study, probability of exceedamcanalogous tisequency. Typically,
engineers present_stage-frequency relationshipgenms of return period. Return
period, Tr, is the reciprocal of the probability of exceeda(iGé<)=1/P(X)).

To associate probability with a given event, inecessary to assume the population of
events follows some defined probability distributio A cumulative distribution
function (CDF), F(x), Is a function that describes the probability ohexceedance, such
that F(x)= P(&x). The probability density function (PDF), f(x), is defined as the
derivative of the cumulative distribution functiditx)=d/dx(F(x)). The most well-known
PDE is the normal (Gaussian) distribution functionbell curve.

Two approaches were adopted for this investigatigrpeak-over-threshold analyses to
determine the frequency of moderate and large wkseel events and 2) annual
maximum analyses to estimate the frequency of swaiér level events. Further, the
population of storms was divided into two distigctifferent sets: extratropical and
tropical.

10.1.1 Peak-Over-Threshold Analyses

Peak-over-thresholdmethods involve analyses of peak water level gcon extract a
subset of N peak values exceeding some prescrimedf criteria, such as a maximum
expected annual tide or similar. This subset enthanked, with rank n, in order of
magnitude and assigned a probability, P. For me@k-threshold analyses, the
probability of water level event occurring duringparticular interval along with the
probability of that event exceeding a certain valuest be determined. Thampirical
Simulation Technique (EST)was used to determine CDF, F(x), values that spoed
to probability of an event causing a water levebrabelow a specified water level, given
that an event occurs. The EST is detailed in Gha@.2. For this study, the number of
storms in aime interval, t, is modeled with the Poisson distribution (Borgm2003).
ThePoisson distributionis:
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Equation 10-1
e (At)m

m

F(IM =m)=

where:

)\ is theaverage rate of occurrence
(ex. 14 storms in 72 years givies(14/72)=0.194)
P(M = m) is the probability of M=m occurrences in the ifrert.

Then, the return period for a particular event énével) is:

Equation 10-2

_ 1
"= F W)

For peak-over-threshold analyses, 22 extratropgeaints in 49 years and 14 tropical
events in 72 years were used (Chapter 2.2 and Taldg This corresponds to
MropicaF0.194 andexiratropicar0.449.

10.1.2 Annual Maximum Analyses

Annual maximum methods involve extracting the peak water leveluogng in each
year of the record, N values (N equals number afg)e These annual values are then
ranked, with rank n, in order of magnitude and gis=il a probability, P. For annual
maximum_analyses, the Weibull plotting positionnfiofa was used to determine CDF,
F(x), values:

Equation 10-3

n
F(x) =
™ N +1

Return period is then computed as:

Equation 10-4

1
K (X)_l—F(x)

Details on how annual maximum analyses were coedufttr this study are in Chapter
10.3.

10.1.3 Combined Storm Populations

Two distinct storm populations were considered tfis study: extratropical events,
characterized by extratropical weather patterns durdtions on the order of days, and
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tropical events, characterized by cyclonic weathaterns and durations on the order of
hours. Assuming that the extratropical and trdpatarm populations are mutually

exclusive, the probability of a given water levecorring for both (combined)events is

the sum of the probabilities for extratropical anapical events (Ang and Tang, 1975).
Thus, the combined return period, including bothraropical and tropical events, is

defined as:

Equation 10-5
T 1

combined( X) =
1 1
+
Ttropical (X) Textratrop'cal (X)

10.2 Empirical Simulation Technique (EST)

Parametrie_and nonparametric methods may be used to determindability
distributions. Parametric methods assume that stioem population follows some
prescribed probability distribution, for examplenarmal (Gaussian) distribution. In
contrast, nonparametric methods do not presumstabdition; instead the distribution is
computed from the available data. When selectingethod for use with a particular data
set, It is important to realize that nonparametnethods are more appropriate when the
population distribution is unknown, while parametmethods are more appropriate if the
distribution is known beforehand. As such, nonpeatic methods are more appropriate
for the storm water levels in the FIMP study.

Empirical Simulation Techniques (EST) are a grodpnonparametric methods for

proceeding directly from hydrometeorological stadata to simulations of future storm

activity and coastal impact, without introducinggraetric assumptions concerning the
probability law formulas and related parameterthefdata.

Two procedures, one univariate (1-D) and the otheltivariate, were used in the FIMP
studies. The 1-D EST methodology, using water lleag the dimension, and the
reasoning behind its selection for creating thgesfaequency curves for this study are
discussed in more detail below.

The multivariate EST will be used in conjunctionttwSBEACH for modeling of beach
profile response and estimation of storm-induceastad changes, primarily for economic
life-cycle analysis. Since the multivariate ESEaisultiple dimensions including water
level, storm duration, and wave height, it is aprapriate choice for evaluating erosion
responses since there is more than one order-ayeegy influencing profile erosion
response. This SBEACH modeling and subsequentdrexyuanalysis is a separate effort;

8 Here, the parametric and nonparametric are temssrihing statistical methods and are not related t
references to parameters (such as wind speed, sty etc.).
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therefore, it is not addressed in this report. BReCHL-99 (Scheffner et al., 1999) for a
complete description of the multivariate EST.

10.2.1 Univariate (1-D) EST Methodology

The 1-D EST method used herein employs the invatsepolation method of Zelen and
Severo (1964). This method uses uniform randombausto interpolate water levels
from an empirical CDF (EDF) constructed from thegmented historical storm
population to simulate possible future peak wateel CDF’s. In comparison with the
multivariate EST, the 1-D, inverse-interpolationTE®corporates a much better control
of the extremal behavior of the simulated CDF'secsfically for the EDF upper tail
(extreme values not defined by the historic recordjhe upper-tail fit of the historical
EDF is carefully examined to ensure that it is oeably consistent with the curvature of
the largest few historical data points. This exmfion is-direct and allows simple
intuitive evaluation. In contrast, the simulatedremes for the multivariate, kernal-
smoothed EST is much-more difficult to verify. Téisadvantage of the 1-D EST is that
it is restricted to one dimension, water level.r #os study, 1-D EST is the better choice
for accurate stage estimation for long return mkyithat reach beyond the length of the
historical record. Specifically, it is a more stiéically-conservative approach because it
improves the reliability at longer return periodslowever, caution should still be used
any time stage estimates are extrapolated beyase tteflected in the historical record.

While the 1-D EST is more advantageous for anafyzieak storm water levels, the
multivariate and 1-D EST methods do serve as gdwtks on each other. For a few
output locations, comparisons were made betweea-h&EST employed herein and the
multivariate EST adopted by USACE CHL. All of teesomparisons show that the
results vary little from one another, and that aayiation is well within the reliability
bands.

Using the final representation of Delft3D- and ARCG-simulated storm water levels,
including both historical storms and additional #ostoric storms, the development of
the stage-frequency curves with the 1-D EST proegéd three steps: (1) construction of
historical EDF, (2) inverse-interpolation to generéuture CDF possibilities, and (3)
generation of stage-frequency relationships. Bilewing describes each of these steps.

Historical Empirical Distribution Function (EDF)

For each output location in Table 2-5, peak storatewlevels predicted by DELFT3D or
ADCIRC were analyzed to develop an EDF. Thesarsfmeak water levels were ranked
in order of increasing magnitude and assigned bafitity based on:

Equation 10-6

EDF(x) = —
N+1
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where:
n is the individual storm rank
N is the total number of peak water levels in thg(tsepical or extratropical).

The equation above creates an empirical estimatieeofumulative distribution function
for tropical and extratropical events, separatedysample EDF is given in Figure 10-1.
A smoothing spline, least-square, curve-fitting iImoet was use to extend the EDF curve
from the plot position of the extreme values oufptobability 1.0 (dashed line at the
upper right portion of the curve in Figure 10-1faut to probability 0.0 (dashed line at
the bottom left portion of the curve in Figure 10-TThus, the EDF was fully estimated
for all probabilities on [0.0, 1.0].

The curve-fitting method, or tail-completion methdéal extending the EDF to 0 and 1, is

based on Borgman (2003, draft). This tail-completmethod uses weighted spline

methods and decreases the extent by which sulgedéeisions are required. For this

study, the upper tail was-designated as unboun@iecencourage realistic behavior in the

unbounded upper tail, a magnet point was employdids magnet point was assigned a
very small weight in the spline calculations andwat at a water level equal to the mean
plus 5 standard deviations of the storm water [gyalilation and at EDF(x) = 0.9999997.

Sensitivity analysis on the selection of the magént showed negligible changes in the
resulting upper tail fit.

It should be noted that the upper tail-completicethnd employed for FIMP is consistent
with other well-known parametric methods, such asn@el. Specifically, select tests on
the upper tail fit employed here show that altexnapper tail-completion methods
produce extreme values that fall well within théatality bands of the 1-D EST tail-
completion method.

For this study, the lower tail was designated asnbed since the lowest possible
extreme water level is limited to an annually ocityy peak water level, usually
associated with a small storm event. Details aimbing the lower tail are presented in
Chapter 10.3, below.

EDT Perturbations by Inverse Interpolation

To develop alternate future “pseudo-historic” EDIRsgrse interpolation was employed.
In developing these future EDF representationss ibherently assumed that all future
storm surge events will be statistically similar gast storm surge events. Uniform,
independent, random numbers were generated andoms#te historic EDF [0.0, 1.0]-
axis to inversely interpolate back to the watereleaxis (Figure 10-2). These selected
water levels were used to create new, “accides&t of supplemental storm peak water
levels that are consistent with the historic EDH present a random perturbation of what
might occur during the same length of time at séub@re date. One thousand such sets
of possible future “pseudo-historical” data setgevproduced for each output station.
The upper and lower tails of their EDFs were coragut the same manner as for the
historical EDFs (see above).
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Stage-Frequency Curves

The 1000 EDF perturbations were ranked in ordenofeasing magnitude to estimate
the median and the two quartiles (i.e., the 50¢qmile, the 25-percentile, and the 75-
percentiley of the EDF distribution. Then the EDF median godrtile EDF results were
converted to stage-frequency curves following Eiguail0-2. The median result was
plotted as the stage-frequency curve, while the dquartile results were plotted-above
and below the median curve as indications of réitgpor spread (Figure 10-3). The
mean and standard deviation were also computedwvathdbe used In subsequent
economic analyses. The mean and standard deviedionlation-method employed for
this study assumed a robust lognormal distributiat allows skewness and provides a
stable estimate based on the statistical distobutf the EDF perturbations.

This treatment was made to tropical-and extratedpgtorms. separately, and then
combined using Equation 10-5 to produce combinagestrequency curves.

10.2.2 Accounting for Other Non-Historical Storm Possibilities

Storm landfall timing relative to astronomical tidenditions is accidental. The peak
flooding in the storm could just as well have hamska few hours sooner or later when
the background astronomical tides were differentlsoA slight differences in
meteorological conditions could have caused thersfmath a few miles left or right of
where it actually passed. Thus, one might be jestiin saying that these variations on
what actually occurred should be given equal Ih@dd with the actual historical event in
any engineering decision arising from the dataysisl

However, there is a limit on how far one shouldigancorporating non-historic storms
in the analysis process. The selection of additiat@narios involves considerable
judgment. Therefore, it may not be defensible tdude them in the analysis unless there
is a good physical basis for it. For exampledfah timing may be totally random, but
storm path and landfall location are at least phlytidetermined by coastline geometry
and typical background meteorological conditions.

Non-historical storm events were considered to aetcdor other plausible scenarios.
Specifically, these additional storms account foorensevere events and achieve a
smooth alongshore distribution of stage-frequersgtionships. All decisions made
regarding the inclusion or exclusion of non-hist@iorm events were made such that 1)
probability of the event could be well defined &)deasoning was both physically sound
and defensible.

Astronomical Tide Variation

The peak water level that occurs during the passhgestorm depends on the sequencing
of the astronomical tide with the storm surge. Tikidlustrated in Figure 10-4, which
shows sample time histories of astronomical tittans surge, and the two combined as a

9 For example, the ¥5percentile is defined as the value where 25 peérizdinbelow and 75 percent lie
above.
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prediction of what happened in the storm. Thedottime history shows that the peak
water level was about 1.8 m (5.9 ft) and occurrledua 75 hours after the start of the
simulation (approximately 40 hours after the aifrighthe storm). Knowing that the
historical timing of any given storm is accidentiljs reasonable to assume that the
storm could occur at any time within some intervaherefore, the accidental occurrence
of the astronomical tide anywhere within the 4-wpekiod, one lunar cycle, surrounding
the historical occurrence was considered. For shisly, the accidental occurrence of
storm surge relative to astronomical tide cycledoy given storm could result in peak
water level differences of as much as 1.5 m (&tfcean stations.

The problem of astronomical tide timing relative storm occurrence can be studied
easily if the hydrodynamic conditions are such thater level is a simple linear sum of
surge plus tide. The linear combination case wagstigated by moving the surge
hydrograph (i.e. the middle plot in Figure 10-4),new arrival or start times relative to
the top plot of tide time history, and computingeav alternate peak water level from the
maximum of the shifted surge plus tide. This cotapan was repeated with the surge
hydrograph shift incremented by 0.1 hour within #h&veek period surrounding the
historical occurrence. Thus, for each of the 3ohis events listed in Table 2-3, a set of
6720 peak water levels was obtained for the rarigareval times. This 0.1-hour time

stepping was performed separately for each of theuBput locations.

The bottom graphs in Figure 10-5 and Figure 10-#plgically display the 6720 peak

water levels computed at Old Inlet (Station'9) flee 1938 Hurricane and Hurricane
Gloria (1985), respectively. As the figures indegeak water level distribution over the
4-week period is continuous. If the storm arriadgtle more out of phase with high tide,

the peak water level will be ' much less. On the ottend, if the storm arrived so as to
reinforce high tide a little more, the peak watevrdl could have been still higher than
what historically happened. Computing the probbildensity, and associated

cumulative probability, summarizes the peak watgel variation with storm-start time.

The resulting CDFs (tide-CDF) for the peak wateels plotted in the bottom graphs in

Figure 10-5 and Figure 10-6 are plotted at the dbgach figure. These tide-CDFs

represent the variability in peak water level raaglfrom the random occurrence of the
storm with astronomical tide. As the figures sh@&ak water levels when the surge
peak is coincident with extreme, or spring, highl &ow tide conditions have a small

occurrence probability. This result is intuitive @astronomic water levels associated with
high and low spring tide occur only a handful ehéis during each lunar cycle. Also, as
expected the median peak water level condition rscauhen the surge peak is

approximately coincident with a mid-range, risingfalling, tide. The median peak

water level is about 1.93 m (6.33 ft) and 1.97 mi§6ft) for the 1938 and 1985

hurricanes, respectively. The square and vertioal on the top plots in both figures

shows the peak water level from the historical o@nce of the event.

Figure 10-5 shows that the historical 1938 Hurrecamade landfall along Long Island
nearly at high tide. Consequently, the peak wigezls are somewhat larger than what
such a storm would produce on average. The ompasittrue for the historical
occurrence of Hurricane Gloria in 1985. Here,dteem made landfall around low tide

USACE — New York District
DRAFT 7 July 2006 9-9



FIMP — Baseline Conditions Storm Surge Modeling argtage-Frequency Generation

1 T

081

06

CDF

0.4

Peak Water Level [Im)

400

i =
1 1.2 1.4 1.6 1.8 2 22 2.

26 28

200

(=)
T

-200 -

Surge Shift Start Time  (hiours)

-400 ‘ ‘
b

Linearly-Estimated Peak Water Level [t

| |
1.2 1.4 1.6 1.8 2 22 2.4

26 2.8
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such that peak water levels were much smaller Wiaat the storm would produce on
average. The timing of these historical stormsuoed with timing to place its peak
water level at about the 80and 10" percentiles for the 1938 and 1985 hurricanes,
respectively.

The tide-CDFs in Figure 10-5 and Figure 10-6 prevachatural means for accounting for
storm water level extremes and distribution as tiedgte to the accidental occurrence of
tide with surge. Folding this information into tEST analysis discussed in Chapter
10.2.1 results in a smoothing of the 1-D EDF curvEse lump of probability assigned to
each historic water level can be apportioned otih wie tide=CDF. This Is achieved by
replacing the historic peak water level with thedme tide-CDF peak water level
(corresponding to tide-CDF=0.5) at its approprikdeation on the EDF curve, and
assigning the probabilities over the interval oékevater levels based on the tide-CDF.
Figure 10-7 and Figure 10-8 illustrate this proce8&ithin the EST program, this is
accomplished by using the Tide CDF as akernel fooathing the raw 1-D EDF
(Borgman, 2003).

A significant advantage of incorporating the tiddbFs is that upper tail of the 1-D EDF
is more-adequately estimated with a procedure ghaitvs naturally out of the tidal
sequence information. The validity of the returmiqges estimated with the upper tail is
strengthened by the improvement of the upper ta@lemnination. This will not
necessarily reduce the magnitude of uncertaintydfabut does make neighboring,
hydrodynamically similar sites more consistent wotie another. As will be discussed
further in Chapter 12, accounting for astronomitdé variation for the FIMP study
produced stage-frequency results that slowly vdongshore and are consistent within
the bays.

To implement the above approach, total water Iéwelrographs during the historical
passage of the storm were simulated with ADCIRC Bwdft3D. Storm-surge-only
hydrographs were then extracted from the total waeel hydrographs for use in
generating tide CDFs.

Unfortunately, the linear superposition assumptemployed in developing the tide
CDFs is not always applicable for all storms or & stations within FIMP. In
particular, bay stations (those modeled with Déljtare influenced by nonlinear effects
including overwash, breaching, and flow constrictat the inlets. As such, additional
simulations with Delft3D were required to providettier tide-CDF estimates for some
storms. The procedure for selecting and simulagitidjtional storms for this purpose is
discussed in Chapter 10.5.

Hypothetical Storms

The storm surge at specific location depends originength” of the storm, which is
mostly determined by its size (i.e., typically chaterized by the radius of maximum
winds), forward velocity, and pressure deficit, gig/sical characteristics of the area (i.e.,
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coastline geometry and bathymetry), and the stoaokt(i.e., how close is the location of
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Figure 10-7. lllustration of tide-CDF kernal application on historic storm EDF.
The EDF shown is the EDF computed from the simulated peak watenlels
for historical tide conditions.
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Figure 10-8. lllustration of an adjusted EDF following tide-CDF kernal apgication.
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interest to the storm path). Therefore, previdass surge studies in this area, including
FIMP studies using WIFM (Butler and Prater, 1988l asing ADCIRC (Scheffner and
Wise, 2001), considered the possibility of additibmypothetical storms based on
perturbations of the historic events. In the WIBMdy, synthetic or hypothetical storms
were developed as a required step in the JointaPitity Method (JMP) used to develop
stage-frequency results. In the Scheffner and Wiady, these storms were used to
“supplement the training set [of historic stormsltisat all stations within the study [area]
experience a maximum intensity event” (Scheffnel Afise, 2001). A similar approach
was considered for the present study and ultimaeécted for the following reasons:

1) Stage-frequency relationships for the presemtyshave been developed using the
Empirical Simulation Technique (EST). A detailegisdription of the methodology and
results are presented in the above sections andt€&h®2, respectively. The principal
advantage of this method is that it does not relyassumptions concerning parametric
descriptions of the water level statistics or thetistics of underlying storm
characteristics (e.g., storm track). 'Thereforedies not require development of
hypothetical or synthetic storms representativeprabability distributions for various
storm parameters like the JPM method does.

2) Storm landfall timing may be totally random, lather storm parameters such as
pressure deficit, radius to maximum winds, storrth @nd landfall location are at least
partially determined by the local coastline geometnd typical background
meteorological conditions. Hurricane track anddfail location are arguably more
accidental and easier to assign hypothetical vatoethan other storm parameters.
However, the historic data available for the projaea (see Figure 10-9) suggest that
most storms follow a southwest to northeast traakalgel to the New Jersey coast
striking Long Island east of Jones Inlet and fellof® a track from south-southeast (i.e.,
from sea) to north-northwest. Furthermore, onlg eignificant hurricane, in 1893, made
landfall west of Jones Inlet.

However, the possibility of major hurricanes immagtany location along the project
length should be considered. To that end, Schefind Wise supplemented the historic
set of storms with two synthetic 1938 storms makargifall 40 mi (64 km) to the west
of the historic landfall location in eastern Gr&atuth Bay. The authors argued that the
1938 hurricane, which is the storm of record fovMP| produced larger surge values at
the east end of the project area than at the wekt €herefore, they introduce this track
variation so all stations along the project argaeeience this “maximum intensity event”.
While there is no strong physical justification &rifting the track by that specific or that
large a distance, it is recognized that such lamgetions in storm track could produce
significant changes in storm surge.

To determine how stage-frequency relationship wdaéldmpacted by track variation for

this study, a set of sensitivity tests were coneldictA 9.3-mi (15-km) track shift distance

was selected as a reasonable random variatiomdestaased on the radius to maximum
winds for this storm (Edge, personal communicajionhis distance was considered to
be representative of a small track perturbatictmerathan a completely new track, as

USACE — New York District
DRAFT 7 July 2006 9-13



FIMP — Baseline Conditions Storm Surge Modeling argtage-Frequency Generation

= iz
w [

SEP, 1938

HAZEL

CONNIE

T T T T 71 1
0 30 60 120‘Mi|es A

Figure 10-9: Historical hurricane tracks between 1850-2003 (NHC online databas

considered in the Scheffner and Wise study. Cenaitbn of track variations larger than
one radius to maximum winds was considered impralcfor this study for the reasons
above.

The sensitivity tests, conducted with ADCIRC byftshg the historic wind and pressure
fields for the 1938 hurricane, a major hurrican8&,1@i (15 km) to the east and 9.3 mi (15
km) to the west, demonstrated that water leveletiffices with respect to the historic
event were well within 0.3 m (1 ft) at ocean stasi@nd around 0.15 m (0.5 ft) or less at
stations in the three bays (Figure 10-10 to Figul3). These peak surge differences
are small compared to differences associated wélatcidental astronomical tide timing.
Furthermore, water level differences for the wegtshifted storm generally showed a
positive bias while the easterly-shifted storm galhe showed a negative bias of equal
magnitude. This indicates, that if both shifts acpally weighted in the statistical
analyses to determine stage-frequency, their effeatl nearly cancel each other.
Because the predicted differences in surge as eidfunof storm track are small with
respect to those differences in surge as a funciiastronomical tide, it is assumed for
this study that any contributions to the range (imaxn and minimum) about the mean
stage value by track variation are negligible.

3) More importantly, a similar effect (i.e., alloalgshore stations experiencing a
maximum intensity event) may be accomplished with tide phase shifting approach
described above. Specifically, Hurricane Glorid @85 produced storm surge (no tide)

USACE — New York District
DRAFT 7 July 2006 9-14



FIMP — Baseline Conditions Storm Surge Modeling argtage-Frequency Generation

Ocean Stations
2.5 e
4
/
/
2.3 | en
e %
/’ * /,

2.1 ,' o ,'
— 4 o 4
£ Aot 9
gl.g /,', a /%o ,,' ¢ 1938 west 15km
ES r ¢ R o 1938 east 15km
2 e *o 7’
x 1.7 ’ ’ match
g /, * o l’ B 0.3
= ————minus 0.3 m
; 1.5 ",“ § ", lus 0.3

. o ————plus 0.3 m
g /,00 g P
= V4 0O «
%) 7 e

1.34 4 ’

4 o |2
v 4
4
1.1 B°,~
. 5 /,
D,’
0.9 £
0.9 1.1 1.3 1.5 1.7 1.9 2.1 2.3 2.5
Historical Surge (m)

Figure 10-10. Difference in ocean peak water levels from simulations of the 1938
hurricane with wind and pressure fields shifted 15 km to the east ahwest
and peak water levels from the historical simulation.

Great South Bay Stations

o 1938 west 15km
o 1938 east 15km
match

————minus 0.15m

————plus 0.15m

Shifted Track Surge (m)

0.4 > T
0.4 0.6 0.8 1.0 1.2 1.4

Historical Surge (m)

Figure 10-11. Difference in Great South Bay peak water levels from simulatis of
the 1938 hurricane with wind and pressure fields shifted 15 km to the das
and west and peak water levels from the historical simulation.
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Figure 10-12. Difference in Moriches Bay peak water levels from simulatienof the
1938 hurricane with wind and pressure fields shifted 15 km to the east dn
west and peak water levels from the historical simulation.
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Figure 10-13. Difference in Shinnecock Bay peak water levels from simulatis of
the 1938 hurricane with wind and pressure fields shifted 15 km to the das
and west and peak water levels from the historical simulation.
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values along the western portion of Long Island #ra similar to those generated by the
1938 Hurricane along the eastern portion of Lomani$ (Figure 10-14). In addition, the

storm tracked farther west (through Jones Islardl dose to the western hypothetical

track of the 1938 Hurricane used by Scheffner andeVih their study). However, as

explained above, the timing of this storm and tide tresulted in total water levels

significantly lower, by about 1.5 m (5 ft), thamose that would have occurred had the
storm hit close to high tide. By considering aitslil storm-surge combinations during

Hurricane Gloria, maximum water levels along thestem end of the project are very
close to those measured during the 1938 Hurricioreyahe eastern end of the project.
In fact, Figure 10-15 shows that peak water le\atsng the project shoreline after

considering all storm-tide combinations are vernikir-(the maximum difference is less

than 1 ft (0.3 m)).

In conclusion, the peak water level conditionsHtvIP are evenly distributed alongshore
by incorporating the tide CDF'’s introduced abovee(€hapter 12). Therefore, for the
FIMP study hypothetical storm tracks were not useturther smooth alongshore water
level variability.

10.3 Employing Annual Maximum Analyses

EDFs developed only from the peak-over-threshaddnstset, i.e. large events, presented
in Chapter 2.2 underestimate water levels for e/essociated with return periods less
than 10 years, as determined by comparison with NOgage data at the 3
NOAAlocations. Because it is impractical to simalall storms with surges exceeding
the

annual event surge, an adjustment to the EDF |dak was required to better reflect
water levels associated with small events withengloject region.

Because long-term measured peak water level reawdsot exist for the 80 output
stations of interest, several assumptions were nieeed on available measurements, to
account for the effects of small storms. To usenash information as is known from
measurements regarding lower return period watgelde long-term measurement
records were analyzed. These analyses allowedagpewent of lower-tail criteria that
force low return period water levels at the 80 FIMIRput stations to more reasonably
match trends in measured low return period wateelee The following paragraphs
outline the procedure adopted for this study.

First, data from 3 NOAA stations (Sandy Hook, ThattBry, and Montauk Fort Potyi
were analyzed to extract annual peak water lewelshke extratropical storm population.
Peak monthly water levels were extracted from &OWA time series for the long-term
gage record. Gage record lengths varied betwegre&’ s, at Montauk Fort Pond, and 72
years at The Battery. Then the annual peak eapigil water level for a given year was
selected as the peak of the monthly water levetsluding any peak water levels
associated with a tropical event. Finally, forreateasurement station, CDFs were

10 Data from Newport, Rl were not analyzed here beeaADCIRC simulations at this location were only
available for the 6 calibration extratropical sterm
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Figure 10-14: ADCIRC-simulated surge-only results for the 193&lurricane and
Hurricane Gloria (1985). See Figure 2-7 through Figure 2-10 for stain
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generated for the extratropical annual maximumnascéollowing the methods outlined
in Chapter 10.1.

10.3.1 Applying Annual Maximum Analyses to Bound CDF: An Adjustment
for Small Events

To determine the appropriate adjustment to the joeak-threshold EDF developed from
the training set of storms, the extratropical meadwannual peak distributions for the 3
NOAA locations were analyzed to determine theirdowail EDF properties. Based on
this analysis, a simplified truncation method wasdiin this study to adjust extratropical
EDFs at all stations. Based on the extratropitahs training set and the NOAA annual
data at Sandy Hook and Montauk Fort Pond, a smathteopical event was selected to
represent the minimum expected annual peak watet. leThis minimum peak water

level was used to truncate the peak-over-threskddéF. Finally, the approach was
incorporated at all FIMP output stations. The [fim@sulting adjusted EST EDFs

represent both the larger events simulated withhysrodynamic modeling suite and
smaller events observed within the project region.

The approach adopted here for adjusting the EST EDFEmall events satisfactorily
captures the effects of small events, as determimoed measured data, while allowing
variation with station location and hydrodynamiogerties (see Chapter 11).

10.4 = Special Treatment of the October 1991 Storm Event

It is especially difficult to describe the physigaibperties of the October 1991 nor’easter
in the project area because it is such a uniquenstdrhis storm is the only one in the
FIMP training set that was formed by the mergingwb storm systems, making the
meteorological patterns highly complex. Furthermavater level and waves impacting
the Long Island area were generated in the Atlgdatiédrom Long Island. As such, it is
difficult to simulate storm surge, wave charactezss and morphological changes well
for this storm. Consequently, the ADCIRC simulatiaising the available wind fields
within the ADCIRC modeling domain predict virtuallyo storm surge for this storm
while NOAA measurements indicate that storm suogeHis event is significant. In fact,
the October 1991 event is the extratropical stofmecord at Montauk Fort Pond, at the
eastern end of the project area. The differencAMCIRC-simulated and measured
storm surge at Sandy Hook and Montauk Fort Pondhi®rOctober 1991 are 0.7 m (2.3
ft) and 0.8 m (2.6 ft), respectively.

Because this storm is historically significant witthe project region, it was necessary to
approximate its impacts without the direct use i October 1991 numerical model
simulations. For this study, the impacts of theaDer 1991 storm will be estimated by a
weighted average of the November 1953 and Febrl@r§ extratropical events. These
two events were selected because their measuren lgael and measured wave height
hydrographs (namely shape variation with time) wlaeemost similar to those observed
during the October 1991 storm event. The replacenveater level hydrographs

developed at Sandy Hook and Montauk, Fort Ponédptace the October 1991 numerical
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simulations are presented in Figure 10-16 and Eigl0-17. The replacement
hydrographs reasonably match, within a few cm, Nl@AA measured hydrographs at
Sandy Hook and Montauk, Fort Pond for the 12-hoenga around the peak of the
storm. While the replacement hydrographs do unddrgt water level away from the
peak (more than or less than 6 hours from the pél&y provide a far better estimate
than that predicted by ADCIRC for the October 188drm.

The November 1953 and February 1978 storm weigloiipated to create the
replacement hydrographs for the Sandy Hook and 8dntFort-Pond locations were
linearly interpolated using longitude to determthe appropriate weights for all FIMP
output locations.

While the resulting replacement storm.-charactesgs@ire not a true match to those
characteristics observed in October 1991, they aareast improvement over those
simulated with the modeling suite. As such, tlagstfrequency relationships will better
reflect the true extratropical storm population.

10.5 Supplemental Surge Modeling Simulations
10.5.1 Astronomical Tide Variation

As discussed in Chapter 10.2, the stage-frequemtstionships will account for
astronomical tide variability by linearly superingog storm surge and astronomical tide
time series and stepping through a full lunar cy28days. However, for intense storms,
linear superposition of surge and tide will not qukgely account for the nonlinear
impacts to FIMP bay stations such as breachingiwagh, and flow constriction at the
inlets. ldeally, every storm’s tide-CDF curve wibide established by ten or more peak
water levels, each representing an additional sitrari beyond the historical event.
However, the number of model runs, 120 to 360, ireduor this approach would be so
time consuming and expensive that it is not cocéf/e, nor justified by the limited
potential for accuracy gains. As such, 12 of tlusthsevere events, combined with select
tide conditions, were chosen for SBEACH and DelftBDddeling to better define the
tide-CDF curves.

The first priority in selecting these additionaleets was to capture nonlinear impacts
from overwash and breaching. Initial additionarsts were selected based on ocean
peak water level, which governs overwash and biegchFor each severe event, the

most extreme tide and surge combination (CDF=a9§valuated at Old Inlet (station 9),

was simulated (see Figure 10-5 and Figure 10-8) Ii@et was chosen for this purpose

because it is an ocean station that is centrattaterl alongshore, relative to the three
bays. These simulations are summarized in theraoheaded Group 1 in Table 10-1.

Following simulation in Delft3D, the simulated pewalater levels were compared with
those computed by linear superposition. If theiltexy simulated peaks did not deviate
significantly from the linear superposition predcts, additional tide and surge
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Figure 10-16. Synthetic surge hydrograph at Sandy Hook, NJ for the October 1991
extratropical event.
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Figure 10-17. Synthetic surge hydrograph at Montauk Fort Pond, NY for the
October 1991 extratropical event.
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Table 10-1: Additional surge modeling simulations for defining tide-CB curves.

Storm Date Tide-CDF Value (0 to 1)
Group 1 Group 2 Group 3
Sep-38 1.00 0.50
Sep-44 1.00 0.90 0.30
Aug-54 1.00
Sep-60 1.00 0.30
Aug-76 1.00
Sep-85 1.00 0.50 0.90 (rising 0.90 (falling) 0.20 0.37
Nov-50 1.00
Nov-53 1.00
Mar-62 1.00
Oct-80 1.00
Dec-92 1.00
9-Mar-93 1.00

combinations. were neither identified nor modeledd ahe tide-CDF curves were
adjusted according to the rules presented below.

For several tropical events, this variation was suoezble, more than 0.5 ft (15 cm), at a
number of bay stations. For these cases, altetig@eombinations were simulated until
differences between the simulated results and tiposdicted by linear superposition
converged, or enough simulations were made to nadp redefine the tide-CDF curves.
Selection of these additional storms was determnwgdnly by breaching and overwash
potential, but also by anticipation of flow constion at the inlets. Table 10-1
summarizes these additional storm simulations.alln21 additional simulations with
SBEACH and Delft3D were performed.

Once the additional simulations were completed, tthe-CDF curves were adjusted
using the set of rules below. Every tide-CDF, dach storm and each output location,
was treated individually for this adjustment. Tgrecedures below make every effort to
weight the tide-CDFs towards the more accurate ped&r level predictions provided by
the model simulations while continuing to use thedgted information from linear
superposition, based on 6720 (0.1-hour incrememt<8 days) peak water levels, to
augment the simulation set.

Historical peak water level plus one additional peater level Points with vertical
(tide-CDF value) separation greater than or eqod.45: The superposition tide-CDF
rotated and shifted horizontally (in peak waterelg¥o make the tide-CDF pass through
the two simulated peak water levels.

Points with vertical (tide-CDF value) separatiossldhan 0.45: The superposition tide-
CDF shifted horizontally (in peak water level) teet2-D midpoint of the two new water
level simulations (no rotation). The reason thasvadopted was that peak water levels
too close together gave exaggerated accidentak simpositions that could not be
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justified from physical considerations. The midgohorizontal shift was much more
stable, and gave reasonable fits.

Historical peak water level plus two or more aduiitil peak water levels: A full
smoothing spline, weighted least square fit wasarthdough the simulated peak water
levels to determine the tide-CDF. It was determliti&t three or more water levels were
sufficient to justify using least square methods.

Figure 10-18 and Figure 10-19 present the adjudgsnaade to the tide-CDF curves, by
applying the results from the additional simulasipfor Hurricane Gloria (1985) and the
November 1950 Nor'easter. The tide-CDF adjustnfientHurricane Gloria is the most
dramatic of the 12 storms selected for additionatleling. Because Hurricane Gloria
was such an intense and fast-moving storm, flowsc@mtions at the inlets cannot allow
the bays to fully respond to the ocean surge. suth, the assumption that a surge-only
simulation of water level can be directly addedistronomical tide does not adequately
describe surge propagation into the bays. Fordést-moving hurricanes, this effect is
less measurable and the linear-superposition aggamvith minor adjustments for the
most extreme tide and surge combination, suffityetescribes the tide-CDF curves.

For the extratropical storms, in some cases, tmeillated most extreme tide and surge
combination resulted in peak bay water levels icess of the peak water level predicted
by linear superposition. This is most likely aue®f significant overwash. As a result,
many of the extratropical tide-CDF curves were teldifto account for this non-linear
process. Figure 10-19 for the November 1950 stlastrates this shift.

10.6/ Sea Level Rise

Because baseline conditions topography is repredeby the September 2000 lidar
survey, the stage-frequency relationships presemdtiis report are adjusted for sea
level rise to the year 2000 by adding 0.3 ft (On@Rto all water levels. The 0.3-ft (0.09-
m)sea level conversion was computed as the averatie sea level rise rates reported
by NOAA at Sandy Hook, The Battery, and MontauktFRwnd between 1969 (midpoint
of tidal epoch) and 2000.

Sea level rise adjustments were only applied tosthge-frequency relationships as the
last step in the EST analysis. Sea level riseceff@ere not incorporated into any of the
numerical modeling simulations.

10.7 Summary

The stage-frequency methodology outlined in thigpter and employed for this study
rigorously addressed the accidental occurrencetais with astronomical tide and
ensured that impacts of historically significaniadl as small storms are captured.
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Figure 10-18. Sample tide-CDF adjustments for Hurricane Gloa (1985) at stations
43 in Moriches Bay(top) and 8 near Sandy Point (bottom). Additinal
simulation peak water levels are represented by blue asteri Red dashed
line is the tide-CDF curve from linear superposition wiere blue solid line is
the adjusted CDF curve based on additional simulations.
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Figure 10-19. Sample tide-CDF adjustments for November 1950 Nodster at
stations 17 near Sampawams Point (top) and 34 near Shinnecock
Bridge(bottom). Additional simulation peak water levels are epresented by
blue asterix. @ Red dashed line is the tide-CDF curve fro linear
superposition where blue solid line is the adjusted CPB curve based on
additional simulations.
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11. Stage-Frequency Comparison

The stage-frequency relationships developed wehB8T for this study compare well to
NOAA measured data at Sandy Hook, Montauk Fort Pand The Battery. The Sandy
Hook and Montauk Fort Pond comparisons for extpatiad and tropical events are
shown in Figure 11-1 through Figure 11-4. Theaxbpical EST relationships for return
periods of 10 years and lower reasonably match whth NOAA measured annual
maximum curves at both locations (Figure 11-1 aiglré 11-2). In this region, the
difference between the NOAA curves and the curnex&ldped for this study area about
0.3 ft at Sandy Hook. This is seen as a smallb@g in the EST result. At Fort Pond,
the EST extratropical result falls about 0.5 ftdvelthe NOAA annual maximum
estimate. The computed differences here are nkaty lattributed to the approximation
approach adopted for this study and presented apteh10.3.

The extratropical EST relationships for return pdsi greater than 10 years match well
with both the NOAA measured peak-over-threshold @malial maximum curves. Figure
11-1 and Figure 11-2 show that the differencesvbele 25-year return period are less
than 0.5 ft. This results in a small low biashe Fort Pond EST result. Differences are
larger for return periods-above 25 years. The ESUlts based on ADCIRC-simulated
peak water levels are 0.5 ft to 1 ft higher thaa tbsults derived directly from NOAA
measured peak water levels for return periods al3@vgears. These differences are
most likely attributed to the influences of astroncal tide smoothing in the EST
analysis, ADCIRC simulation RMS error (0.6 ft), alehited storm record length (50
years).

The tropical EST relationships also compare wethwihe NOAA measured peak-over-
threshold curves for all return periods (Figure3land Figure 11-4; note that a lower tail
adjustment was not applied for tropical EST relslups). Here, differences between
the EST and NOAA relationships are generally smdahan 0.5 ft. The tropical EST

simulations are particularly influenced by the astmmical tide smoothing process
employed during EST analyses. As such, the diffege between the EST and NOAA
relationships are most likely attributed to astmoical tide smoothing; however,

ADCIRC simulation error may also contribute to thekfferences.

In conclusion, the EST stage-frequency relatiorslgipveloped for this study at Sandy
Hook, to the west of the project area, and Mont&ak Pond, at the eastern end of the
project area, accurately represent the stage-freguelationships derived directly from

NOAA measured data at these two locations. Thesgarisons indicate the numerical
modeling and statistical (EST) approaches adopbdedhis study reliably characterize

storm water levels in this region over the peribdiistoric information.
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Figure 11-1. Extratropical stage-frequency curves at Sandy Hook, NJ.
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Figure 11-3. Tropical stage-frequency curves at Sandy Hook, NJ.
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Figure 11-4. Tropical stage-frequency curves at Montauk Fort Pond, NY.
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12. Stage-Frequency Relationships

Following the methods discussed in Chapter 10,estaguency relationships were
developed for all FIMP output locations using thatev levels simulated with the
numerical modeling suite. The following presengest stage-frequency results from
this study for discussion. The full set of stagegliency curves are presented in the
appendix and representative plots at Great Sou#itiB€Station 23) are show in Figure
12-1 through Figure 12-3.

All stage-frequency results presented in this rep@present peak-over-threshold
analyses. As such, return period represents #wetical average waiting time between
exceedences of its peak water level. It shoulddied that return periods derived from
peak-over-threshold analyses and annual maximurys®sa while related, are not the
same (Borgman, 2004).

All figures in this report represent the peak wdexels from the combined effects of
ocean storm. surge, generated by both  wind and leriempressure fields, and
astronomical tide. At bay stations within the Fll®@ject area, the peak water level also
includes contributions from localized wind setuni propagation of ocean wave setup
through the tidal inlets, and from water flowingeovthe barrier island as a result of
overflow and breaching. These peak water levelsalonclude the effects of local wave
setup (these results will be presented in a sepaegiort). All peak water levels
presented on stage-frequency curves and discusdadsichapter are in feet, referenced
to NGVD, and are adjusted to the year 2000 forleesl rise.

Stage-frequency results for bay stations outsi@eRIMP project area, particularly in
other bays, should be checked carefully againstladle data prior to their use in
engineering studies. Again, it is noted that lagale setup is not included in the results
presented in this report, and, therefore, thesgedt@quency curves may not be
consistent with past curves developed for thisamgi A rigorous evaluation and
validation of these output stations, comparabléh&d undertaken for the output stations
within the FIMP study, was beyond the scope of #stisgdy. Furthermore, the stage-
frequency results for Jamaica Bay stations do mdtide water level contributions from
ocean wave setup propagation into this bay.

Finally, the stage-frequency curves presentedemafipendix are extrapolated to the 500-
year return period. As the period of historicatam limits the reliability of stage-
frequency predictions, stage-frequency resultsafbstations for return periods greater
than 100 to 150 years should be used with cautionhis report, the median result along
with the quartile bands are presented. These septethe expected result and the
expected spread about the median result. In thEPFconomic analysis, the mean and
standard deviation are employed. These two reptasens are mathematically related
through a lognormal distribution that is a functmrall fractiles.
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12.1 Ocean Stage-Frequency Discussion

Figure 12-4 through Figure 12-9 show the spatisiritiutions of tropical, extratropical,
and combined peak water levels along the open emaswithin the three bays for the 6-
year, 10-year, 25-year, 50-year, 73-year, and Ha0-yeturn periods. These figures
demonstrate that the introduction of astronomiichd tariation, as discussed in.Chapter
10.2.2, results in a smooth variation in ocean peater level for all storm-types at all
return periods. Extratropical peak water levelg@ase from east to.west. Because the
New York and New Jersey land masses effectivelpdlinvater to the west as winds are
typically from the east. This trend is expected éxtratropical events. For return
periods smaller than 50 years, the tropical pealemlavels also decrease from west to
east. However, peak tropical water levels for metperiods greater than 50 years
increase alongshore to the east of Shinnecock Inlet

Peak 6-year combined ocean.water level slowly sdrem about 5 ft to 7 ft, increasing

from east to west. The 6-year water level is dat@d by extratropical events, whose
peak water level also varies within the same rangmund the 25-year return period at
eastern stations and around the 50-year returngatistations in the western FIMP area,
Figure 12-7, extratropical and tropical events lyeaqually contribute to the combined

ocean peak water level along the project lengtBakReombined water level for the 50-

year return period varies from about 7.5 ft in &astern project area to about 9 ft in the
western project area. At the 100-year return peribe contributions to the combined

stage-frequency estimate for extratropical andi¢adpevents are still nearly equal for

stations west of Moriches Inlet. In contrast, comld peak water levels are dominated
by tropical events to the east of Moriches Inlét. this region, tropical peak 100-year

water levels are about 2 ft to 3 ft higher tharraxopical peak 100-year water levels.
Combined peak 100-year water levels vary fromt® 0.5 ft in the project area, where
the water level slowly increases easterly and wigstédout Moriches Inlet.

12.2 Bay Stage-Frequency Discussion

The figures also demonstrate the consistency of peder levels within each bay. In
Great South Bay, peak water levels at all retumoge are spatially consistent. For all
return periods, extratropical events are the dotimgacontributor to the combined stage-
frequency estimate at all Great South Bay locatiexsept stations 8 and 25 at the far
eastern end of the bay. This is indicative ofttidraulic inefficiency of Fire Island Inlet.
Numerical modeling simulations for this study shtvat Great South Bay is slow to
respond to water level changes in the ocean. Qoesdly, water levels in this bay do
not respond as dramatically to faster-moving trabiEvents as they do to the longer-
duration extratropical events. The peak waterlewethis bay are generally much lower
than those computed for the same return perioccedrostations. Peak water levels in
Great South Bay are approximately between 3.5dt4h ft, 4 ft and 5 ft, and 4 ft and 6
ft, for the 6-, 50-, and 100-year return periodsspectively. These stage-frequency
values do not include the effects of locally-getextavave setup.
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Stage-frequency results in Moriches Bay are gelyehaher than those in Great South
Bay as this bay more readily responds to oceanitonsl Peak water levels in
Moriches Bay are approximately between 4 ft and b ft and 7 ft, and 6.5 ft and 7.5 ft,
for the 6-, 50-, and 100-year return periods, respely. The combined stage-frequency
curves are dominated by extratropical events fdurme periods below 25 years.
However, extratropical and tropical events moreaflgucontribute to the combined
relationships for return periods of 50 years amgda This demonstrates that Moriches
Bay responds more quickly to fast changes in oeesar level.

Of the three bays within the FIMP area, ShinnedBal is characterized by the highest
peak water levels. In Shinnecock Bay, peak watesls are approximately between 5 ft
and 6 ft, 7 ft and 8 ft, and 7.5 ft and 8.5 ft, fbe 6-, 50-, and 100-year return periods,
respectively. Furthermore, Shinnecock Bay is mafeienced by tropical events for
larger return periods. This is a direct conseqgeent the relative efficiency of
Shinnecock Inlet and the stage-frequency trendsgaloe ocean. Near Shinnecock Inlet,
and at eastward ocean locations, the ocean comistage-frequency relationships are
dominated by tropical events for return periodgéarthan 50 years. This trend is carried
through to the Shinnecock Bay combined stage-frecyeslationships.

12.3 Summary

This report has demonstrated that the stage-freyuessults developed in this study
represent NOAA gage measurements, display slowtying alongshore trends in ocean
water levels, and display spatial uniformity in baater levels.
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Great South Beach (ocean) Extratropical Events: Baseline Condition (August 2005 DRAFT)
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Figure 12-1. Extratropical stage-frequency curve for Station 23, Great South
Beach. Peak water level is adjusted to sea level rise in 2000.
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Figure 12-2. Tropical stage-frequency curve for Station 23, Great South Beach.
Peak water level is adjusted to sea level rise in 2000.

Great South Beach (ocean) Combined Tropical & Extratropical Events: Baseline Condition (August 2005 DRAFT)
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Figure 12-3. Combined stage-frequency curve for Station 23, Great South Béac
Peak water level is adjusted to sea level rise in 2000.

Flood Depth, ft. above NGVD29 adjusted for 2000 SLR
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Ocean Stations for Return Period = 6 years
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Figure 12-4. Spatial distribution of 6-year return period peak water levels.

Ocean Stations for Return Period = 10 years
.. Fire Island Inlet

12—
10F-- D [

- *Ditch Plains

8- : -

gl.| = Extratropical : LRLRLR 0 C ey e e e

A Tropical ;
Combined :

2 |

ROR @®m @ O

-72.84 -72.82 -72.8 -72.78 -7276 -72.74 -7272 -72.7 -7268 -72.66

Shinnecock Bay Stations

Water Level (ft, NGVD29 adjusted for sea level rise to 2000)

10 B
. # Shinnecock CGS : ; .
6l
a4
2 i i i T

-72.58 -72.56 -72.54 -72.52 -72.5 -72.48 -72.46 -72.44
Longitude (deg)

Figure 12-5. Spatial distribution of 10-year return period peak water levels

USACE — New York District
DRAFT 7 July 2006 11-5



FIMP — Baseline Conditions Storm Surge Modeling argtage-Frequency Generation

Ocean Stations for Return Period = 25 years
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Figure 12-6. Spatial distribution of 25-year return period peak water levels
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Figure 12-7. Spatial distribution of 50-year return period peak water levels
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Ocean Stations for Return Period = 73 years
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Figure 12-8. Spatial distribution of 73-year return period peak water levels
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Figure 12-9. Spatial distribution of 100-year return period peak water levels.
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13. Past Storm Surge Modeling Studies and Comparisons ith
Current Work

FIMP — Baseline Conditions Storm Surge Modeling argtage-Frequency Generation

Since the early 1980’s, three main iterations ofretsurge modeling were undertaken for
the study area: the 1980’s study using WIFM (Budled Prater, 1983); the mid-1990’s
study using ADCIRC (Scheffner and Wise, 2001); ahd current study using a
combination of ADCIRC, Delft3D, and SBEACH. Methladdgy and calibration
highlights for the three modeling efforts are sumpel in Table 13-1 and Table 13-2.
The following section describes known details & 1980s WIFM study.

13.1 WIFM Study

Unfortunately, only limited documentation is avai& on the storm surge modeling
study employing WIFM\(Vaterways Experiment Statiomplicit FloodingModel). The
following is a list of draft documents available:

» Butler, L. E. and M. D. Prater, 1983. “Fire IslaimdVontauk Point storm surge
study,” Draft Report, US Army Waterways Experim&tation.

» Prater, M. D., 13 February 1985, “Global stage tetcy curves for the Fire
Island to Montauk Point storm surge study,” Memadkan for Record, US Army
Waterways Experiment Station.

* Prater, M. D., 18 February 1985, “Revised resultthie nearshore phase of the
Fire Island to Montauk Point storm surge study,’mveandum for Record, US
Army Waterways Experiment Station.

» Prater, M. D., 19 February 1985, “Revised resulthe nonovertopping barrier
alternative for the Fire Island to Montauk Poirdrst surge study,” Memorandum
for Record, US Army Waterways Experiment Station.

* Prater, M. D., 6 May 1985, “Assorted results, sumesa and responses for the
Fire Island to Montauk Point storm surge study,"ngandum for Record, US
Army Waterways Experiment Station.

The Butler and Prater (1983) draft report detaalgbcation and setup of WIFM for use in
simulating ocean and bay storm water levels for FIMVIFM, a finite-difference model
that solves the vertically integrated momentum awdtinuity equations, was the
USACE-accepted coastal hydrodynamic model up timilUSACE replaced it with the
more advanced ADCIRC coastal hydrodynamic modelFMvhas been used to simulate
water levels associated with astronomical tides stodn surge. For the 1980’s FIMP
study, a nested grid approach was adopted usintplzalggrid extending south to
Delaware and east past Cape Cod, Connecticut ardrahore grid spanning from Jones
Inlet to Montauk Point.

Barrier island breaching was treated using a sing@#eerministic method. This approach
accounted for wave effects (setup and runup) fallgumethods outlined in the 1977
Shore Protection Manual (SPM). It should be ndted the 1977 SPM methods have

USACE — New York District
DRAFT 7 July 2006 12-1



FIMP — Baseline Conditions Storm Surge Modeling argtage-Frequency Generation

since been replaced with updated methods basedastat research advancements over
the last few decades (CEM, 2002). Barrier islarehbhing was activated when the total
water level at the shoreline exceeded the duneagtev The total water level was
computed as the sum of wave effects using the SPOT7) methods and WIFM-
simulated water level. Under these conditions bideier island was lowered at a rate of
10 ft/hr (3.1 m/hr) to a pre-determined post-stdewvel. The Butler and Prater (1983)
report states, however, that “the lowering ratesdtdeappear to be critical.” Barrier
island baseline conditions for WIFM production slations were based-on barrier island
conditions in 1979 (sometimes referred to as 1981).

13.1.1 WIFM Model Calibration

WIFM was calibrated for astronomical tide from @ constituent only. Adjustments
were made to the M2 boundary forcing (based on Se@nl976) as well as the friction
coefficient to match NOAA water level measurememtsin the FIMP study area.

Storm surge calibration was performed using hisébistorm wind speed, wind direction,

and atmospheric pressure computed with unknown gpetified in Butler and Prater,

1983) meteorological models for extratropical esearid the Standard Project Hurricane
(SPH; NOAA TR NWS 23) for tropical events. Theldating five storms were used for

calibration: November 1950, March 1962, Septemi®88] August 1954 (Carol), and

August 1960 (Donna). However, Butler and Prat€y88) stated that, for the 1938

hurricane “numerous [SPH] simulations were madeofgefa track and other storm

parameters were accepted” because of unrelialilityurricane forcing parameters for

this event.

Storm surge calibration was first performed to ma©AA water level measurements at
Sandy Hook, NJ; The Battery, NY; Willets Point, NMpntauk, NY; New London, CT,
and Montauk, NY, as measurements were availablene Beries and peak water level
comparisons are reasonable for most storms, aagpitars that a thorough comparison
with available data was performed.

For the calibration events, WIFM-simulated bay peadter levels were compared with
flood marks. To produce a reasonable match witteniked flood marks, Butler and
Prater (1983) state that the WIFM peak water lewalse adjusted for wave effects. This
was accomplished using highly simplified methodgegi by the National Academy of
Sciences Panel (1977) to include “wave setup ah@ @f the peak wave height.” This
additional wave effects amount added to the WIFBites on the order of 1 to 4 ft (0.3
to 1.2 m). Regarding these wave effects computsti@utler and Prater (1983) state,
“we must keep in mind the effect of the considezalnhcertainty involved in the basic
data being used... on the resulting estimate of weaight, no matter how rigorously
computed.”
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Table 13-1: History of FIMP storm surge modeling for stage-frequency developent — methodology.

WIFM (Butler and Prater, 1983)
(1980s)not published

ADCIRC (Scheffner and Wise, 2001)
(1995-2001not published

ADCIRC/SBEACH/
DELFT3D (2002-2004)

Astronomical
Tide

Boundary forcing condition for M2 tida
constituent only developed during tidal
calibration.

* LeProvost database.
* 1 constituent (M2 only).

ADCIRC East Coast 2001 database.
7 constituents.

Wind and | « Parametric mathematical model by Rejce  Planetary Boundary Layer (PBL) models _Improved PBL with refined input

Barometric et al. (1977) for tropical wind and pressure. for tropical wind and pressure. hurricane parameter set.

Pressure e WIS data (1956-1975) for extratropical « FLEET forecast for extratropicalwind | «  Kinematic reanalysis assimilation (usin
storms. (NOTE: barometric pressure.was not measured data) for wind and NCEP for

included). pressure.

Offshore * Not used. e Not used. * | WISWAVE wave generation model

Waves applied using wind fields for each storm.

Ocean Water|« WIFM (USACE model now superceded s ADCIRC. » | ADCIRC, with improved wind stress

Levels

by ADCIRC).

calculation.

Nearshore e Calculation based on Shore Protection ¢ Calculation based on Shore Protection « ' DELFT3D-WAVE (HISWA) wave

Waves Manual (USACE, 1977) applied within Manual (USACE, 1984) applied within propagation model using WISWAVE
WIFM. ADCIRC. results (integrated with hydrodynamic and

morphologic models).

Dune « Barrier island-lowered 10 ft/hour in ¢  Not included. » " SBEACH morphological model using

Lowering WIFM when total water level (surge + tide ADCIRC water level and WISWAVE

(prior to + wave setup + runup) exceeded dune wave conditions.

inundation'?) elevation.

Overwash and | «  Barrier island lowered 10 ft/hour in e Ackers and White (1973) calculation |+ DELFT3D-MOR sediment transport

Breaching WIFM when total water level (surge +tide applied within ADCIRC without sand model based on van Rijn (1993) (integrated

(after + wave setup + runup) exceeded dune conservation. with hydrodynamic and wave models).

inundation) elevation.

1 For this study, inundation is defined as: (surdile + wave setup) > dune elevation.
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WIFM (Butler and Prater, 1983)
(1980s)not published

ADCIRC (Scheffner and Wise, 2001)
(1995-2001not published

ADCIRC/SBEACH/
DELFT3D (2002-2004)

Inlet and Bay
Water Levels

«  WIFM (USACE model now supercede
by ADCIRC).

1e ADCIRC without advection terms to
save computational time.

+ ADCIRC and DELFT3D-FLOW with 1)
advection terms to adequately model
conditions at inlets and into bays and 2)
improved-wind stress calculation.

e Improved resolution at inlets.

Ocean wave setup allowed to propagate
through inlets and into bays.

o

Bay Wave | «  Calculation based on Shore Protection ¢ Calculation based on Shore Protection « SWAN wave generation model using
Setup Manual (USACE, 1977). Manual (USACE, 1984). wind fields for each storm.
Baseline * Topometrics survey (1979?) and 1979 « Based on best available topography and@ ' Based on best available topography and
Conditions beach profiles. bathymetry in'1995 (barrier island bathymetry in 2001 (barrier island
described by 1995 topography from-aerial described by 2000 lidar topography).
photographs).
Storm Set + Tropical: 54 hypothetical events based = Tropical: 16 historical events plus 4 » | Tropical: 14 historical events between
on the Standard Project Hurricane: hypothetical events created by varying 1935 and 2001 plus 6720 additional
e  Extratropical: unknown. storm track and storm radius-to-maximum- variations (by linear superposition) of eaq
wind. Astronomical tide variation was historical storm to reliably account for
addressed by simulating 4 discrete tide astronomical tide variation.
phases for each historical storm (M2 tide| «  Extratropical: 22 historical extratropical
only). events between 1950 and 2001 plus 672
» Extratropical: 9 historical events (period additional variations (by linear
limited by availability of FLEET forecast superposition) of historical storms to
information). reliably account for astronomical tide
variation.
Stage- » Joint probability method. e Multivariate EST (initially developed foy «  Improved Univariate EST methodology
Frequency Panama City, FL). with updated tail fitting algorithm. Metho

improvements include rigorous approach

for including astronomical tide variation.
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Table 13-2: History of FIMP storm surge modeling for stage-frequency developent measurement, calibration, and

comparison.

WIFM (Butler and Prater, 1983)
(1980s)not published

ADCIRC (Scheffner and Wise, 2001)
(1995-2001not published

ADCIRC/SBEACH/
DELFT3D (2002-2004)

Tidal
Calibration at 5 NOAA measurement stations.
at 8 measurement locations from the
1980s.

Calibrated to match peak ebb and floo
currents at 7 measurement locations.

Calibrated to match M2 tidal constituente

No ocean calibration; however, FIMP
grid based on Atlantic Ocean ADCIRC

Calibrated to match M2 tidal constituent grid.
Calibrated to match M2 tidal constituemt tidal constituents.
at 8 measurement locations from.the 19§

d (Butler and Prater (1983)).

Calibrated for ocean tide at 4 NOAA
measurement stations, east and west of
project area, to match time series and 7

Os Calibrated for bay tide at 16
measurement stations (LISHORE (1998-
present), USGS (1997-present), and
USACE (spring 2003)) to match time
series and 7 tidal constituents.
Simulated tidal inlet flow compared wit
ADCP measurements (2003) at Fire Isla
Moriches, and Shinnecock inlets.

nd,

Ocean Surge Calibrated at NOAA measurement

Tuned PBL input parameters for some

Calibrated at 4 NOAA measurement

—

Calibration stations for five historical hurricanes and| tropical events to match peak water level at stations, east and west of project area,
Nor'easters. 2 NOAA measurement stations, both west using 6 tropical and 6 extratropical event
of project area. to match time series and peak water leve
¢ No calibration for extratropical events.
Bay Surge | « Calibrated peak water level (surge plus ¢ Compared peak water level (surge pluse Compared time series and peak water

Comparisons tide) with observed watermarks (debris
line) reported in TMI (19825 for

September 1938 hurricane (compared to

tide) with observed watermarks (debris
line) reported in TMI (1982) and with
Butler and Prater (1983) results.

TMI water marks for remaining 4 storms),

level at 6 measurement locations for the
February 2003 blizzard.

2 The uncertainty associated with the high waterksaeported in the TMI (1982) report is large.

USACE — New York District
DRAFT 7 July 2006

13-5



FIMP — Baseline Conditions Storm Surge Modeling argtage-Frequency Generation

WIFM (Butler and Prater, 1983)
(1980s)not published

ADCIRC (Scheffner and Wise, 2001)
(1995-2001not published

ADCIRC/SBEACH/
DELFT3D (2002-2004)

Breaching
and Overwash
Comparisons

* Dune lowering and breaching algorithn
calibrated to qualitatively match breachin
and overwash reported for the Septembe
1938 hurricane.

ne Breaching and overwash simulations

g using Baseline Conditions topography

r qualitatively compared with historical
information on breaching (BCP, 1995) to
assess overall amount of breaching and
overwash.

 Calibrated breaching model to available
laboratory and field data. Simulated
breaching and overwash for September
1938 Hurricane, March 1962 Nor’easter,
and-December 1992 Nor'easter using
historical condition topography. Results
gualitatively compared with post-storm
photography at specific overwash and
breaching locations.

Stage-
Frequency
Comparisons

« N/A

» Compared with WIFM (1985) results.

Compared with relationships developed
from the long-term measured peak water
level record at the Sandy Hook NOAA
measurement station.
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13.1.2 WIFM Production Simulations for Stage-Frequency Development

Storm forcing, both wind stress and barometric gues, for these production WIFM
simulations for use in stage-frequency analysis wawided using the SPH criteria
(NOAA TR NWS 23) for tropical storms and with WISing fields for extratropical
storms. Nothing specific is provided in any of thecuments that indicate what storms
were simulated, and how probabilities were assigried extratropical events. The
USACE speculates that all relevant extratropicangés covered by the WIS database
available in 1983, namely storms between 1956-19wBre simulated and that
probabilities were assigned using extreme-valugssital methods.

For tropical events, the Joint Probability MethadP¥1) was applied to generate final
stage-frequency relationships. Use of the JPMireg@ssigning probability distribution
to storm parameters, such as central pressureitdafid forward speed. Therefore, no
historical tropical events were considered for stikgquency development during WIFM
study. Instead, a series of hypothetical stormsew&mulated following standard
practices in the 1980s. The hurricane parameterthese storms were based on SPH
criteria, and are listed in Table 13-3 and result I8 different storm parameter
combinations. . Documents state that 3 sets df h§pothetical storms using these
hurricane parameters were simulated with WIFM litogeb4 separate storm simulations.
From this statement, the USACE believes that 3erbfit track approaches were
considered. However, no documentation is availéblstate specifics on these tracks,
other than they approach from 180° N.

Each of the 54 storm simulations was assigned bapilbity based on the distributions
listed in Table 13-4. For discussion herein, the®em classifications are labeled M1
through S3 where M and S indicates moderate anersemtensity, respectively, based
on central pressure deficit, and 1 through 3 intdi¢arward speed of the storm, where 1
is the worst case being the slowest moving stowiith this classification, S1 is the worst
storm scenario in terms of intensity and forwareéexp Note that probabilities are
distributed between the Moderate category and 8esagegory separately such that each
totals one. None of the documentation states h@mvModerate and Severe categories
were weighted relative to each other for stageueegy development. Further, this
weighting cannot be deduced from the informatioregi

Of the 54 storms simulated, 9 storms fall into $iecategory, assigned a 0.0 probability
of occurring. Rather than omitting these stornesnfithe final stage-frequency analyses,
storm parameters were adjusted so that these hatgruevel events could be included.
The 18 February 1985 MFR states:

“a total of 9 storms had pressure deficits gretiten 2 inches Hg and had
forward speeds of 12 knots. Since this combinatisngiven no
probability of occurring, the information gaineddbghout the simulation

13 The 18 February 1985 MFR states “3 sets of 17t msed on information in other MFRs, the
Engineering Division New York District believes shis a typographic error and should read “3 setk8of
storms.”
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Table 13-3: WIFM hypothetical storm parameters (based on 19February 1985

MFR).
Hurricane Parameter SPH 1980s WIFM Stud
Pressure Deficit (in of Hg) 1.88 1.7 2.1 2.3
Forward Speed (knots) 16-52 12 19 27
Radius to Maximum Winds (nmi) 15-39 20 36
Angle of Approach (degrees) 73-200 180

Table 13-4: Assigned (from 6 May 1985 MFR) and historical probabilities.

Forward Pressure Assigned # Historical Probability Computed
Speed Deficit Probability Events from Historical Record

(knots) (in of HY) (WIEM) (1930 — 2001)

M1 12 <2.14 0.10 3 0.23

M2 19 <21 0.45 8 0.62

M3 27 <21 0.45 2 0.15

S1 12 >2.1 0.00 0 0.00

S2 19 >2.1 0.10 0 0.00

S3 27 >2.1 0.90 1 1.00

Table 13-5: Historical storm classification based on WIFM criteria.

Storm Name Classification
1938 S3
1944 M2
Carol (Aug 1954) M1
Edna (Sep 1954) M2
Hazel (Oct 1954) M3
Connie (Aug 1955) M1
Donna (1960) M3
Esther (1961) M1
Doria (1971) M2
Agnes (1972) M2
Belle (1976) M2
Gloria (1985) M2
Bob (1991) M2
Floyd (1999) M2

Table 13-6: WIFM design storm parameters (from Butler and Prater, 1983).

Storm Maximum Wind Forward Speed Radius to Pressure Deficit
Speed (knots) (knots) Maximum Winds (in of Hg)
(nmi)
1938 Hurricane 70 42 50 2.13
Design Storm 97 42 50 2.78
1979 SPH 83-97 10-53 13-39 1.89

14 Based on other comments made in the 18 Februs#8$ MFR, the Engineering Division New York

District believes this cutoff limit is 2.1 in Hgather than 2 in Hg as stated in the 18 Februarp MIBR.
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of such a storm is of no value when creating aesteguency curve. To
correct this, nine additional storm events weresehoas replacements.
Each new storm produces approximately the samerwatel along the
coast as the event it replaces. Therefore, the saimber of storm event
simulations were involved in the creation of theagstfrequency
results...”

In the documentation, there is no mention of theibane parameters-that characterize
these replacement storms. The logical interpaaatif the above statement is that the
replacement storms account for water levels lattggen the assumed hurricane parameter
probability distribution allows. This will result larger.return-period water levels.

To assess the reliability of the probability distions used during the WIFM study, all
tropical events between 1930 and 2001 in NHC’s HBOR[Database that effected Long
Island were analyzed to extract the maximum cergrabsure deficit and minimum
forward hurricane speed for this comparison. Basedhese values, each historical
tropical storm was-assigned a category, M1 thro88h(Table 13-5). As the table
indicates, only one storm is classified in the $ewmtegory, September 1938, and being
a fast-moving storm, it is in the weakest of thee¢éhSevere categories. The remainder of
these historical events fall into the three Modereategories. This indicates that the
assumed probability distribution used for the WIBkMIdy does not adequately reflect
today’s historical record. The historical probabpildistribution is presented in Table
13-4. First, a substantial percentage (documemandicates 35-50%) of the simulated
storms fall into the Severe category in the WIFMdgt In contrast, the historical data
indicate that less than 10% of the storms impadtiogg Island have been classified as
Severe. Second, the historical storm distributthin the Moderate category shows
more than 60% of the probability going to the maM2 category with M1 and M3 each
having about 20% of the probability. In contragte WIFM distribution equally
distributes 90% of the probability between the Ml aM3 categories. While it is not
known how the moderate and severe categories weighted relative to each other, it is
clear that the probability distribution assumeddach category in the 1980s study does
not reflect the current-day historical storm prabghdistribution.

It should also be noted that Butler and Prater 12850 present a design storm that was
used to evaluate with- and without- “hi-level bars’. Butler and Prater (1983) state that
“the design storm was based on a transposed tfaitie dwurricane of 1944 with a wind
pattern similar to that of the 1938 storm.” Tabhi6 present the hurricane parameters
used in WIFM for this design storm. Based on add documentation, it appears that
this storm was only used to evaluate design alteesmand was not used to develop
stage-frequency relationships. In fact, the 6 NI885 MFR states that this design storm
“produced water levels beyond any meaningful sfaggdency analysis.” The selected
design storm does, however, demonstrate the relatitensity of hypothetical storms
considered for the 1980s investigations.

In conclusion, the WIMF hydrodynamic model appearde well calibrated for ocean
surge; however, the wave calculations and breachmaghanism are simplified. More
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importantly, no historical tropical storms were dis® develop the stage-frequency
relationships based on the current historical mkcdnstead hypothetical storms, that do
not appear to follow the historical distributioner@ used. Further, severe high water
level events that are unlikely to occur within f{ject area, were included in stage-
frequency development.

A thorough investigation into the WIFM study, medhand results was beyond the scope
of this study. A rigorous investigation into th88Ds WIFM study could further clarify
the relative accuracy and identify other study congnts that impact the stage-frequency
results.

13.2 Stage-Frequency Comparisons with the WIFM Study

In general, the current study employs more advancatkerical models that include wave

effects and morphological response in' an integratadner. This study is also based on
improved storm wind. and pressure fields, an impdotéal database, an expanded
historical storm set, improved stage-frequency waology, and rigorous calibration and

comparison with measured data. Figure 13-1 thrdughbre 13-15 present comparisons
between the newly developed stage-frequency rektips and those from the 1980s
WIEM study.

At Sandy Hook, the NOAA measured annual maximum gedks-over-threshold
relationships, as discussed in Chapter 11, arenggasented for comparison (Figure
13-1 and Figure 13-2). Both the new relationshiygl ahe WIFM relationship for
extratropical events follow the measured data withe range of measured data, (return
periods less than 50 years). The new extratromiuale lies above the NOAA data
between the 20-year and 500-year return period$is B likely attributed to the
incorporation of alternate tide scenarios, as dised in Chapter 10. The WIFM
extratropical curve deviates from the new curvahis region as well. However, the
WIFM curve approaches the new curve again beyord 100-year return period.
Difference between the two extratropical curvesesfrom 0.5 ft to 2.0 ft.

The tropical curves at Sandy Hook show that the MW/IEsult is on average 2 ft higher
than the new result. However, the WIFM curve dogismatch the measured peak-over-
threshold curve derived from the NOAA gage datar &l return periods, the WIFM
result shows a higher water level than that obskervim contrast, the curve developed
with EST in this study matches the NOAA curve weithin the range of return periods
represented by the gage data. The differencesskatthe WIFM curve and the NOAA
curve are most likely attributed to the statistiapproach adopted for the WIFM study,
namely the use of the Standard Project Hurricang @am assumed tropical storm
probability distribution. It is interesting to gthowever, that both the WIFM curve and
the new curve, developed using EST, display sinsiferacteristics, particularly in slope,
in the upper tail extrapolation.

The WIFM combined curve at Sandy Hook (Figure 13eé8)minated by the tropical
relationship, is slightly higher than the new cyrwehich is dominated by the
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extratropical relationship. The differences betmvélege curves are less than 0.5 ft for
return periods less than 100 years.

The draft combined stage-frequency relationshipSandy Hook developed in the mid-
1990s for FIMP is also presented in Figure 13-Bie hid-1990s study combined curve
displays a more curved shape. The mid-1990s dsrea the order of 0.5 ft higher than
the new curve for return periods between 5 andyB20s and is nearly 2 ft lower at the
2-year return period. The lower portion of the fh@D0s curve is similar in shape and
magnitude to the NOAA peak-over-threshold extratalprelationship (Figure 13-1)
indicating that this relationship does not fullytare the effects of smaller annual events.

The comparison between the WIFM and new extratedpicurves begins to deviate more
at locations east of Sandy Hook. The largest dievie are observed at the eastern end of
the project area, at Napeaque Beach (Figure 13-IBRll cases the new extratropical
result is 0.5 ft to 2 ft higher than the WIFEM resiol return periods greater than 10 years.
These differences are most likely attributed tdedénces in the training sets used in the
two studies (20 years for WIFM and 49 years fos study). In particular, the October
1991 storm occurred after the WIFM study was cotepleand was, therefore, not
included: The October 1991 storm is associatel thie highest-recorded extratropical
storm water level at the Montauk Fort Pond NOAA @agt the eastern end of Long
Island.

The tropical curve comparison between the WIFM aad results are more similar to
the east towards Shinnecock Inlet (Figure 13-1dlptive to locations to the west (i.e.
Sandy Hook). At Shinnecock Inlet, the two relasibips are very similar. However,
comparisons at more easterly stations begin toatkedgain. This time, the new curve
shows higher water levels than the WIFM curve &gér return periods. Again, these
differences are most likely attributed to the diéieces in statistical approaches employed
in the WIFM study versus those employed for thislgt

The WIFM and new study combined curve comparisasplay the trends observed in
the extratropical and tropical comparisons. Thw membined curves are similar in
magnitude to the WIFM combined curves for locatidiedween Sandy Hook (Figure
13-3) and Moriches Inlet (Figure 13-9) for retureripds below 100 years. Above the
100-year return period, the WIFM curves are slightgher than the new curves at these
locations. East of Moriches Inlet, the WIFM conmiturves begin to deviate more from
the new combined curves. At Napeaque Beach (Fi$3r&5), the combined WIFM
curve is between 0.5 ft and 2 ft lower than the wevve between the 10-year and 100-
year return periods.

In conclusion, the differences seen in the staggtiency curves from the WIFM and this
study are not surprising, and are expected, gihendifferences in training sets and
statistical approaches. The new curves represenimprovement to previous curves
because a longer-duration historical record wadabla, improved numerical modeling
methods were used, and improved statistical appesawere employed.
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Figure 13-1. Comparison between new, past, and measured extratropical stage
frequency curves at Sandy Hook, NJ (station 67).
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Figure 13-2. Comparison between new, past, and measured tropical stage-
frequency curves at Sandy Hook, NJ (station 67).
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Figure 13-3. Comparison between new and past combined stage-freqagrcurves
at Sandy Hook, NJ (station 67).
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Figure 13-4. Comparison between new and past extratropical stage-fregpcy
curves at Jones Inlet (station 54).
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Figure 13-5. Comparison between new and past tropical stage-frequenayrees at

Jones Inlet (station 54).
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Figure 13-6. Comparison between new and past combined stage-frequgrturves

at Jones Inlet (station 54).
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Figure 13-7. Comparison between new and past extratropical stage-fregpcy
curves at Mariches Inlet (station 28).
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Figure 13-8. Comparison between new and past tropical stage-frequenayrees at
Moriches Inlet (station 28).
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Figure 13-9. Comparison between new and past combined stage-freqagrturves

at Mariches Inlet (station 28).
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Figure 13-10. Comparison between new and past extratropical stage-frequey

curves at Shinnecock Inlet (station 35).
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Figure 13-11. Comparison between new and past tropical stage-frequencyrees at
Shinnecock Inlet (station 35).
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Figure 13-12. Comparison between new and past combined stage-frequgcarves
at Shinnecock Inlet (station 35).
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Figure 13-13. Comparison between new and past extratropical stage-freqey
curves at Napeaque Beach (station 64).
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Figure 13-14. Comparison between new and past tropical stage-frequencynees at
Napeaque Beach (station 64).
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Figure 13-15. Comparison between new and past combined stage-frequgiarves
at Napeaque Beach (station 64).
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14. Conclusions

This report detailed the numerical modeling andisteal approaches used to develop
stage-frequency relationships within the FIMP prbjarea. The numerical modeling
inputs, numerical modeling tools, and their metlobcapplication for this project, are

state-of-the-art, and their application here israprovement over past modeling efforts.
These numerical models and their input were testgthrated, and validated against all
available qualified data with successful resulsurthermore,-the modeling approach,
EST methods, and a calibration and validation wigrerously checked and endorsed by
the Technical Review Panel, led by Dr. Henry Bokwicz.

The statistical approach for developing stage-feegy relationship for this study is
flexible for all types of probabilistic distributie as it employs nonparametric
approaches. Furthermore, the statistical EST rdett&s improved to incorporate, and
appropriately weight, the effects of accidentaletighasing with storm surge thus
allowing for this probable physical variation anesulting in a smooth water level
transition alongshore. Comparisons between the -lEE85€d stage-frequency
relationships and measurement-based stage frequelatipnships demonstrated that the
stage-frequency relationships for this study doegegnt the historical storm record.

Additional work on the FIMP project included thevdiopment of stage-frequency
relationships for future with and without projecesarios and for baseline conditions
with localized (bay and ocean) wave setup. Addéldrequency relationships were
developed for morphological storm responses inalgitharrier island breaching, berm
recession, dune lowering, and other cross-shoremotrgical response variables.
Results from these additional efforts are summedringhe FIMP Engineering Appendix.
These additional numerical modeling and statisticellyses efforts, along with those
presented in this report, served as the found&tioall upcoming economic,
environmental, planning, and design decisionsHerRIMP project.
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DRAFT Memorandum
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Subject: Numerical Modeling of Breach Open at Old Inlet
Project: Fire Island to Montauk Point, NY

Contract: W912BU-10-D-0002, Task Order No. 0020
CC: Santiago Alfageme, Rob Hampson, Steve Couch

1.0 INTRODUCTION

Moffatt & Nichol (M&N) is contracted to provide engineeringdanumerical modeling services to
the U.S. Army Corps of Engineers (USACE) in support of the Biamdl to Montauk Point (FIMP)
General Re-valuation Report (GRR). Under Contract No. W912BU-10-D-@®@RTask Order
No. 20, M&N performed additional numerical modeling simulations tmatd the integrity of the
previously completed modeling efforts and examine the applityadsithe numerical model to the
post-Hurricane Sandy breach open conditions at Old Inlet.

A detailed description of the overall FIMP numerical modeling @ggin is provided in USACE
(2007). A brief overview of the modeling approach is provided below.

The numerical modeling strategy for FIMP addresses a comprehensive list of physical processes
(wind conditions, barometric pressure, astronomic tide, wave conditions, and morphologic
response, and localized wind and wave setup) by merging hydrodynamic, wave, and sediment
transport models. The result is a description of storm surge elevations throughout the project for
input into the economic analyses, coastal engineering design, environmental studies, and final
alternative selection.

The modeling method (Figure J consisted of four (4) process models: 1) WAVAD (i.e., WISWAVE)
was applied to determine extreme storm wave conditions; 2) ADCIRC simulated the ocean and
nearshore, outside the surf zone, storm water levels, 3) SBEACH was used to estimate pre-
inundation dune lowering; and 4) the Delft3D model suite was used to compute the bay water levels
under storm conditions, taking into account the contribution of storm surge, waves, winds and the
contribution of overwash and/or breaching.

The focus of this task order was the Delft3D model suite, specifitalizydrodynamic and wave
models, and the applicability of the numerical model to the postédmei Sandy breach open
conditions at Old Inlet. The following tasks were completed ufi@sk Order No. 20 and are
documented in this memorandum:

+ Re-validation of model to breach closed conditions

Fire Island to Montauk Point, NY
M&N Project No. 7190-22
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Validation of model to breach open conditions at Old Inlet (Task 1)

* Impact on tides of breach open conditions at Old Inlet (Task 2c)

Impact on storm tides of breach open conditions at Old Inlet (Task 2a)
» Stage frequency curves representing breach open conditions at Old IsleR)a
The sections below will show that the breach open conditions at Old Inlet kaxmesmall effect

(up to 1 inch) on daily tidal fluctuations and small storm tides, twidchave a large effect (up to
22 inches) on storm tides during severe Hurricanes and Nor’easters.

Wind and Barometric Pressure Fields Astronomic Tidal Boundary

(PBL or Kinematic Reanalysis) (ADCIRC Eastcoast 2001 Database)

v v
Offshore Wave Fields Ocean Water Level
(WISWAVE) (ADCIRC)
v
Pre-flooding Dune Lowerin
(SBEACH)

A A 4

Nearshore and Bay Water Level

Nearshore Wave Fields Water Level Topographic Change
(DELFT3D-WAVE) (DELFT3D-FLOW) (DELFT3D-MOR)

v :
Stage-Frequency Curves
(EST)

Figurel: FIMP Modeling Framework
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2.0 HYDRODYNAMIC MODELING
2.1 Validation to Breach Closed Conditions

In the years since the previous FIMP modeling work was comphetedversions of the Delft3D
software have been released and the wave model has been updatdd i(SWad of HISWA).
As part of this task M&N updated the FIMP models to latessioas of the Delft3D software,
requiring revised wave grids and reformatting wave boundangitons. M&N repeated the
original model validation to verify that the new modeling safvproduces very similar results to
those obtained with the previous version. Simulations of combineadhwurmics, waves, and
winds were performed for model validation.

Model performance was evaluated using the comprehensiveetiatdlected for the FIMP project
in 2003 that is representative of breach closed conditions, but imglattasurements of flow
through Fire Island and Moriches inlet. The model performance goodecing the tidal
propagation through the inlets and throughout the bays is evaluatechpgring the observed and
modeled tidal constituents as presented in Figure 2. In additgumeR8 presents the comparison
of simulated and observed flow through Fire Island Inlet and Maichet. Finally, simulated and
measured water levels were also compared during the Bliaka@®3, and are presented in Figure
4. Conclusions of the model performance are:

» The model accurately reproduces the flow through the inlets igfand and Moriches) for
the calibrated model parameters and the right bathymetric conditions

 The model accurately reproduces the tidal propagation in the @athe exchange
between Great South Bay and Moriches Bay

» The model reproduces quite accurately the effect of winds amdsaduring a storm and
the propagation of the storm surge through the existing inlets.

Fire Island to Montauk Point, NY
M&N Project No. 7190-22
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Figure2: Breach Closed Tidal Constituent Analysis
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2.2 Validation to Breach Open Conditions

In order to evaluate the performance of the nurakrimdel (Delft3D) in simulating breach open
conditions, 2-year model simulation, No¥# 2012 to Nov 1 2014, was performed with a new
model bathymetry capturing the breach open conuitiat Old Inlet. Regular observations by
SUNY Stony Brook, aerial photos and bathymetrioseys, captured the dynamic nature of the
breach at Old Inlet. After the formation of thedxck during Hurricane Sandy (Octobei"22013)

the breach grew rapidly for the several months feeforeach growth slowed. A fixed model
bathymetry was used to simulate the breach opeditoams at Old Inlet rather than trying to model
the evolution of the breach morphology. The surdegenditions at Old Inlet from June of 2014
are used in the revised model bathymetry (Figur&ltag breach open conditions from June of 2014

Fire Island to Montauk Point, NY
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are representative of the majority of the conditions during2tfiear simulation, however the
modeled breach size could lead to an overestimation of thaseffethe breach during the first
months when the breach was rapidly growing. The June 2014 model bathwastalso chosen
to be consistent and allow comparison with the ongoing modeling effgrtte USGS (van

Ormond et al. 2015).

Figure5: Aerial of Old Inlet Breach on June 24, 2014 (http://po.msr c.sunysb.edu/GSB/)

and M odel Bathymetry

Hydrodynamic model boundary conditions for the 2-year validation sfionlavere specified as
water levels consisting of astronomical and residual (seayeponents. Astronomical water levels
were obtained from the Oregon State University TPXO gloloalet) East Coast of the USA model
of 1/30° resolution. Residual water levels were extracteh imeasured water levels at NOAA
Station 8518750 The Battery, NY. Waves were not included in the 2-year simulat

Observed water levels are available at several stifio Great South Bay from SUNY Stony
Brook, United States Coast Guard, and USGS. SUNY Stony Brook dB&lpdrt and Tanner
Park, USCG data at Fire Island Inlet, and USGS data Linder{fl8&S 01309225) was available
for model validation. Reported water levels, referenced &riécal datum, are available from the
NOAA station at Lindenhurst. The available data from SUNY Stony Braddt5CG is pressure
readings which M&N converted to water depth fluctuations basdteoatmospheric pressure at
Long Island MacArthur Airport (METAR KISP). The SUNY and US@&a was demeaned and
assumed to be relative to local Mean Sea Level (MSL).

A harmonic analysis of the observed and modeled tidal condstuers performed at these four
stations as shown in Figure 6. A relatively long period of ummpéed data collection is required
for the harmonic analysis. The most suitable time period fdrahmonic analysis was a two month
period January®12014 to March $2014.

The comparison of modeled and observed water level during the ner'eadiovember 2012, 1
month after Hurricane Sandy, is shown in Figure 7. Despiteutitertainty in the model
bathymetry, boundary conditions, and not considering the effect of wineemodel accurately
reproduces the tidal propagation and storm surge propagation in Great SoutheBaijfefénces
between the modeled and observed water levels during November 2@Iihsistent with those

Fire Island to Montauk Point, NY
M&N Project No. 7190-22
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shown by van Ormandt et al. (2015). The model generally over prisicnaximum water
elevation which could be a consequence of performing the simulatitma larger cross section
at the breach than the one that existed during that data period.
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Figure6: Breach Open Tidal Constituent Analysis
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2.3 Impact on Tides of Breach Open
2.3.1 Impact on Astronomical Tide

In order to assess the impact of the breach open conditiond &tl€ll on tides and small storm
tides the 2-year validation simulation, No¥ 2012 to Nov 1 2014, was repeated with breach
closed conditions. A comparison of the calculated M2 tidal comestitand Mean High Water
(MHW) was performed to characterize the effect of the direm tides in Great South Bay. A
summary of the results is provided in Table 1. The absolute esamgiches and relative changes
in percent of the M2 tidal constituent and MHW are shown iléfa. The changes to the tide at
Fire Island, Tanner Park, and Bellport are all relativelyiisfheas than 4%) or 0.4 inches. However,
the change at Lindenhurst is much greater, and shows an incregstodf inch in the amplitude
of the M2 tidal constituent and MHW. These results are consistdniait Ormondt et al. (2015)
which showed a relatively large increase (15%) in the ang@itof the M2 tidal constituent at
Lindenhurst and only minor increase (2%) in the M2 tidal constituent gtaBel

Tablel: Observed and Modéeled Tidal Datums

Tidal Datum Observed aleeicles
Breach Open Breach Closed
Firelsland
MHW (ft) 0.921 0.892 0.885
MSL (ft) 0.000 0.000 0.000
MLW (ft) -0.946 -0.893 -0.886
Tanner Park
MHW (ft) 0.799 0.801 0.774
MSL (ft) 0.000 0.000 0.000
MLW (ft) -0.765 -0.802 -0.775
Bellport
MHW (ft) 0.545 0.493 0.499
MSL (ft) 0.000 0.000 0.000
MLW (ft) -0.526 -0.493 -0.498
Lindenhurst
MHW (ft) 0.624 0.566 0.476
MSL (ft) 0.000 0.000 0.000
MLW (ft) -0.597 -0.567 -0.476
Table2: Impact to Tides of Breach Open at Old Inlet
_ Absolute Change (inches) Percent Change
Station
M2 MHW M2 MHW
Fire Island 0.09 0.09 0.9% 0.8%
Tanner Park 0.33 0.33 3.5% 3.5%
Bellport -0.08 -0.07 -1.3% -1.2%
Lindenhurst 1.07 1.09 19.0% 19.0%

Fire Island to Montauk Point, NY
M&N Project No. 7190-22
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2.3.2 Impact on Small Sorm Tides

The impact of the breach open conditions at Old Inlet on storm @ide tides plus storm surge)
during relatively small storm events was also evaluated then2-year model simulation. Figure
8 shows an example of the modeled storm tides during a two small storm evergawember
of 2012. It is apparent from Figure 8 that peak storm tidesnaebhurst and Bellport were a 1 to
3 inches higher with the breach open during these small st@msev he effects of the breach
during the 2-year simulation were quantified by performing a linegression analysis of the
twice-daily high water levels (including storm surge). Témults of the analysis, Figure 8, indicate
that there was an increase in the peak water levels at Lindenhurst aind deslrgase in the peak
water levels at Bellport.
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Figure8: Dec 2012 Modeed Water Levels With and Without Breach
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2.4 Impact on Storm Tides of Breach Open

The impact of the breach open conditions at Old Inlet on storsdigieng large storm events was
evaluated by simulating six storm events. These storms wigiieadly selected in collaboration

with NAN as the best set of storms that will provide enoungbrmation to adjust the stage-
frequency curves for Breach Open Conditions (BOC). Model simnnktvere performed for both

the breach open conditions at Old Inlet and breach closed conditions. Tlerex ate:

e January 1979 Historical
* March 1984 Historical

» January 1996 Historical
» September 1938 cdf 1.0
» September 1985 cdf 1.0
* November 1950 cdf 1.0

The six storms represent mixture of nor'easter’'s and huegas well as small and large storm
events. Modeled barrier island conditions were similar tatieeused in the Future With-Project
simulations, where no flow was allowed over the barrier.r€laive impact of the breach at Old

Inlet is captured in Figure 10 and Figure 11 below. These figin@s a map of the difference in

the modeled peak water level in the beach open conditions verduedict closed conditions. The

modeled effect of the breach open may be as high as 10 inchessiuaitgy storm events and up

to 22 inches during the larger storm events.

Fire Island to Montauk Point, NY
M&N Project No. 7190-22
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Figure 10: Comparison of Modeled Peak Water Levels With and Without Breach
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Figure1l: Comparison of Modeled Peak Water Levels With and Without Breach
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3.0 REVISED STAGE FREQUENCY CURVES
3.1 Revised Stage-Frequency Curves

The objective of this task is to revise the existing basaliage-frequency curves to reflect the June
2014 breach open condition at Old Inlet. A reduced number of repriéggestarms were simulated
(see previous task) for the June 2014 breach open condition anl®idThese storms were
originally selected in collaboration with NAN as the bestadettorms that will provide enough
information to adjust the stage-frequency curves for Breach Opent©asdBOC).

» September 1938 cdf 1.0
» September 1985 cdf 1.0
*  November 1950 cdf 1.0
e January 1979 Historical
* March 1984 Historical

e January 1996 Historical

Originally in 2006 the BOC stage-frequency curves were dpeel by combining the water level
differences between the No-Breach/No Morphology condition am8aseline Condition, thereby
ensuring that the BOC stage-frequency relationships reallgticeflected all water level
contributions. The Empirical Simulation Technique (EST) wapleyed for each BOC case by
adjusting the Baseline Conditions combined-storm probability distibéunction at each output
station using the BOC water levels for the six storms simulated.

After reviewing the process used in 2006 to create the BOC Btagesncy curves it was decided
that the most rational approach to create stage-frequency dorviee June 2014 breach open
conditions at Old Inlet would be a simple adjustment to the BQ&month) curves. A comparison
of the modeling results for two breach open conditions, (a) Juneb28adh open at Old Inlet and
(b) BOC-1 3 month, showed that the impact on bay water level®otbrconditions is similar in
magnitude and spatial extent. The BOC-1 (3 month) condition included afad@0fide and 7
foot-deep (MSL) breach at Old Inlet. The cross-sectional@fréee BOC-1 (3 month) breach is
larger than the June 2014 breach, however the deep channel andnatare inlet channels
captured in the June 2014 breach are believed to increase hydraulic coaveyanc

Consideration was given to whether the adjustment should be ardoststain the curve or a
linear adjustment with a larger increase at low-frequencHowever, initial attempts to fit a line
to the differences in the two breach open conditions led to unieaésults. More robust and
rational results were produced with a simple shift up or dowth#entire stage-frequency curve
based on the small relative differences between the modéktréhe adjustment varies by station
and is generally between +0.1 feet and +0.23 feet. It is noa¢dhd BOC-1 (3 month) stage-
frequency curve already captures non-uniform increases in bay bagls across the frequency
domain. Therefore, the June 2014 breach open condition at Old Inlet @igmonates these same
non-uniform increased in bay water levels.

3.1.1 Comparison of BOC-1 (3 month) and June 2014 Breach at Old Inlet
A visual comparison of the increase in bay water levels @tieesNo Breach/No Morphology) for

the six storms for the two breach open conditions was performeskt 8f maps was prepared

Fire Island to Montauk Point, NY
M&N Project No. 7190-22
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(Attachment C) that shows that increase in bay watetdevas similar in magnitude at all the
FIMP stations in Great South Bay and Moriches Bay. An example for the September 1938
storm is shown below. In general the largest differences betiheeBOC-1 (3 month) and June
2014 breach open condition occurred at the stations closest to QldAltheugh the agreement
for the September 1938 storm was excellent at nearly all the stations.
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Figure 12: Examplelncreasein Water Levels caused by Breach Open Condition.

A second analysis was performed comparing the relative ircheasy water levels caused by the
breach open conditions versus return period. The purpose ah#lisis was to determine whether
there was a distinct trend such as greater differencesategreturn periods. The results showed
that there was generally a lot of scatter at the lowarnmgeriods and at higher return periods the
June 2014 breach open condition at Old Inlet resulted in slightly higher water leve

Figure 13 shows an example of the analysis conducted at Statidihe y-axis on the top-panel
shows the difference in water levels between the breach amadition and no breach/no
morphology condition. The black dots represent the 6 storms fajutine 2014 breach open
condition at Old Inlet and the red dots represent the 6 stornisef@OC-1 (3 month) condition.
Essentially the top-panel is comparing the impact on bay Veatels for both the June 2014 breach
open condition at Old Inlet and BOC-1 (3 month) condition.

Fire Island to Montauk Point, NY
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Figure 13: Difference between BOC and No Breach at Station 10
At Station 10, there are only two storm events with a returiogbgreater than 2-years that will

have a significant impact on stage-frequency curve (highlighitddgreen circles). For these two

Fire Island to Montauk Point, NY
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storm events the June 2014 Old Inlet breach open condition producettease, on average, in
the peak water level 0.10 feet greater than the BOC-1 (3 monttidjtion. At this station an
adjustment of 0.10 feet was selected and used to shBQig1 (3 month) stage frequency curve
up 0.10 feet to reflect the June 2014 breach open condition &tl&ldrhe bottom-panel of Figure
13 shows the 2006 Baseline, BOC-1 (3 month), and June 2014 OId Inlefretagency curve at
Station 10. The June 2014 OId Inlet stage-frequency curve has been shifted up by 0.0 feet

This process was repeated for all the stations in Goedlh®ay and Moriches Bay. A map showing
the adjustment value at all the stations is presented in Figure 14.
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Figure 14: Stage-Frequency Adjustment Values by Station

3.1.2 2014 BLC, WP, FVC, and BCC Stage-Freguency Curves

Baseline (BLC), With Project (WP), Future Vulnerable condii (MVC), and Breach Closed
Conditions (BCC) represent different possible conditions of #radp island topography. The
barrier island topography affects the likelihood of overwash awdneach formation during large
storm events. Previously, modeling simulations were conductedttoreaipe impact of the barrier
island topography on bay water levels and create stage-frequencyfonr@ash scenario.

Fire Island to Montauk Point, NY
M&N Project No. 7190-22



USACE-NAN

.‘.‘ Numerical Modeling of Breach Open at Old Inlet
September 11, 2015

Page 19 of 23

This section describes the approach used to develop arsawvatage frequency curves based on
the June 2014 breach open condition at Old Inlet. In general theagppused to define the
complete set of stage frequency curves assumes thatlexatkcontributions associated with the
barrier island topography (i.e. overwash, breach formation) maygeximposed on the June 2014
breach open condition at Old Inlet. In reality it is possib& the high water levels associated
with the breach at Old Inlet will decrease the head differsingletly between ocean and bay water
levels during storm events. A reduction in the head diffardretween the bay and ocean could
decrease the flux of water during overwash and reduce current sppgeds the barrier during
breach formation. However, these differences are expectedrimbeand the approach applied is
consistent with the original approach used to define Breach Open Conditio63. (B

Baseline Conditions (BLC)

The 2014 BLC stage frequency curve is defined by the June 286&dhbopen condition at Old
Inlet. The development of this stage frequency curve is described abaaionS.1.1.

The original BLC stage frequency curve and BOC stage freguemees were based on the barrier
island condition captured by September 2000 LIDAR topography. No updateltarthes island
topography was performed for the Delft3D simulations of the Junel®@a¢h open condition at
Old Inlet. The purpose of these simulations was to capture thetsnpiathe new breach at Old
Inlet. Therefore, the 2014 BLC stage frequency curves still reflecséptember 2000 condition.

With Project Conditions (WP)

The WP condition represents a slightly more robust berm and duneiacortian the BLC
condition. The WP berm width and dune height is defined by the WP dg=igmetry. The 2014
WP stage frequency curve was developed by adding the didfeketween the 2006 WP and 2006
BLC to the new 2014 BLC:

WP2014 = BLCZOl4 + (WPZOOG - BLCZOO6)

Since very limited breaching and/or overwash is expectechékMP conditions, this approach
seems appropriate.

Future Vulnerable Conditions (FVC)

The FVC or MVC (Most Vulnerable) represent a barriemigltopography that is more vulnerable
than the baseline and is reasonable expected to occur at some point dushwgehe project life.

FVCZOl4 = BLCZOl4 + (FVCZOOG - BLCZOO6)

It is noted that the 2006 FVC might not be as vulnerable as sorne oénditions observed post-
Sandy, particularly in the areas outside the FIMI project, @ned therefore the 2006 FVC might
still overestimate the barrier island protection under post-sandyticorsdi

Breach Closed Conditions (BCC)

The Breach Closed Conditions (BCC) barrier island topography isedkéis the minimum breach
closure section under consideration for the FIMP study. Thiglbi@asure section is defined by

Fire Island to Montauk Point, NY
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a 9.5 ft NGVD29 dune height and a barrier island width that matbtleegre-breach condition.
Here, the pre-breach barrier island width is taken as that on the BLC.

BCCZOl4 = BLC2014- + (BCCZOOG - BLCZOOG)

An example of the 2006 and 2014 stage frequency curves at Station 10 is shown id3-igure

2006-Baseline
2006-No Breach
13+ 2006-MVC . : . : -
— — - 2014-Baseline
— — - 2014-No Breach

1ol — —-2014-mvC : : : |

Station 10

Stage (feet, NGVD29 2000)

3 i i I T S N S i i IR S S N S i i I SR S N N
1 10 100 1,000

Return Period (years)

Figure 15: 2006 and 2014 Basdline, WP, and MV C Stage-Frequency Curves

3.1.3 Breach Open Condition (BOC) Sage-Frequency Curves
2006 Approach

A detailed overview of the approach applied to developBiteach Open Condition curves is
included as an attachment to this memo (Attachment A). A bth2 modeling scenarios were
performed in 2006 to support the development of the BOC stage frequen@s. The 12
simulations capture four BOC scenarios and three differeachrsizes (3 month, 6 month, and 12
month). Tables showing the BOC scenarios modeled and breacimsideed are presented in
Table 3 and Table 4. All of the breaches assumed a breach dépteas (MSL). The three
selected breach sizes correspond to the estimated valBes6aand 12 months from breach
formation as presented in Table 16 of the Breach ContingencyrBf@ort of 1995 (USACE-NAN,
1995).

Fire Island to Montauk Point, NY
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Table 3 — Breach Open Conditions for Numerical Simulation (Original)

Table 4 — Breach Width from Breach Formation (Original)
Monthsfrom Breach Breach width at Breach width at | Breach width at
Formation GSB (ft) MB (ft) SB (ft)

3 2,500 1,200 1,300
6 3,700 1,700 1,900
12 4,700 2,100 2,300

2013 Modifications (FIMI)

As in the Breach Contingency Plan Report (USACE-NAN, 1995} #ssumed that the along-
shore cross sectional area of the breach will grow accotditige exponential breach growth
equation:

At)=A1-e*)

The maximum breach cross sectional area is givernvlaynédthe breach growth coefficient is given
by k. These parameters vary depending on the bay and were prewbtalyed as part of the
breach inlet stability analysis (USACE-NAN, 1995). Recent csas$ional area measurements
following the breach at Old Inlet provide new information regardiregadin growth dynamics at
Great South Bay. The measurements from C. Flagg (No. 9) indatdethru May 30, 2013 and
show a fairly stable cross section since the end of Feb2@4¥ of approximately 4,30 fin the

previous BCP analysis for Great South Bay, a maximum breask section of 36,200 ftvas
assumed.

In order to reflect the recent observations at Old Inlet an additionastosiate was developed at
all Great South Bay breach locations for a smaller breaithaninaximum breach cross sectional
area, A, of 6,500 ft. A uniform distribution of A between 6,500%tand 36,200 ftwill be applied

Fire Island to Montauk Point, NY
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in the updated economic analysis. The cost estimates at &retht Bay are based on a constant
growth coefficient of 0.2 month The lowest breach size (6,508) ftombined with a k of 0.2
month! yields and area of 4,85C fit 7 months, which is consistent with the 2013 observations at
Old Inlet.

Ao andk are summarized for Great South Bay, Moriches Bay, and Shinnecock BaylebTa

Table5: Breach Growth Coefficients

L ocation Ao (ft?) k (month)*

Great South Bay — Small Breach Size 6,500 0.2

Great South Bay — Large Breach Size 36,200 0.2
Moriches Bay 16,000 0.3
Shinnecock bay 17,750 0.3

2015 Approach for BOC with Breach Open at Old Inlet

This section describes the approach used to redefine the ret@qgerfcy curves for the set of BOC
with the June 2014 breach open conditions at Old Inlet. The impdaiiféerences between the
original (2006) approach and the approach used in 2015 to update the B@€ isudescribed

here.

In the new 2015 BLC the breach at Old Inlet (Eastern GSByismaed to remain open. Therefore,
the BOC-1 scenario in GSB and Moriches Bay, is now the baselmition (BLC). Since BOC-
2 must now be combined with the breach at Old Inlet it becomes equivalent td. BOC-

BOC-3, breach in Central GSB, must be combined with the new bataall Inlet. No model
simulations have ever been performed to estimate bay water latreEmultaneous breach open
conditions at Central and Eastern GSB. In the past it was assumed that GEBotsulpport and
maintain two stable inlets at Central and Eastern GSB simultdpeand that one of them would
tend to naturally close. In the absence of any suitable modekngusos to define the bay water
levels for BOC-3, the water levels will be taken as tlaimum of the original BOC-3 and new
BLC.

The top half of Table 6 shows the revised 2014 BOC scenatiixm The bottom half of the table
shows additional BOC used in the life-cycle simulations followiregsame approach used in 2006.
It is noted that the bay system of Great South Bay-MorichgsiBaonsidered independent of
Shinnecock Bay. The right half of the table shows the stagedncy curves to be used for the
additional BOC-5, BOC-6, BOC-7/BOC-8 scenarios which bettercxpate the expected values
under those breach open conditions.

Fire Island to Montauk Point, NY
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Table 6 — 2015 Breach Open Conditions and Stage frequency curves to be applizchaBay Station

10-11-12-
Breach Open 1-2-3-4- 5-6-7-21- 8.24.5 13-26-27-
Scenario 17-20-42 22 29-30-43-
44
BOC-1/BLC BLC BLC BLC BLC
BOC-2/B0OC-4 BOC-4 BOC-4 BOC-4 BOC-4
M ax M ax M ax M ax
BOC-3 (BLC, (BLC, (BLC, (BLC,
BOC-3) BOC-3) BOC-3) BOC-3)
Max(BOC
BOC-5 BOC-3 BOC-3 -3, BOC- BOC-4
4)
BOC-6 BOC-4 BOC-4 BLC BLC
BOC-7/BOC-8 BLC BLC BOC-4 BOC-4
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MEMORANDUM

Date:  3/22/2006

To: David Yang

From: Rafael Cafizares, Santiago Alfageme
CC: Jennifer Irish

Subject: BOC methodology

1. DEVELOPMENT OF DISCRETE BREACH OPEN/CLOSED LOCATIONSFOR
MODELING PURPOSES

Even under the assumption of a limited number of vulnerable locations, thenofrpossible
breaching combinations considering all of the vulnerable locations,ngarigpm only one
breach to all the breaches would be too large to be modeled. troaddeveral breach widths
per breach scenario would have to be modeled, further increasing therrafmdsgiired model
runs.

1.1. Potential Breach Open L ocations

In order to reduce the number of breach modeling scenarios tal @ftdf2, first we considered
the breaching risk associated with each design sub-reach amdaédithareas with a Very Low
breaching risk (e.g., Robert Moses State Park). That le#t&s avhich were considered to have
a Low to High breaching risk (see Table 1).

Furthermore, in areas where two or more possible breaches intmagrage relatively close to
each other only the possibility of one of them staying open in one s Hreas was considered.
The location with the highest risk was selected. For exantpdee tare two possible breach
locations within Western Great South Bay: Fl Lighthouse Tractthadarea in vicinity of
Robins Rest. Both of them are considered low breaching risk buteaeaaiRobins Rest is the
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one that experienced more breach occurrences in the Future Vuné&abtlitions (FVC)
simulations. Therefore this area was selected as reprégemtathe breach open conditions for
Western Great South Bay. A similar analysis was perfdnmé&entral Great South Bay, where
the representative breach open condition was selected at TalBan&tt Beach area. The third
area with two relatively close breach locations is ShinnecogkVBast. Here the representative
breach open location is selected at Tiana Beach, which, accoodimg model simulations has a
higher breaching risk than the area near Sedge Island. Therthreee other breach open
locations with medium to high risk of breaching: OId Inlet, SmmPCounty Park (East), and
West of Shinnecock.

Table 1 — Areas with Breach potential from Low to High
. Representative
Breach Location Breaching Design Reach Breach Open
Risk for BCP g P
Locations
FI Lighthouse Tract Low GSB-1B
Kismet to Corneille States Low GSB-2A X
Tali to Blue Pt.
alisman to Blue Lowe GSB-2G X
Beach
Davis Park Low GSB-2H
Old Inlet High GSB-3B X
Smith Point CP — East Med/High MB-D1B
Sedge Island Low SB-1B
Tiana Beach Med SB-1C X
West Shinnecock High SB-2B X

Therefore, there are a total of 6 breach locations that ar@leces to be representative of the
range of possible breach open conditions for each of the threenbtngs FIMP area (see Table
2).

Table 2 — Representative Breach Locations

Area of Direct
Influence

Breach Location

BOC memo - NEWMar06 Page 2 of 6
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Kismet to Corneille States Western GSB

Talisman to Blue Pt. Beach Central GSB

Old Inlet Eastern GSB
Smith Point CP — East Eastern Moriches Bay
. Western Shinnecock

Tiana Beach
Bay
West Shinnecock Shinnecock Bay

These 6 locations were arranged into 4 different combinations that would be moadlied3)T

Table 3 — Breach Open Conditions for Numerical Simulation

Eastern

Western

Breach Open | western | Central | Eastern Shinnecoc

BOC-1 , /////-////////
B0c2 ///////_//////// _ -

////////-////////////////-/////////

These combinations were selected to cover the range of possibbd loeaditions under the
following assumptions:

1. Two neighboring breaches cannot coexist in Great South Bayassigsned that one of
them will remain open and the other one will close.

2. Only one open breach can be supported at Shinnecock Bay, therefore theatiom loif
a breach open at Tiana Beach and West of Shinnecock simultaneouslynotva
considered.

3. It was assumed that a breach open at Moriches Bay will havieimal or no influence
at Shinnecock Bay and vice versa.

1.2. Breach Sizes

A total of 12 modeling scenarios result from the combination of tleeted 4 representative
location-based scenarios with three possible breach sizes. Thestlemted breach sizes
correspond to the estimated values at 3, 6 and 12 months from breactiocforBsgoresented in
Table 16 of the Breach Contingency Plan Report of 1995 (BCP, 1995). TabldB0d (1995)

presents minimum and maximum expected values of breach aretesnditimes from breach

BOC memo - NEWMar06 Page 3 of 6
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formation for breaches at Great South Bay, Moriches Bay and Shoin®ay. The breach
depth is assumed to be 7 ft based on BCP (1995).

Table 4 presents the breach width for breaches at the threedbaylsited as the average of the
estimated minimum and maximum values from Table 16 of the BOP5] and assuming a
breach depth of 7 ft.

Table 4 — Breach Width from Breach Formation

Months from Breach | Breach width at | Breach width at | Breach width
Formation GSB (ft) MB (ft) at SB (ft)
3 2,500 1,200 1,300
6 3,700 1,700 1,900
12 4,700 2,100 2,300

A total of 12 representative breach open scenarios will belaied by combining Table 3 and
Table 4 for the six storms to be defined in the next Section.

2. PERFORM DELFT3D RUNSFOR BREACH OPEN CONDITIONS

A reduced number of representative storms were simulateddbrogédhe selected 12 (4 breach
open configuration x 3 sizes) breach open conditions. These stormsbéeneselected in
collaboration with NAN as the best set of storms that wdljate enough information to adjust
the Baseline or FWP stage frequencies with the new breachcopditions results and create
the BOC stage frequency curves.

* September 1938 cdf 1.0
e September 1985 cdf 1.0
*  November 1950 cdf 1.0
e January 1979 Historical
* March 1984 Historical

e January 1996 Historical

Simulations of the breach open scenarios will not account for morpbaloghanges and
therefore only hydrodynamic simulations will be carried out. Toall effect of winds and the
offshore wave setup that propagate into the bays through inlets antldseéasimulated in the
model. In addition since morphological changes over the barriedislee not simulated in the
model, the barrier island topography has been set high enough swillmet be allow over the

BOC memo - NEWMar06 Page 4 of 6
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dunes during these simulations. This barrier island condition isasitailthe one used in the
Future Without Project simulations, where no flow was allow over the barrier.

One of the final goals of this task is to compute the maximuberweavels at the bays under
breach open conditions and to compare the effect on the water &wbls bays of having a
breach open. Therefore the contribution to the water levels on thedbay® morphological
processes at the inlets and at the barrier island during a staten baseline conditions have to
be computed and added to the breach open simulation results. Additionaltisinsubf the six
aforementioned storms where simulated without considering any bogachor morphological
changes. The differences between the maximum water Feeisthese no-breach simulations
and those obtained from the Baseline conditions simulations provide aatac@presentation
of the contribution associated to inlet morphology and additional overvamsbath of the
storms. This contribution will be included in the calculation of thgestrequency curves under
Breach Open conditions.

3. ADDITIONAL BREACH OPEN CONDITIONSFOR LIFE CYCLE SIMULATIONS

Based on the assumptions presented in Section 1 a limited numbdditddreal breach open

combinations could be presented in the FIMP area. The following tabkents all the

combinations including those simulated and the stage frequency clbeaused at each station
in the Great South Bay — Moriches Bay system as a functitimledéreach open condition. The
bay system Great South Bay-Moriches Bay is considered indagesfdehinnecock Bay. At all

Shinnecock Bay stations results from BOC-1 should be used if therweShinnecock Bay

(Tiana Beach) breach remains open, and BOC-3 if the breach rewaems at West of

Shinnecock Inlet.
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Table 5 — Breach Open Conditions and Stage frequency curves to be applied at eaSt&en
Breach Open WGSB EGSB | EMB 1-2-3-4- | 5-6-7-21- 8.24-95 12;;;
Scenario 17-20-42 22 29-30-43-
44
BOC-1 / BOC-1 BOC-1 BOC-1 BOC-1
BOC-2 “ BOC-2 BOC-2 BOC-2 BOC-2
BOC-3 //// - BOC-3 BOC-3 BOC-3 BOC-3
BOC-4 //// - //// // BOC-4 BOC-4 BOC-4 BOC-4
BOC-5 // - // BOC-3 | BOC3 | 953 [ goc-2
BOC-6 %////% BOC-2 BOC-2 BL BL
BOC-7 I % / BL BL W | Boc
BOC-8 //// //// BOC-1 BOC-1 BOC-4 BOC-4

BOC memo - NEWMar06
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BOC-1, 3month
Jan79
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Change in Water Level

(feet)
® <0 O 061-080 O 1.41-1.60
@ 001-020 O 081-100 © 1.61-1.80
@ 021-040 O 101-120 @ 1.81-2.00
© 041-060 O 121-140 @ >2




June 2014 Old Inlet Breach
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Jan96

Change in Water Level

(feet)
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Change in Water Level

(feet)
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@ 021-040 O 101-120 @ 1.81-2.00
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June 2014 Old Inlet Breach
Nov50
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Nov50

Change in Water Level

(feet)
® <0 O 061-080 O 1.41-1.60
@ 001-020 O 081-100 © 1.61-1.80
@ 021-040 O 101-120 @ 1.81-2.00
© 041-060 O 121-140 @ >2
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Change in Water Level

(feet)
® <0 O 061-080 O 1.41-1.60
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Change in Water Level

(feet)
® <0 O 061-080 O 1.41-1.60
@ 001-020 O 081-100 © 1.61-1.80
@ 021-040 O 101-120 @ 1.81-2.00
© 041-060 O 121-140 @ >2
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Appendix A — Engineering & Design
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17
16
15
14
13
12
11
10

w A OO0 O N

17
16
15
14
13
12
11
10

W A OO O N ©

Unqua Point Combined Tropical & Extratropical Events

Baseline Conditions (BLC)

° —
©

South Oyster Bay Combined Tropical & Extratropical Events

Return Periods, yrs., Location = 1
(Mean = solid line & Quartiles = dashed line)

100

Baseline Conditions (BLC)

Return Periods, yrs., Location = 2
(Mean = solid line & Quartiles = dashed line)

100
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Great Cove Combined Tropical & Extratropical Events

Baseline Conditions (BLC)

Return Periods, yrs., Location = 3
(Mean = solid line & Quartiles = dashed line)

Ocean Beach Combined Tropical & Extratropical Events

Baseline Conditions (BLC)

Return Periods, yrs., Location = 4
(Mean = solid line & Quartiles = dashed line)

1,000
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Connetquot River Combined Tropical & Extratropical Events

Baseline Conditions (BLC)

Return Periods, yrs., Location = 5
(Mean = solid line & Quartiles = dashed line)

Watch Hill Combined Tropical & Extratropical Events

Baseline Conditions (BLC)

Return Periods, yrs., Location = 6
(Mean = solid line & Quartiles = dashed line)
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Patchogue Combined Tropical & Extratropical Events

Baseline Conditions (BLC)

Long/Sandy Point Combined Tropical & Extratropical Events

Return Periods, yrs., Location = 7
(Mean = solid line & Quartiles = dashed line)

Baseline Conditions (BLC)

Return Periods, yrs., Location = 8
(Mean = solid line & Quartiles = dashed line)
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Mastic Beach Combined Tropical & Extratropical Events

Baseline Conditions (BLC)

Return Periods, yrs., Location = 10
(Mean = solid line & Quartiles = dashed line)

Hart Cove Combined Tropical & Extratropical Events

Baseline Conditions (BLC)

Return Periods, yrs., Location = 11
(Mean = solid line & Quartiles = dashed line)
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Seatuck Cove Combined Tropical & Extratropical Events

Baseline Conditions (BLC)

Return Periods, yrs., Location = 12
(Mean = solid line & Quartiles = dashed line)

Apacuck Point Combined Tropical & Extratropical Events

Baseline Conditions (BLC)

Return Periods, yrs., Location = 13
(Mean = solid line & Quartiles = dashed line)
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Quogue Canal Combined Tropical & Extratropical Events

Baseline Conditions (BLC)

Return Periods, yrs., Location = 14
(Mean = solid line & Quartiles = dashed line)

100

Tiana Bay Combined Tropical & Extratropical Events

Baseline Conditions (BLC)

Return Periods, yrs., Location = 15
(Mean = solid line & Quartiles = dashed line)



Elevation (feet, NGVD29 adjusted for 2000 SLR)

Elevation (feet, NGVD29 adjusted for 2000 SLR)
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Cormorant Point Combined Tropical & Extratropical Events

Baseline Conditions (BLC)

Sampawams Point Combined Tropical & Extratropical Events

Return Periods, yrs., Location = 16
(Mean = solid line & Quartiles = dashed line)

Baseline Conditions (BLC)

Return Periods, yrs., Location = 17
(Mean = solid line & Quartiles = dashed line)



Elevation (feet, NGVD29 adjusted for 2000 SLR)

Elevation (feet, NGVD29 adjusted for 2000 SLR)
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Fire Island Mouth Combined Tropical & Extratropical Events

Baseline Conditions (BLC)

Return Periods, yrs., Location = 18
(Mean = solid line & Quartiles = dashed line)

Fire Island Bridge Combined Tropical & Extratropical Events

100

Baseline Conditions (BLC)

Return Periods, yrs., Location = 19
(Mean = solid line & Quartiles = dashed line)



Elevation (feet, NGVD29 adjusted for 2000 SLR)

Elevation (feet, NGVD29 adjusted for 2000 SLR)
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Heckshire State Park Combined Tropical & Extratropical Events

Baseline Conditions (BLC)

Return Periods, yrs., Location = 20
(Mean = solid line & Quartiles = dashed line)

Brown Point Combined Tropical & Extratropical Events

Baseline Conditions (BLC)

Return Periods, yrs., Location = 21
(Mean = solid line & Quartiles = dashed line)
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Great South Beach (bay) Combined Tropical & Extratropical Events

Baseline Conditions (BLC)

Return Periods, yrs., Location = 22
(Mean = solid line & Quartiles = dashed line)

Narrow Bay Combined Tropical & Extratropical Events

Baseline Conditions (BLC)

Return Periods, yrs., Location = 24
(Mean = solid line & Quartiles = dashed line)
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Smith Point Combined Tropical & Extratropical Events

Baseline Conditions (BLC)

Return Periods, yrs., Location = 25
(Mean = solid line & Quartiles = dashed line)
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Masury Point Combined Tropical & Extratropical Events

Baseline Conditions (BLC)

Return Periods, yrs., Location = 26
(Mean = solid line & Quartiles = dashed line)
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Moriches Inlet (bay) Combined Tropical & Extratropical Events

Baseline Conditions (BLC)

Return Periods, yrs., Location = 27
(Mean = solid line & Quartiles = dashed line)

Moriches CGS Combined Tropical & Extratropical Events

Baseline Conditions (BLC)

Return Periods, yrs., Location = 29
(Mean = solid line & Quartiles = dashed line)

100



Elevation (feet, NGVD29 adjusted for 2000 SLR)
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Westhampton Beach Combined Tropical & Extratropical Events

Baseline Conditions (BLC)

Pine Neck Point Combined Tropical & Extratropical Events

Return Periods, yrs., Location = 30
(Mean = solid line & Quartiles = dashed line)
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Baseline Conditions (BLC)

Return Periods, yrs., Location = 32
(Mean = solid line & Quartiles = dashed line)



Elevation (feet, NGVD29 adjusted for 2000 SLR)

Elevation (feet, NGVD29 adjusted for 2000 SLR)
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Shinnecock CGS Combined Tropical & Extratropical Events

Baseline Conditions (BLC)

Shinnecock Bridge Combined Tropical & Extratropical Events

Return Periods, yrs., Location = 33
(Mean = solid line & Quartiles = dashed line)

Baseline Conditions (BLC)

Return Periods, yrs., Location = 34
(Mean = solid line & Quartiles = dashed line)



Elevation (feet, NGVD29 adjusted for 2000 S