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B-1) CIVIL ENGINEERING

Introduction

The North Atlantic Coast Comprehensive Study (NACCS) was conducted to address the flood
risks of vulnerable coastal populations in areas that were affected by Hurricane Sandy within the
boundaries of the North Atlantic Division of the Corps. The New Jersey Back Bays (NJBB) area
was identified as a “focus area” within the NACCS study. This Civil Engineering Appendix
discusses the engineering and design work conducted to layout and evaluate potential structural,
non-structural and natural & nature-based (NNBF) solutions for protection against flooding in the
New Jersey Back Bays Region. Two structural flood control solution types were evaluated;
perimeter plans and storm surge barriers. Both solutions were evaluated separately for initial
screening analysis, but components of each will be combined to determine a focused array of
alternatives that will be further evaluated during the next phase of the study.

The NACCS Tier 1 Screening provided pre-compiled reference data for initial screening of
alternatives. Designs from other USACE District studies were also analyzed for suitability of
incorporating these features as measures in this study. Parametric data from each were utilized
for determination of with-project costs.

Perimeter Plan Screening Level Analysis
Perimeter Plan Cycle 1 Screening

The entire back bays perimeter area was divided into economic reaches by county and
municipality. Reaches were then combined into groups based upon geographical conditions
(municipalities on a barrier island, etc.) or hydraulic connectivity (small island off the barrier)
resulting in 50 groups. Google Earth mapping was utilized to enclose each reach within a polygon
for economic analysis. The economic model, HEC-FDA, was used to determine the benefit pool
for the reach and the Average Annual Net Benefits (AANB) were determined (See Appendix C for
Economic Analysis). A preliminary line of protection was laid out for each group (completed also
in Google Earth) along the bay frontage of the polygon or at other suitable locations.

Ground above the FEMA 500 year flood zone was considered high ground and used to determine
where to terminate the line of protection. At this stage of the study, it was assumed the
performance of the existing USACE CSRM projects along the ocean shorelines would be
compatible as a tie-in point for storm surge barrier and perimeter plan alternatives. It is
acknowledged that there is variability in the design dune dimensions and performance of the
existing CSRM projects up and down the coast. In the next phase of the study, the performance
and compatibility of the existing CSRM projects as a tie-in point will be investigated further. This
preliminary layout did not consider the best horizontal placement of the line but did approximate
the existing shoreline or exposed perimeter. The linear foot length of the line of protection for each
group is shown in Table 1 below.



Table 1: Cycle 1 Reaches & Quantities of Floodwalls, Miter Gates and Road Closure Structure by Group

—

Group County  Reaches Floodw all [fr] Miter Gates [ea) Sluice Gates [ea) Road Closures [ea]
1 Cape May CM1 15,757 5 = 1
2 CapeMay LW, WCR1 WCYL MW 54,070 1 = 3
3 CapeMay Lw?2 13.134 = = 2
4 Cape May  whe'l Nn.727 - - 1
5 CapeMay SH1 AV 81,897 2 = T
& CapeMay MT1 T.345 T = 2
T CapeMay MTZ 13.817 1 = 2
8 CapeMay AWZ 5.465 - - 1
9 CapeMay AW 9574 5 = 1

10 Cape May SN 34,354 2 = 4
M Cape May P11 5,165 = = 3
12 Cape May OC1 78,573 3 - 4
13 Cape May UP2 12,896 5 = 1
14 Atartic  EG1 3.552 = = 1
15 Atlantic SF1 16,441 = = 3
16 Atlantic EGZ2 781 = - 3
17 Atlantic EG3 7328 2 = 2
15 Adanric  LP1, MG1,WNZE, ACZ g7.47d 5} = 10
13 Atlantic W1 20,044 = = Z
20 Atlantic ACT 735 = - E
21 Aartic  EG4 F1.233 5 = 4
22 Atantic  AB1 1.025 1 = 1
47 Atlantic AEZ 14,354 = = 1
23 Atlantic BC1 453,590 1 - 5
24 Ogean LH1 68,775 5 = -
25 Oocean LHz, Tk 40,347 4 T Z
26 Ocean LES. B\, LE4. SB1. SC1. LES. HCA, LB, BIGLA 165,205 3 =: 1
27 Ocean SF1 49,526 5 3 3
28 Ooean LE2 15,356 1 = 1
23 Ocean BiG1,0T1 26,287 3 = =
30 Ocean orz 1,332 1 = =
31 Ocean OT3,0T4 16,238 5 - 4
32 Ooean aTs 214239 5 =
33 Ocean LE1 26,330 3 z 1
1l 34 Ocean  LCZ 31585 3 1 -
35 Ocean LC3, BKA 74,450 g - 2
36 Ooean =4 31463 3 = 3
37 Ocean Bk3 22,713 2 1 L)
358 Ocean BEkS, 0G1, BB, DG2 40,133 1 2 3
39 Ocean H1, TRz 59,492 3 - 3
40 Ooean TRE 53,762 3 5 1
41 Ocean BRz 6T 3 4 =
42 Ocean Bkd,55P1, S5H1, TR4, LLZ, LL1. TRS, BR1, MK1, BH1. PPE1. PPZ2 175,744 & = E
48 Ocean TR3.BKT T.396 - - 2
43 Ooean BR3 IT.TIE 1 1 1
51 Ocean FPF1. BR4 41,562 3 = =
45 Monmouth MO1,BL1 22,642 3 = 2
46 Monmouth BM1 4,028 1 1 o
50 Monmouth ABS1 5.423 5 = -

As an initial screening measure the NACCS Tier 1 floodwall was assumed for the line of protection
to generate with-project quantities. The NACCS floodwall is a pile supported, reinforced concrete
T-Wall, with an unsupported stem height of 10 feet above ground and 2.5 foot thickness. Rows of
piles spaced every 7 feet at lengths between 15 and 50 feet, depending on the soil conditions,
form the foundation of the structure, although these are not shown in the graphic (See Figure 1
below). The linear foot parametric cost of the wall includes drainage gates/outlet structures every
400 feet along the length of the floodwall. Additional structures (miter gates, sluice gates, and
road closure structures) necessary to complete the continuous line of protection were also
included to determine with-project quantities. Miter gates, 65 feet wide, were used to close off
navigable canals or channels. Sluice gates, 60 feet wide, were used to maintain flow in areas
where the floodwall will cut off flow to a small stream, tidal wetland or marsh, and where navigation
is not required. Road closure structures (roller gate type) were used to close the line of protection
during flooding events while allowing use of the roadway or municipal boat ramp during non-flood
conditions. One road closure will accommodate two lanes of standard traffic; two road closures
were used at locations with four lanes of traffic.

10



Freeboard Coping (cptionall - can be

nciuded in freeboard if
securely fixed to wall

Design
witer level

(ladding (optionall

Renforied consrele

i
Lutoft

Figure 1. Representative NACCS Floodwall Cross Section (T-Wall)

Benefit-Cost Ratio results for the Cycle 1 Screening of potential Perimeter Plan alternative
locations resulted in 12 Groups considered "Favorable" (BCR above 2.0), 12 Groups considered
"Possible" (BCR between 1.0 and 2.0), and 25 Groups considered "Screened Out" (BCR below
1.0). A further cycle of screening (Cycle 2) was applied to the 12 groups that received a “favorable”
status.

Perimeter Plan Cycle 2 Screening

A more detailed evaluation of the proposed preliminary line of protection was ultimately completed
for a total of 13 groups for Perimeter Plan Cycle 2 Screening. The 13 groups included the 12
groups that advanced from the Perimeter Plan Cycle 1 Screening analysis (with some changes)
and one additional group added to the analysis that had been overlooked in Cycle 1. Previous
group compositions were revised to reorganize reaches for economic evaluation purposes, or to
combine reaches differently due to hydraulic or structural reasons. The Perimeter Plan Cycle 2
Screening process applied to the 13 groups included refinement of the location of the line of
protection, selection of a proposed structure type based upon preliminary consideration of existing
conditions where it was to be placed, and computation of quantities based upon the updated
layout and typical flood protection sections. Google Earth with elevation tools, the FEMA 500 Year
Flood Plain Mapping, and NOAA Navigation Charts as an underlay were used to determine
approximate nearshore conditions.

The back bays shoreline ranges from coastal marshland to emergent beachhead to hard structure
armoring (typically bulkhead) in areas of high density development. Typical flood protection levee
and floodwall sections were generated for the Perimeter Plan Cycle 2 Screening analysis based
on these general conditions assumed along the proposed line of protection. The design crest
elevation of the protection (feet NAVD88) was computed using still water elevation (SWEL) with
required freeboard and anticipated relative sea level change (RSLC) in order to prevent wave
overtopping during the design storm event. Crest elevations for floodwalls or earthen levees are

11



similar if the levee includes a rubble slope on the flood side for wave armoring. Approximate
maximum required crest elevations are 13 feet NAVD88 everywhere except within Barnegat Bay,
where the crest elevations are closer to 10 feet NAVDS88. For this level of screening the quantities
assumed a maximum of 13 feet NAVDS88 for all locations. The three typical sections used in this
analysis were a levee section (Type A), a floodwall section to be constructed in areas below water
level (Type B), and a floodwall section to be constructed in areas above the mean tide zone (Type
C). Typical Sections of each type are shown in Figure 2 through 4.
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Figure 2: Typical Section - Levee - Type A
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Levee sections were used in open space areas that transitioned from beach to water, or from
undeveloped property to marshland, but generally avoided areas of coastal marsh or maritime
forest for placement of the full levee section to minimize environmental impacts to these
resources. If the alignment for the line of protection could not substantially avoid an
environmentally sensitive area one of the floodwall types was utilized since its footprint is much
smaller than the levee. Very short sections of levee between floodwalls were also avoided for the
sake of continuity at the screening level. Layout assumed a landward toe tie-in to existing ground
higher than mean high water (MHW), with a sloped bottom extending to the flood side toe at an
approximate depth of mean low water (MLW). The levee section, 10’ crest width with 2H:1V side
slopes, includes a 3 foot thick layer of riprap placed above a random fill interior. The riprap will
protect the structure from, and reduce run-up by, wave action, and protect against erosion during
overtopping. At the center of the levee section is a sheetpile wall to provide impermeability of the
structure, and for cut-off protection against underseepage. Sections will be constructed on top of
4" thick, stone-filled marine mattresses with geotextile along the base to provide foundation
support at the soil interface. Quantities include a 2 foot overbuild for expected settlement of the
structure.

Both floodwalls Type B and Type C are assumed to be similar in composition but different in size,
location of placement, and means and methods needed for construction. Both floodwalls are
reinforced concrete T-Walls, with a stem thickness of 2 feet, base thickness of 2.5 feet, supported
by (2) 50 foot long HP14x73 piles spaced at 10 feet longitudinally. Construction of the Type B wall
assumes placement just bayward of an existing bulkhead structure that will remain in place and
provide support of excavation. The base of the Type B wall will extend down to a bed elevation of
approximately 9 feet NAVD88, which is the expected maximum dredging depth for the New Jersey
Intracoastal Waterway (NJICWW). A temporary cofferdam is required for construction of the wall
which will be completed using water-based methods. The Type C wall will be constructed from
land at a base depth above or close to the tidal zone. The wall dimensions are based upon
constructing the concrete base above the lowest MHW level in the bay (O feet +/- NAVD88) which
results in a stem height of 10.5 feet. The unsupported stem height is estimated to be as high as
9.5 feet. The Type C wall assumes construction behind an existing bulkhead (condition unknown)
or at the land edge. In either case, the installation of a sheetpile cut-off wall in front of the structure
is assumed to be required for protection of soil below and beyond the base from scour. The depth,
number, or size and spacing of piles for either of the floodwalls was not analyzed at this screening
level, however, selection of these elements and their parameters was based upon other walls of
similar type proposed in other studies.

Floodwall placement in the vicinity of finger canals and other waterfront communities that included
alternating lanes of bulkheaded waterway with developed or residential property was considered
from an economic point of view. Perimeter floodwall placement would need to follow the existing
bulkhead alignment, resulting in long linear foot lengths of structure and, thus, substantial with-
project costs for these areas. A miter gate, therefore, was used across the opening of a waterway
lane if it would eliminate 3000 feet or more of floodwall. This limit was determined by dividing the
cost of a typical miter gate by the linear foot cost of floodwall. The linear foot lengths of the line of
protection for each group is shown in Table 2 below.
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Table 2: Cycle 2 Reaches & Quantities of Floodwalls, Miter Gates and Road Closure Structure by Group

\Group Group Name County Cyclel Polyline Names Floodwalls {ft) Type A (feet) Type B [feet) Type C (feet] Miter Gates (ea Sluice Gates (ea Road Closures (ea)
1 Cape May Cape May CM1 15,825 5,305 7,307 3,213 o 1;
2 Wildwood Island Cape May LWL, NWIL, WCRL, WCY1 54,171 24,296 26,618 3,257
4 West Wildwood Cape May WW1 11,726 3,728 7,998 =
5 sevenMile island  Cape May AV1, AVZ, AV3, 5H1 97,225 8446 85,428 3,350

10 Sea Isle City Cape May SI1 35,166 14,406 13,359 2,400

11 Strathmere Cape May LUP1 8,187 1,048 3,304 3,835

12 Ocean City Cape May 0OC1 78,732 24,080 35,432 19,220

18 Absecon island Atlantic ACL ACZ, LP1, MGL, VN1, VN2 111,112 11,398 70,041 29,672

23 Brigantine Island  Atlantic BC1 48,693 593 36,743 11,363

26 Long Beach Island  Ocean BGL1, BV1, HC1, LB1, LB2, LB3, LB4, LBS, 581, 5C1 209,124 18,201 164,947 25,975

42 Barmegat Bay Island Ocean BHL, BK4, BK7, BRL, LL1, L1 2, MK1, PP2, PPB1, 55H1, 55P1, TR3, TR4, TR3 186,871 15,398 160,276 11197

45 Manasguan Monmouth BL1, MQ1 22,820 10,741 9,328 2,751

52 West Cape May Cape May GP52 4,480 3,449 3 1,031

884,138 141,080 625,781 117,264

Wall Usage: 16.0% 70.8% 13.3%

Storm Surge Barrier Screening Level Analysis

Background

A screening level analysis was performed to investigate potential storm surge barrier (SSB)
options that would protect NJBB from coastal storm damages. USACE Engineering Research
and Development Center (ERDC) performed three iterations of SSB modeling throughout the
study area. The first iteration modeled a SSB at each individual inlet (one at a time). The second
iteration modeled 15 alternatives, comprised of inlet and bay closures, to see how a system of
barriers would reduce water levels. The third iteration modeled 8 alternatives with a larger storm
set to establish hazard curves used for the HEC-FDA economic model. Based on the ERDC
models, 11 inlets and 8 bay closures were identified for screening level analysis. Preliminary
alignments of SSB components were estimated in AutoCAD for each location. Quantities were
then estimated at each location (see Tables 3 and 4) and were provided to Cost Engineering
which then estimated construction costs for each SSB. Construction costs were then used in the
HEC-FDA economic model to determine the National Economic Development (NED) benefits for
each barrier. Barriers with low NED benefits were screened out while barriers with high NED
benefits were added to a focused array of alternatives. The focused array will be investigated in
more detail as the feasibility study continues in order to reach a tentatively selected plan. The
following section outlines the process for determining SSB alignments and quantities for all 11
inlets and 8 bay closures.
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Table 3: Inlet Storm Surge Barrier Screening Level Analysis Quantities

Inlet Storm Surge Barrier Locations

Barrier Components Cape May | Cape May | Hereford | Townsends Carsans Great Egg Absecon Brigantine & Barnegat | Manasguan | Shark River
Canal Inlet Inlet Inlet Inlet Harbor Inlet Inlet Little Egg Inlet Inlet Inlet Inlet
Mavigable Gate Length
(FT) 253 8BS 211 211 253 253 BE5 422 675 569 232
Mavigable Gate Average
. 1 34 55 65 58 50 70 74 62 45 39 55
Height (FT)
Mavigable Gate Area L’-’;F:l2 8609 48692 13704 12229 12651 17736 65456 26347 30133 22232 12755
Aux. Flow Gate Length
(FT) 344 0 516 430 516 4214 774 4128 774 0 0
Aux. Flow Gate Average
1 26 ] 29 43 285 31 31 40 36 0 0
Height (FT)
Aux. Flow Gate Area [SF]2 Q021 0 15015 18587 14464 130296 23958 163787 28228 0 0
Impermeable Barrier 65 0 5112 1641 1124 1293 307 1927 174 0 165
Length (FT)
Impermeable Barrier
1 21 0 20 20 20 24 21 24 23 0 14
Average Height (FT)
Impermeable Barrier
B 1358 ] 100313 33460 22668 31373 6331 45434 4071 0 2340
Area (5F)
Levee Length (FT) 2159 2435 0 0 4] 0 0 0 1054 0 0
Seawall Length (FT) ] 302 1837 2516 2839 474 2567 48742 192 7833 0

Motes:

1. Navigable Gate Average Height, Auxiliary Flow Gate Average Height, and Impermeable Barrier Average Height is the average height from the existing

bathymetry to a design height of 20" NAVDES for the bay closure locations (see H&H Appendix for design height calculations).

2. Gate area is the cross sectional surface area of the dynamic (openable) span of barrier plus the cross sectional surface are of the housing structure

associated with the gate.

3. The Impermeable Barrier Area is the cross sectional surface area of the impermeable barrier.
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Table 4: Bay Closure Screening Level Analysis Quantities

Bay Closure Locations

Stone Harbor

South Ocean

Barrier Components Wildwood Blvd Blvd Ba Sea Isle Blvd City Ba Absecon Blvd Morth Point | Holgate Bay Point Pleasant
Bay Closure Y Bay Closure ¥ Bay Closure Bay Closure Closure Canal Bay Closure
Closure Closure
MWavigable Gate Length (FT) 253 253 253 253 253 253 253 253
MNavigable Gate Average
. 1 38 38 37 25 35 a5 43 38
Height (FT)
Navigable Gate Area (SF ]2 9613 9611 9360 6324 9613 8910 10878 9613
Aux. Flow Gate Length (FT) 258 344 0 0 o 2666 3010 4]
Aux. Flow Gate Average
i 1 42 28 0 0 o 21 24 4]
Height (FT)
Aux. Flow Gate Area [SF]I 10793 9515 0 0 0 55061 73029 0
I ble Barri
Mmpermeaie Barmer 562 431 158 0 150 16331 10075 0
Length (FT)
Impermeable Barrier
. 1 13 14 16 0 17 13 12 4]
Average Height (FT)
| ble Barrier A
mpeweat ; ]f"'er = 7073 5927 2488 0 2593 206342 118965 0
SF
Levee Length (FT) 15585 20620 13096 9558 25733 15810 15074 4]
Seawall Length (FT) 0 0 0 0 o 3953 9658 4]
Floodwall - In the Wet (FT) a 17546 1911 1205 9746 0 0 0
Floodwall - In the Dry (FT) a 0 2400 2919 5503 0 0 0
Miter Gate (EA) 2 1 0 1 5 1 B 0
Sluice Gate (EA) 2 1 2 1 1 7 6 0
Road Closure (EA) 2 4 1 0 3 0 1 0

Notes:

1. Navigable Gate Average Height, Auxiliary Flow Gate Average Height, and Impermeable Barrier Average Height is the average height from the existing
bathymetry to a design height of 13" NAVDES for the bay closure locations (see HE&H Appendix for design height calculations).
2. Gate area is the cross sectional surface area of the dynamic (openable) span of barrier plus the crass sectional surface are of the housing structure

associated with the gate.

3. The Impermeable Barrier Area is the cross sectional surface area of the impermeable barrier.




Storm Surge Barrier Parametric Cost Model

The cost model used in this study was developed by USACE New York District and is based on
statistical data and major design considerations. Design considerations include barrier crest
elevations, lengths, depths and proportion of navigable and auxiliary flow features versus static
elements. As seen in Table 5, cost engineers assembled a dataset of seventeen reference SSBs
from around the world (Mooyart & Jonkman, 2017). As the study continues, this data set can be
improved and expanded upon.

Table 5: Reference Set of Storm Surge Barriers

Total Initial Construction Average Height Lengths
Reference Storm Country Construction Cost of Barrier Dynamic Features, Total
Surge Barrier Duration | | | (Sill to Crest) Nav + Aux (incl. dam)

[Years] [$, 2019Q1] [FT] [FT]

_____________ Eider _ Germany 6
Hull United Kingdom 3
_ Thames | UnitedKingdom | & | __
Eastern Scheldt _ Netherlands 17 $6,960,000,000 a4 9206 | 25853
............. SR IR 8 $1,010,000,000 82 2789 2789
Hartel Netherlands 4 $219,000,000 31 763 820
Ramspol Netherlands B $206,000,000 27 715 1348
e — ==
IHNC United States 3 $643,000,000 35 712 9449
Seabrook United States 3 $192,000,000 34 325 469

Harvey Canal United States 3 | $368,000,000 24 282 394

Italy $7,540,000,000

The parametric cost model equation differentiates barrier components into three categories;
navigable gate area (NA), auxiliary flow gate area (AA), and impermeable barrier/dam area (DA).
Length or area of “dynamic” span of storm surge barriers refers to those portions of a barrier
system which can be opened either to allow flow for navigation or auxiliary flow. The values
include both the width/area of the openings and the structures associated with operation and
housing of such features. By contrast, length and area of “static” span refers to that of the closed
off wall or dam portions of barrier systems.

The model estimates construction costs at a specified % confidence interval based on available
reference data for existing barriers all over the world. An example of the 50% confidence interval
parametric cost equation is as follows:

Construction Costsgy, = ($19,200 * NA) + ($13,900 * AA) + ($3,000 = DA)

The construction cost is a function of the cross sectional area of each barrier component. Barrier
widths were not analyzed as part of the screening level analysis and will need to be investigated
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as the study continues. The SSB design heights were selected to be 20' NAVD88 at the inlets
and 13' NAVD88 along the bay closures. Since bay closure locations are not as exposed to ocean
waves and storm surge, the design heights do not need to be as high.

Navigable and Auxiliary Flow Gates

A navigable gate was analyzed at every inlet and bay closure to provide a navigable opening with
an unlimited height restriction. At this stage of the analysis, navigable gates were assumed to be
sector gates due to their prevalence not only in the United States but all over the world. A sector
gate contains two dynamic gates and two static gate housing structures. The dynamic gates
remain in their housing structures, providing an open channel for navigation. The dynamic sector
gates are horizontally closed during significant storm events. Due to the parametric cost model,
the specific type of navigable gate does not affect the total construction cost. The parametric cost
model references construction costs for a variety of navigable gate types. The specific type of
navigable gate will need to be further evaluated and refined as the study continues.

Along bay closure alignments, sector gates were positioned across the NJIWW. At the inlets,
sector gates were placed at federal navigation channels. To ensure channels were not restricted,
the dynamic span of the sector gates were sized to provide a 10 foot buffer on either side of the
NJIWW or federal navigation channel. The size of each dynamic gate and static housing structure
was scaled off an existing SSB site in the United States, the Seabrook Flood Complex in New
Orleans, LA (see Figure 5). Not all inlets or bay closures have a federal navigation channel or
NJIWW. In these instances, sector gates were positioned along the deepest portion of the
waterway in order to promote tidal flow during open conditions. Some inlets, such as Townsends
Inlet, have no Federal Navigation Channel but do have existing bridges with drawbridges. Sector
gates were aligned directly in front of these drawbridges to support large vessel navigation.

a: 95’ Wide Nawgable Sector Gate 3?‘ 50’ Wide A”"'“a"\” Flow Gate [&=

< _' Seabrook
Floodgate Complex

o 9
1

Figure 5: Seabrook Floodgate Complex in New Orleans, LA
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Auxiliary flow gates were positioned adjacent to navigable gates and throughout bay closures to
maintain tidal flow. Auxiliary flow gates were placed throughout water depths that were deemed
constructible and practical. For example, an area with water depths of only a foot may not
generate enough flow in and out of a channel to justify the cost of an auxiliary flow gate. The
minimum flow gate depth will need to be further investigated as the study continues. Auxiliary flow
gates were assumed to be vertical lift gates because they are one of the more prevalent SSB gate
types seen in the United States as well as overseas. Due to the parametric cost model, the specific
type of auxiliary flow gate does not affect the total construction cost. The parametric cost model
references construction costs for a variety of auxiliary flow gates including, but not limited to,
vertical lift gates, segment gates, flap gates, and inflatable gates. The specific type of auxiliary
flow gate will be further evaluated and refined as the study continues. The Seabrook Flood
Complex (see Figure 5) was used as a template to initially size the vertical lift gates for this study.
The dynamic portion of the gate is approximately 50 feet long, flanked by two housing structures
that are each approximately 18 feet long. The length of movable gate will need to be refined as
the study continues as it directly impacts the flow restriction of the inlet. Vertical lift gates have
limited vertical clearance but are capable of providing recreational navigation. For example, the
Bayou Bienvenue vertical lift gate in New Orleans, LA (see Figure 6) has enough vertical
clearance to allow recreational boats to pass to and from Lake Borgne.

Figure 6: Bayou Bienvenue Vertical Lift Gate in New Orleans, LA

Impermeable Barriers

Impermeable barriers flank the dynamic SSB components in order to tie the barrier into the
upland. Impermeable barriers were also positioned along portions of low lying marsh land across
bay closure alignments. The parametric cost equation does not estimate construction costs for a
specific type of impermeable barrier, it applies a cost factor to a cross sectional area of static wall
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based on reference data for seventeen existing SSB sites (Table 5). A site specific impermeable
barrier type has not been selected at this stage but will be further investigated as the study
continues. Figure 7 shows one example of an existing impermeable barrier at Lake Borgne in
New Orleans, LA.

Y s 1,271 “soldier” pilings; each one is 140
CROSS-SECTION: feet long and 66 inches in diameter
1
25-26 feet
“Batter” pilings above sea-level
4 To New Orleans Armoring — To Lake Borgne b

Dan Swenson, NOLA.com | The Times-Picayune

Figure 7: Lake Borgne Impermeable Barrier in New Orleans, LA

Levees, Floodwalls and Seawalls

In areas that are not in open water or on open marsh land, levees, floodwalls and seawalls were
used to tie barriers into high ground or existing adjacent oceanfront projects. Type A - levees were
used in areas with little to no exposure to wave forcing. Type B and C - floodwalls were used in
areas where the SSBs tie into the Perimeter Plan. In-water floodwalls were not used along low
lying open marsh areas through bay closure alignments. The in-water floodwall design assumes
there are adjacent existing sheet piles with backfill. To be conservative, impermeable barriers
were selected for these areas. A more detailed wall design will be investigated for low lying open
marsh areas as the study continues. Seawalls were selected for low lying areas, such as beaches,
that are still susceptible to waves and erosion but may not need a structure as robust as an
impermeable barrier. As the study continues, beach and dune restoration measures will be
investigated for these areas as well. Estimated seawall costs were scaled off construction costs
for the Absecon Seawall in Atlantic City, NJ (see Figure 8).
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Figure 8: Typical Section - Absecon Seawall Structure 1

Perimeter Plan Drawings

Detailed perimeter plan drawings in Section B-5. Perimeter Plan and Storm Surge Barrier
Drawings.

Storm Surge Barrier Drawings

Detailed storm surge barrier drawings in Section B-5. Perimeter Plan and Storm Surge Barrier
Drawings.

Existing Data

Existing bathymetry and topography data was obtained from the U.S. Geological Survey’s
(USGS) Topobathymetric Model for New Jersey and Delaware. In response to storm damages
induced from Hurricane Sandy, the USGS Coastal and Marine Geology Program in collaboration
with the USGS National Geospatial Program (NGP) and National Oceanic and Atmospheric
Administration (NOAA) developed three-dimensional 1-meter topobathymetric elevation models
for the New Jersey/Delaware sub-region. The temporal range of input topography and bathymetry
ranges from 1880 to 2014 and is referenced to NAVD88. USGS topobathymetric data was cross
referenced against available USACE NAP bathymetric surveys which ranged from 2015-2018.
The bathymetry data was used to estimate the total cross sectional area for each SSB component.
The topographic data was used to tie SSBs into high ground. High ground was selected to be at
approximately 13' NAVDS88 or at an existing adjacent ocean front project. Not all ocean front
projects were designed or maintained to a 13 NAVD88 elevation. Improving existing ocean front
projects will need to be further evaluated as the study continues. Additional survey data will also
be collected, as the study continues, to establish more accurate and representative site
conditions.
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Non-Structural

Non-structural solutions are being considered for the entire study area, especially the 12 Groups
considered "Possible" (BCR between 1.0 and 2.0), and 25 Groups considered "Screened Out"
(BCR below 1.0) from the initial perimeter plan screening. Raising structures (primarily residential)
to elevate the first floor above the design flood level was the only non-structural solution
considered for this phase of the screening process. Figure 5 below shows a graphic
representation of this alternative. Refer to the Economic Technical Appendix for information on
the analysis. Future alternative analyses will consider other non-structural measures such as flood
proofing, deployable flood walls, ring levees/floodwalls, etc.

Lightwesght or mobile
tems (such as a car)
can b stored under
. tha homea and moved
prar to fleoding

Sarvice agqupment
[2uch as utiftisz and
slactrical circuits)
e aboyve

flood leval a

—

Cpenings on each |
wiall engund antry of
water to equalize
hydrostatic pressure

Figure 9: Non-Structural Flood Control Solution

Natural and Nature-Based Features (NNBF)

A qualitative screening effort was completed to identify perimeter plan and SSB areas for possible
NNBF sites and measures. As a result the array of measures was screened down to focus
primarily on living shorelines and EWN (Engineering with Nature) modifications. Refer to the
Environmental and Cultural Appendix for information on the screening analysis. Living shorelines
may be created in areas where protection incorporates a dune and beach fill or along a levee
frontage. EWN features, such as textured concrete, habitat benches, and ecologically enhanced
revetments, can be incorporated into the design of floodwall and levee structures. Preliminary
costs of these items are considered to be within the contingency values for construction of the
flood control feature.
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Figure 10: NNBF Measures

Real Estate

Real Estate costs for the perimeter plan and SSB screening were estimated as a percentage of
construction costs. Future analyses will include quantification of permanent easement acreages
based upon the proposed structure footprint and interior drainage modifications including required
maintenance access, and temporary easement based upon required access during construction.
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B-1) GEOTECHNICAL

Geotechnical Subsurface Explorations

The purpose of the geotechnical subsurface explorations is to determine soil type, properties, and
strength characteristics of the subsurface materials for the feasibility of preliminary design
alternatives. In a preliminary overview of the NJBB Study Area, a search of existing subsurface
data from previous geotechnical investigations was conducted. Existing subsurface investigation
data consisting of field boring logs and laboratory testing was obtained from USACE archive data,
specifically from the N.J. Inlets and Beaches project. Existing subsurface investigation data
consisting of boring location plans and borings logs was also obtained from NJDOT Geotechnical
Data Management System (GDMS) data base. The following sections detail the relevance of the
existing subsurface investigations used from each source.

The geotechnical investigations conducted as part of the N.J. Inlets and Beaches were performed
in 1964 in the following areas: Corson’'s Inlet between Strathmere and Ocean City, NJ,
Townsends Inlet between Avalon and Sea Isle City, NJ, and Hereford Inlet between Wildwood
and Stone Harbor, NJ. The boring location plans with the exact locations of the existing borings
are not available; however, the approximate investigation areas are known. The subsurface profile
generally consisted of (in descending order): 1) granular soils with intermittent fine-grained soils
and with organics, 2) organic fine-grained soils, and 3) granular soils. The soils encountered are
in general agreement with the published geologic data.

The subsurface investigation data obtained from NJDOT GDMS data base contained boring
location plans and boring logs from various NJDOT projects spanning Ocean City to Manasquan
in relative close proximity to the major NJBB CSRM Feasibility Study alternative structures. The
projects included bridge, approach, and state route structure subsurface investigations.
Representative borings based on their respective locations and depths were included in the
subsurface data gathering. The representative borings were drilled as recent as 2002 and as far
back as 1973. The subsurface profile generally consisted of (in descending order): 1) granular
soils with intermittent fine-grained soils and with organics, 2) organic fine-grained soils, and 3)
granular soils. The soils encountered are in general agreement with the published geologic data.

The proposed geotechnical subsurface explorations will include Standard Penetration Test (SPT)
borings with laboratory testing and Cone Penetrometer Test (CPT) Soundings. The purpose for
the SPT boring explorations and laboratory testing is to obtain subsurface soil classification and
strength data for the preliminary design to be used in determining the feasibility of proposed bay
closure structures and storm surge barrier gate structures. The boring data should fill in the gaps
of the existing soil data gathered. An SPT boring schedule and laboratory testing program have
been developed. The purpose for the CPT soundings is to develop a reliable profile of the
subsurface material along the back bays for the various floodwall structures. The CPT method
will allow for a high quantity of sounding locations at significant depths along the 3,400 miles of
coastline in the study area. The CPT data will be reviewed and a determination can be made for
the feasibility of the floodwall structures as well as specific target areas for future testing and
investigation. A CPT sounding schedule has been developed.
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Geomorphology

The study area is situated along the New Jersey coast, which is located within the New Jersey
section of the Coastal Plain Physiographic Province of Eastern North America. In New Jersey,
the Coastal Plain Province extends from the southern terminus of the Piedmont Physiographic
Province southeastward for approximately 155 miles to the edge of the Continental Shelf. The
boundary between the rock units of the Piedmont and unconsolidated sediments of the Coastal
Plain Physiographic Provinces is known as the Fall Line, which extends southwest across the
state from Perth Amboy through Princeton Junction to Trenton. It is termed the Fall Line due to
its linearity and the distinct elevation change that occurs across this border between the more
rugged, generally higher rock terrain of the Piedmont and generally lower terrain of the soil
materials comprising the Coastal Plain. The locations of the Physiographic Provinces in New

Jersey and Fall Line are shown below:
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The Coastal Plain Province, lying southeast of the Fall Line, is part of the Atlantic Coastal Plain
that extends along the entire eastern Atlantic Ocean coastline from Newfoundland to Florida. The
Coastal Plain is the largest physiographic province in the state and covers approximately sixty
percent of the surface area of New Jersey. This province encompasses an area of approximately
4,667 square miles, almost 3 million acres. More than half of the land area in the Coastal Plain
is below an elevation of 50 feet above sea level (NGVD). The terrestrial portion of the Coastal
Plain Province is bounded on the west and southwest by the Delaware River and Delaware Bay,
on the north by the Fall Line and on the northeast by the Raritan Bay and Staten Island. The
remaining portions of the Coastal Plain Province in New Jersey are bordered by the Atlantic
Ocean. The Atlantic Coastal Plain has been further differentiated into the Inner and Outer Coastal
Plain regions. The Inner Coastal Plain consists of lowlands and rolling hills underlain by
Cretaceous deposits and is border to the north by the Piedmont Province. The Outer Coastal
Plain is a region of low altitude where low-relief terraces are bounded by subtle erosional scarps,
and consists of the unconsolidated Tertiary deposits of sand, silt and gravels. The eastern
boundary of the Coastal Plain includes many barrier bars, bays, estuaries, marshes and
meadowlands along the Atlantic coast extending from Sandy Hook in the north to Cape May Point
at the southern tip of New Jersey.

Physiography

The New Jersey shoreline, which is included in the Coastal Lowlands can be divided into those
sections where the sea meets the mainland, at the northern and extreme southern ends of the
State, and where the sea meets the barrier islands, in the central to southern portion of the State.
The Coastal Lowlands include as many as three scarp-bounded terraces, which are underlain by
marine and estuarine deposits. The outer margin of the terraces are surrounded by the tidal
marshes, bays and the barrier islands. The barrier islands extend from Bay Head, down the coast
for approximately 90 miles, to just north of Cape May Inlet and are generally continuous, except
for the interruption by 10 inlets.

Barrier Islands

The New Jersey barrier islands, which include the study area, belong to a land form susceptible
to comparatively rapid changes. The barrier islands range in width from around 1000 feet to 5,000
feet. Landward of the barrier beaches and inlets along the barrier islands are tidal bays, which
range from 1 to 4 miles in width. These bays have been filled by natural processes until much of
their area has been covered with tidal marshes. The remaining water area landward of the barrier
islands consists of smaller bays connected by water courses called thorofares. Four geologic
processes are considered to be responsible for the detritus (or loose material) in the bay area: (1)
stream sedimentation, which contributes a small amount of upland material; (2) waves washing
over the barrier islands during storms; (3) direct wind action blowing beach and dune sand into
the lagoon; and (4) the work of tidal currents, which normally bring in more sediments in
suspension from the ocean on flood tide than they remove on ebb tide. The vegetation of the
lagoons, both in marshland and bays, serves to trap and retain the sediments.

Drainage of the Coastal Plain
The land surface in the Coastal Plain of New Jersey is divided into drainage basins, based on the
area that contributes runoff to streams and their tributaries in a particular region. A drainage divide

marks the topographic boundary between adjacent drainage basins. A major drainage divide in
the Coastal Plain separates streams flowing to the Delaware River on the west and to the Atlantic
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Ocean on the east and southeast. Figure X illustrates the surficial geology that is present within
the study area.

The surficial drainage system of the New Jersey Coastal Plain was developed at a time when sea
level was lower than at present. The subsequent rise in sea level has drowned the mouth of
coastal streams where tidal action takes place. This tidal effect extends up the Delaware River
to Trenton, New Jersey, a distance of 139 miles. The formation of the barrier islands removed all
direct stream connection with the ocean between Barnegat Bay and Cape May Inlet. These
streams now flow into the lagoons formed in the back of these barrier beaches and their waters
reach the Atlantic Ocean by way of the thorofares and inlets, discussed above. The significance
of these features to the drainage system in the study area is that the Coastal Plain streams, whose
upper courses carry little sediment, lose that little sediment in their estuaries, and in the lagoons,
and supply virtually no beach nourishment to the ocean front areas.

The material present within the coastal lagoons and tidal marshes consists primarily of alluvium,
and salt-marsh deposits. The alluvium, which was deposited was derived from weathered upland
soils of the Bridgeton and Cohansey Formations, consists of gray and brown sand, silt, pebble
gravel, cobbles, minor peat and shells. The salt-marsh deposits, which are comprised of organic
muck and peat, silt clay and sand. Black, brown and gray organic muck includes remains of salt-
tolerant grasses. Silt and sand occur as deposits along tidal creek margins. These salt-marsh
deposits were deposited largely as suspended sediment in turbid bays or rivers during high tides.

Regional Geology

The New Jersey Coastal Plain Physiographic Province consists of sedimentary formations
overlying crystalline bedrock known as the "basement complex.” From well drilling logs, it is
known that the basement surface slopes at about 155 feet per mile to a depth of more than 5,000
to 6,000 feet near the coast. Geophysical investigations have corroborated well-log findings and
have permitted determination of the profile seaward to the edge of the continental shelf. A short
distance offshore, the basement surface drops abruptly but rises again gradually near the edge
of the continental shelf. Overlying the basement are semi-consolidated sedimentary formations
of Lower to Middle Cretaceous sediments. The beds vary greatly in thickness, increasing
seaward to a maximum thickness of 2.5 miles then decreasing to 1.5 miles near the edge of the
continental shelf. On top of the semi-consolidated beds lie unconsolidated sediments of Upper
Cretaceous and Tertiary formations. These sediments range from relatively thin beds along the
northwestern margin at the Fall Line, to around 4,500 feet beneath Atlantic City to over 40,000
feet in the area of the Baltimore Canyon Trough located around 50 miles offshore of Atlantic City.

Based on information provided by the New Jersey Geological Survey (NJGS) and United States
Geological Survey (USGS), the wedge shaped mass of unconsolidated sediments that comprise
the New Jersey Coastal Plain discussed above are composed of sand, gravel, silt and clay. The
wedge thins to a featheredge along the Fall Line and attains a thickness of over 6,500 feet in the
southern part of Cape May County, New Jersey. The system is comprised of relatively highly
permeable sand and gravel layers separated by semi-permeable to impermeable silt and clay
interlayers that form confining layers and restrict the vertical flow of groundwater. These
sediments range in age from Cretaceous to Upper Tertiary (i.e. Miocene - 144 to 5 Ma) (Ma =
mega annum = million years ago), and can be classified as continental, coastal or marine
deposits. The Cretaceous and Tertiary age sediments generally strike on a northeast-southwest
direction and dip gently to the southeast from ten to sixty feet per mile. The Coastal Plain is
mantled by discontinuous deposits of Late Tertiary to Quaternary (geologically recent) sediments,
which, where present are basically flat lying. The unconsolidated Coastal Plain deposits, are
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unconformably underlain by a Pre-Cretaceous crystalline basement bedrock complex, which
consists primarily of Precambrian and early Paleozoic age (>540 Ma to 400 Ma) rocks. Locally,
along the Fall Line in Mercer and Middlesex Counties, Triassic age (circa 225 Ma) rocks overlie
the crystalline basement rocks and underlie the unconsolidated sediments.

Surficial Geology

As indicated above, the Coastal Plain of New Jersey consists of beds of gravel, sand, silt and
clay, which dip gently towards the southeast. Fossil evidence indicates that these sediments
range from the Cretaceous to Quaternary Period, with some more recent glacial period
Quaternary sediments mantling the surface. The older and lower layers outcrop at the surface
along the northwest margin of the Coastal Plain and pass beneath successively younger strata in
the direction of their dip. Since the formations dip toward the southeast, this results in a series
of successive generally parallel outcrops with a northeast-southwest strike, with successively
younger layers outcropping at the surface towards the southeast and progressing southward
along the shore.

The sea successfully advanced and retreated across the 155 mile width of the Coastal Plain
during the Cretaceous through Quaternary Periods (144 Ma to present). Many sedimentary
formations were deposited, exposed to erosion, submerged again and buried by younger
sediments. The types of sorting, the stratification, and the fossil types in the deposits indicate
that deposition took place offshore as well as in lagoons and estuaries, and on beaches and bars.
Considerable changes in sea level continued to take place during Pleistocene time. Glacial
periods brought a lowering in sea level as water was locked up in the large terrestrial ice masses.
As the sea level fell to a beach line thousands of feet seaward of the present shoreline,
Pleistocene sediments were deposited in valleys cut into older formations. The water released
through glacial melt during interglacial periods brought a rising of sea level and beaches were
formed far inland of the present shore.

Between Bay Head and Cape May City, the coastal lagoons, tidal marshes and barrier beaches
that fringe the coast have contributed to the sands of the present beaches. During Quaternary
time, changes in sea level caused the streams alternately to spread deposits of sand and gravel
along drainage outlets and later to remove, rework, and redeposit the material over considerable
areas, concealing earlier marine formations. One of these, the Cape May Formation consisting
largely of sand and gravel, was deposited during the last interglacial stage, when the sea level
stood 33 to 46 feet higher than at present. The material was deposited along valley bottoms,
grading into the estuarine and marine deposits of the former shoreline. In most places along the
New Jersey coast, there is a capping of a few feet of Cape May Formation. This capping is of
irregular thickness and distribution, but generally forms a terrace about 25 to 35 feet above sea
level. The barrier beaches, being of relatively recent origin, are generally composed of the same
material as that found on the offshore bottom.

Throughout the feasibility study phase, USACE will continue researching and collecting its own
archival and relevant project data, as well as subsurface data from other state and local databases
to develop a thorough and complete geotechnical database for the New Jersey Back Bay Coastal
Storm Risk Management Feasibility Study project. Existing data collection will be a continuous
process and used to supplement the proposed geotechnical subsurface explorations.
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Geotechnical Subsurface Information

Additional geotechnical subsurface information including drilling logs and grain size gradation
curves is located in Section B-6. Geotechnical Subsurface Information.

Geo-Environmental — Hazardous, Toxic and Radioactive waste Concerns

A desktop overview of the NJBB Study area was combined with District and personnel knowledge
of the area to develop information regarding the potential for HTRW issues. This review was
revised following receipt of the initial planned line of protection for the study.

For the barrier islands portion of the study area, these are predominately populated with
residences, township supporting infrastructure (including water treatment plants), commercial,
amusement parks/piers and some light industrial/marina-related facilities. There are fuel storage
tanks related to the non-residential structures and marinas. Marinas may have pump out facilities
with onsite temporary storage. Residential and most other facilities are likely heated using natural
gas. There are small parks or natural areas within some townships on the barrier islands. The
study area includes a number of public-owned facilities that would be the sites of protective
measures.

There are some larger natural areas, mostly in the southern portions of the study area (e.g., Island
Beach State Park, E.B. Forsythe National Wildlife Refuge and the Cape May National Wildlife
Refuge). Little to no protective structures are anticipated for these areas. These areas may also
have storage tanks supporting facility structure and/or vehicles. There are limited heavy industrial
facilities, including power plants, on the barrier islands. The Atlantic City area is heavily populated
and has more industrial-type facilities. Atlantic City and Ocean City have airport facilities.

The need for environmental data reviews (Phase 1) and field investigation work (Phase I1) will be
highly dependent upon the locations and type(s) of flood management structures that are carried
forward in the study. Review of the initial lines of protection and structures have refined the major
areas of interest for HTRW issues to approximately 13 areas, excluding the marinas, several of
which are quasi-public areas (e.g., recycling center, airports, fire department building) and getting
access for sample collection should not constitute a large problem. In areas where a floodwall is
planned for construction in the water, sediment sampling from shore (if access is permitted) or
from a small boat (if access is problematic) will be conducted. Phase | reports for these areas
will be obtained and reviewed. A sampling and analysis program for soils and sediments is being
developed and will be implemented based on the results of the Phase | reports.
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B-2) HYDROLOGY, HYDRAULICS AND COASTAL

Introduction

This appendix presents the results of the Hydraulic, Hydrology and Coastal (HH&C) engineering
evaluation and analysis for the New Jersey Back Bays (NJBB) Coastal Storm Risk Management
(CSRM) Study. The NJBB study area is shown in Figure 111. This report will discuss in detail all
the existing information that was reviewed and how that information was used in the HH&C
engineering evaluation and analysis to come up with the contribution of the elements to get to the
TSP-IPR Milestone and Focused Array for the study.

New Jersey Back Bays Study (NJBBS)  [if|
Study Reaches

Figure 11: Study Area and Hydraulic Reaches
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Vertical Datum

In accordance with ER 1110-2-8160 the NJBB Feasibility Study is designed to North American
Vertical Datum of 1988 (NAVD88), the current orthometric vertical reference datum within the
National Spatial Reference System (NSRS) in CONUS. The study area is subject to tidal influence
and is directly referenced to National Water Level Observation Network (NWLON) tidal gages and
coastal hydrodynamic tidal models established and maintained by the U.S. Department of
Commerce (NOAA). The current NWLON National Tidal Datum Epoch (NTDE) is 1983-2001.

More than one NWLON tidal gage is required to reference tidal water levels to NAVD88 due to
the vast size of the study area. Four NWLON tidal stations within the study area are as presented
in Table 6. The location of NOAA tidal stations is shown in Figure 12. The local NAVD88-MSL
relationship at locations between gages is estimated using NOAA VDatum models of the project
region (EM 1110-2-6056).

Table 6: NOAA Tidal Gage Datum Relationships

Datum? Cape May Atlantic City Barnegat Inlet Sandy Hook
(Feet) (Feet) (Feet) (Feet)
MHHW 242 1.99 1.33 241
MHW 1.99 1.58 1.10 2.09
NAVDS88 0.00 0.00 0.00 0.00
MSL -0.45 -0.40 -0.02 -0.23
MLW -2.86 -2.44 -1.06 -2.62
MLLW -3.02 -2.61 -1.18 -2.81
MN? 4.85 4.02 2.16 4.71

Notes: 'Tidal datums based on 1983-2001 Tidal Epoch
2Mean Tidal Range (MHW-MLW)

Hydrodynamic modeling completed for this study was performed in meters, MSL in the current
NTDE. Water elevations are converted to feet, NAVD88 using NOAA VDatum. VDatum is a
vertical datum transformation software tool, that provides conversions between various tidal
datums fields and mean sea level as well as between mean sea level and North American
Vertical Datum of 1988 (NAVDS88). The tidal datums fields (MHHW, MHW, MSL, MLW, MLLW)
are derived from hydrodynamic simulations using the hydrodynamic model, ADCIRC (Yang et
al. 2008). NOAA ADCIRC model results were validated by comparing with observations water
level stations maintained by the NOAA's Center for Operational Oceanographic Products and
Services (CO-OPS). Figure 12 presents the mean tidal range (MHW - MLW) for the study area.
Table 7 presents the NOAA VDatum results for MHHW and mean tidal range (MN) at the four
NOAA tidal stations. Comparison of the values in in Table 6 and Table 7 show that the VDatum
results are in agreement with the NOAA tidal stations.
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Table 7: NOAA VDatum Tidal Datum Relationships

Datum? Cape May Atlantic City Barnegat Inlet Sandy Hook
MHHW 242 1.99 1.34 2.40
MN? 4.85 4.02 2.14 4.66
Notes: !Tidal datums based on 1983-2001 Tidal Epoch

’Mean Tidal Range (MHW-MLW)

NOAAZVDATUM

aoccan:

Atlantic City, NJ

Saurce: Esri. DigitalGlobe
USDA, USGS, AeroGRID,

~Barnegat Inlet

. Geatye, Farthstar Ge ®
IGN, and the GIS User

Mean Tidal Range
(feet)

03-05
05-1.0
10-1.5
15-2.0
20-25
25-30
3.0-35
35-40
40-45
45-50
50-55
55-6.0
> 6.0

Figure 12:

Mean Tidal Range in Study Area
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Sea Level Change
Background on SLC

Global sea level change (SLC) is often caused by the global change in the volume of water in the
world’s oceans in response to three climatological processes: 1) ocean mass change associated
with long-term forcing of the ice ages ultimately caused by small variations in the orbit of the earth
around the sun; 2) density changes from total salinity; and most recently, 3) changes in the heat
content of the world’s ocean, which recent literature suggests may be accelerating due to global
warming. Global SLC can also be caused by basin changes through such processes as seafloor
spreading. Thus, global sea level, also sometimes referred to as global mean sea level, is the
average height of all the world’s oceans.

Relative (local) SLC is the local change in sea level relative to the elevation of the land at a specific
point on the coast. Relative SLC is a combination of both global and local SLC caused by changes
in estuarine and shelf hydrodynamics, regional oceanographic circulation patterns (often caused
by changes in regional atmospheric patterns), hydrologic cycles (river flow), and local and/or
regional vertical land motion (subsidence or uplift).

Historical SLC

Historical RSLC for this study (4.07 mm/yr) is based on NOAA tidal records at Atlantic City, NJ.
Additional historic RSLC rates within the study area are available at Cape May, NJ (4.55 mm/yr)
and Sandy Hook, NJ (4.05 mm/yr). Figure 13 shows historical RSLC at Atlantic City from 1992 to
2019. Several metrics for sea level are presented, the monthly mean sea level (light blue), 5-year
moving average (orange), and 19-year moving average (dark blue). It is apparent that over long
time scales (19 years) mean sea level is steadily increasing. However, over shorter time scales
mean sea level may increase or decrease.

The monthly mean sea level, light blue line in Figure 13, appears to go up and down every year
in Figure 13 capturing the seasonal cycle in mean sea level. The 5-year moving average, orange
line in Figure 13 captures the interannual variation (2 or more years) of sea level.

== High 5LC = Intermediate 5LC = Low 5LC MS5L e MSL Moving Average 5-Year M5L Moving Average

Figure 13: Historical Relative Sea Level Change at Atlantic City, NJ
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USACE SLC Scenarios

USACE low, intermediate, and high SLC scenarios over the 100-yr planning horizon at Atlantic
City, NJ are presented in Table 8 and Figure 14. Water level elevations at year 2030 are expected
to be between 0.5 and 1.0 feet higher than the current NTDE. Water elevations at year 2080 are
expected to be between 1.15 and 4.02 feet higher than the current NTDE.

Hydrodynamic modeling performed for this study was completed in the current NTDE. Therefore,
the modeled water levels represent MSL in 1992. Future water levels are determined by adding
the SLC values in Table 8. For example, a water level elevation of 10 feet NAVD88 based on the
current National Tidal Datum Epoch (1983-2001), will have an elevation in the year 2080 of 11.15,
11.84, and 14.02 feet NAVD88 under the USACE low, intermediate, and high SLC scenario
respectively.

Table 8: USACE Sea Level Change Scenarios (Derived from Atlantic City, NJ)

Year | USACE - Low (ft, MSLY) [ USACE - Int (ft, MSLY) | USACE — High (ft, MSL?)
1992 0.00 0.00 0.00
2000 0.11 0.11 0.13
2019 0.35 0.42 0.62
2030 0.50 0.63 1.03
2050 0.76 1.06 2.01
2080 1.15 1.84 4.02
2100 1.41 2.54 5.74
2130 1.81 3.50 8.87

IMean Sea Level based on National Tidal Datum Epoch (NTDE) of 1983-2001
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Figure 14: Relative Sea Level Change Projections at Atlantic City, NJ

USACE Guidance

In accordance with ER 1100-2-8162, potential effects of relative sea level change (RSLC) were
analyzed over a 50-yr economic analysis period and a 100-yr planning horizon. Research by
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climate science experts predict continued or accelerated climate change for the 21st century and
possibly beyond, which would cause a continued or accelerated rise in global mean sea level. ER
1100-2-8162 states that planning studies will formulate alternatives over a range of possible future
rates of SLC and consider how sensitive and adaptable the alternatives are to SLC.

ER 1100-2-8162 requires planning studies and engineering designs consider three future sea
level change scenarios: low, intermediate, and high. The historic rate of SLC represents the “low”
rate. The “intermediate” rate of SLC is estimated using the modified National Research Council
(NRC) Curve I. The “high” rate of SLC is estimated using the modified NRC Curve lll. The “high”
rate exceeds the upper bounds of IPCC estimates from both 2001 and 2007 to accommodate the
potential rapid loss of ice from Antarctica and Greenland, but it is within the range of values
published in peer-reviewed articles since that time.

NJ Climate Adaption Alliance

NJ Climate Adaptation Alliance (NJCAA) convened a Science and Technical Advisory Panel
(STAP) to identify and evaluate the most current science on sea level rise projections and
changing coastal storms, consider the implications for the practices and policies of local and
regional stakeholders, and provide practical options for stakeholders to incorporate science into
risk-based decision processes. The report titled “Assessing New Jersey’s Exposure to Sea-Level
Rise and Coastal Storms: Report of the New Jersey Climate Adaption Alliance Science and
Technical Advisory Panel” (Kopp et al. 2016) contains a detailed description of the basis for the
STAP’s projected SLR estimates. The following is an excerpt from the Executive Summary:

The STAP concluded that practitioners should use a range of SLR estimates,
given the range of future exposures and vulnerabilities that exist among people,
places, and assets in New Jersey communities. The majority of practitioners
indicated it would be practical to use two or three SLR scenarios for most of their
work. Certain applications require more detailed analysis that considers the full
range of projections. The SLR values in Table 9 represent projections under
continued fossil-fuel-intensive global economic growth through 2050 because
differences in SLR projections between emissions scenarios are minor in the first
half of the century (with low-emissions projections for 2050 being about 0.1 feet
lower than high-emissions projections). Differences in projections related to
greenhouse gas emissions are only germane for those practitioners with
planning horizons that extend beyond 2050.

NJCAA Projected SLC Estimates, Table 9, are with respect to mean sea level from 1991-2009,
with a midpoint of 2000. USACE SLC estimates are based on mean sea level over the current
National Tidal Datum Epoch (1983-2001) with a midpoint of 1992. The NJCAA central estimate
falls between the USACE intermediate and high scenarios. The NJCAA 1-in-20 chance estimate
is very similar to the USACE high scenarios. USACE guidance does not preclude feasibility
studies from applying or formulating to SLC scenarios other than three USACE scenarios. In the
next phase of the study consideration will be given to also evaluating the NJCAA SLC estimates.
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Table 9: NJCAA Projected SLC Estimates for New Jersey

. i . . 1-in-1000
Central Estimate Likely Range 1-in-20 Chance 1-in-200 Chance
Chance
y 50% probability SLR 67% probability SLR 5% probability SLR 0.5% probability SLR 0.1% probability SLR
ear meets or exceeds... is between... meets or exceeds... meets or exceeds... meets or exceeds...
2030 0.8ft 06-1.0f 1.1ft 1.3t 15ft
2050 1.4_-_,ft 1.0-1.8ft 2.0ft 2.4 ft 2.8ft
2100
L. 2.3 ft 1.7-3.1ft 3.8 ft 5.9 ft 8.3 ft
Low emissions
2100
High 3.4 ft 24-45ft 53 ft 7.2 ft 10 ft
emissions

Estimates are based on Kopp et al. { 2014). Columns correspond to different projection probabilities. For example,
the ‘Likely Range’ column corresponds to the range between the 17" and 83" percentile; consistent with the terms
used by the Intergovernmental Panel on Climate Change (Mastrandrea et al., 2010). All values are with respect to a
1991-2009 baseline. Note that these results represent a single way of estimating the probability of different levels
of SLR; alternative methods may yield higher or lower estimates of the probability of high-end outcomes.

Storm Probability

Storm events are often defined according to their likelihood of occurring in any given year at a
specific location. The most commonly used definition is the “100-year storm”. This refers to a
storm with a “recurrence interval” or “return period” of 100 years and is equivalent to a storm that
has a 1 in 100, or 1-percent chance of being equaled or exceeded in any year (i.e., 1-percent
“annual exceedance probability”).

A common misinterpretation is that a 100-year storm is likely to occur only once in a 100-year
period. In fact, a second 100-year storm could occur a year or even a week after the first one.
The term only means that the average interval between storms greater than the 100-year storm
over a very long period (say 1,000 years) will be 100 years. However, the actual interval between
storms greater than this magnitude will vary considerably.

The probability of exceedance describes the likelihood of a specified flood or storm event being
exceeded in a given year. There are several ways to express the annual chance of exceedance
(ACE) or annual exceedance probability. The ACE is expressed as a percentage. An event having
a one in 100 chance of occurring in any single year would be described as the one percent ACE
event. This is the current accepted scientific terminology for expressing chance of exceedance.
The annual recurrence interval, or return period, has historically been used by engineers to
express probability of exceedance.

In addition, the probability of a certain storm occurring will increase for a longer period of time.
For example, over the life of an average 30-year mortgage, a home located within the 100-year
flood zone has a 26-percent chance of being flooded at least once. Even more significantly, a
house in a 10- year flood zone is almost certain to be flooded at least once (96-percent chance)
in the same 30-year mortgage cycle. The probability (P) that one or more of a certain-size flood
occurring during any period will exceed a given flood threshold can be estimated as

n

i}
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where T is the return period of a given storm (e.g., 100 years, 50 years, 25 years) and n is the
number of years in the period. The probability of storms of various return periods in any given
year and over the life of a 30-year mortgage is summarized in Table 10.

Table 10: Storm Frequency Examples

Return Period - -
Annual Chance Event Chance of Storm Occurring During
(Years) 30-Year Mortgage
10 1in 10 (10%) 96%
50 1in 50 (2%) 46%
100 1in 100 (1%) 26%
500 1in 500 (0.2%) 6%

Existing Conditions
Astronomical Tide

Daily tidal fluctuations at the project site are semi-diurnal, with a full tidal period that averages 12
hours and 25 minutes; hence there are nearly two full tidal cycles per day. The mean tidal range
in the ocean is 4.0 feet at Atlantic City. The rise and fall of the tide in the ocean leads to tidal flow
through the inlets that causes a corresponding rise and fall of water levels in the back bays. Figure
12 shows the mean tidal range for the study area.

The southern half of the study area, from Little Egg Harbor Inlet south to Cape May Inlet,
experiences a mean tide range that is only slightly reduced relative to the mean range in the open
ocean at Atlantic City, typically in the 3.5 to 4.0 foot mean range. This is due to the relatively
shorter distance along the coast between inlets, and the relatively short distances from the open
ocean, through the inlets, to the inland extent of the bays.

North of Little Egg Harbor Inlet the mean tide range in the back bays gradually decreases such
that at Mantoloking, near the head of Barnegat bay, the mean range is about 0.9 feet. The
reduction in mean tide range is due to the long, narrow, and shallow geometry of Barnegat Bay
and the relatively greater distances between inlets; it is about 24 miles from Manasquan Inlet
south to Barnegat Inlet, and then an additional 21 miles south to Little Egg Harbor Inlet.

Seasonal and Interannual Fluctuations in Sea Level

The average seasonal cycle of mean sea level, shown in Figure 15, is caused by reqular
fluctuations in coastal temperatures, salinities, winds, atmospheric pressures, and ocean currents
and on average causes a 0.5 foot difference in sea level from September (highest) to January
(lowest).

Interannual (2 or more years) variations in sea level, shown in Figure 16, are caused by irreqular
fluctuations in coastal ocean temperatures, salinities, winds, atmospheric pressures, and ocean
currents (EI Nifo).

Seasonal and interannual fluctuations in sea level are significant in the study area and will be
incorporated in design water elevations in subsequent phases of the feasibility study.
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Figure 15: Average Seasonal Cycle in Sea Level at Atlantic City, NJ
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Figure 16: Interannual Variation in Sea Level at Atlantic City, NJ

Storm Surge

Storm surge is the increased water level above the predicted astronomical tide due to storm winds
over the ocean and the resultant wind stress on the ocean surface. The principal factor that
creates flood risk for the study area is storm surge that propagates into the back bays through the
twelve inlets distributed along the New Jersey coast. The magnitude of the storm surge is
calculated as the difference between the predicted astronomic tidal elevation and the actual water
surface elevation at any time. Wind blowing over the ocean surface is capable of generating storm
surge. However, the largest and most damaging storm surges develop as a result of either tropical
cyclones (hurricanes and tropical storms) or extra-tropical cyclones (“nor’easters”). Although the
meteorological origins of the two types of storms differ, both can generate large, low-pressure
atmospheric systems with intense wind fields that rotate counter-clockwise (in the northern
hemisphere). The relatively broad and shallow continental shelf along the east coast allows the
generation of larger storm surge values than are typically experience on the US Pacific coast.

Storm surge propagation into the back bays broadly mirror the tidal propagation, with storm surge
in the southern portions of the study area in similar magnitude to the ocean coastline and
attenuated storm surge in Barnegat Bay. However, storm surge in Barnegat Bay is highly
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dependent on wind speed and direction. Strong winds are capable of “pushing” accumulated
storm surge from either the southern end or northern end of the Little Egg Harbor-Barnegat Bay
system in the direction that the wind is blowing. The effect of the wind is that storm surges at the
southern or northern ends of the Little Egg Harbor-Barnegat Bay system may be similar in
elevation to storm surge elevations on the ocean even though tidal amplitudes in the bay are
muted relative to the ocean. Storm surge elevations along the middle of the bay are lowest, and
generally less than the ocean, because the wind effects are less signficant.

Waves

Wave conditions in the NJBB study area are fetch-limited and generated by local wind conditions.
In fetch-limited conditions, wave heights are limited by the distance of open water in which the
waves are able to grow. Wave conditions throughout the bay are also affected by the shallow
water depths, marshes and orientation relative to the wind directions. The 100-year wave
conditions in the back bays are generally between 3 and 4 feet with a peak wave period of 3 to 4
seconds. At some back bay locations wave conditions may be dominated vessel wakes.

The ocean coastline and inlets are exposed to significantly greater wave energy associated with
the ocean. Wave conditions offshore may exceed 30 feet during 100-year wave conditions with
peak wave periods between 9 and 16 seconds. Wave conditions inside the inlets are affected by
complex wave transformation process (wave refraction, shoaling, breaking, diffraction, reflection,
and wave-current interactions) associated with the dynamic bathymetry and ebb shoals and
rubble mound structures (jetties).

Historical Storms

The study area has experienced flooding from both tropical cyclones and extratropical cyclones.
Table 11 displays the top ten historical storms at Cape May, Atlantic City, and Sandy Hook NOAA
tidal stations. Note that the historical water levels have not been adjusted for sea level rise.
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Table 11: Historical Peak Water Levels at NOAA Stations

Cape May, NJ Atlantic City, NJ Sandy Hook, NJ
(since 1965) (since 1911) (since 1932)

Date Type N :\e/eDtss Date Type N :33‘88 Date Type N :\Gj([e)tSB
23-Jan-2016 E 5.96 | 11-Dec-1992 E 6.37 | 29-Oct-2012 T 10.42
29-Oct-2012 T 5.87 | 14-Sep-1944 T 6.23 | 12-Sep-1960 T 7.27
27-Sep-1985 T 579 | 29-Oct-2012 T 6.15 | 11-Dec-1992 E 7.26
29-Oct-2011 E 5.67 | 27-Sep-1985 T 5.96 | 28-Aug-2011 T 6.95
25-Oct-1980 E 5.64 | 31-Oct-1991 E 5.85| 7-Nov-1953 E 6.87
11-Dec-1992 E 5.53 6-Mar-1962 E 5.83 6-Mar-1962 E 6.57

4-Jan-1992 E 552 | 9-Aug-1976 T 5.83 | 14-Sep-1944 T 6.57
3-Mar-1994 E 5.50 | 25-Nov-1950 E 5.63 | 13-Mar-2010 E 6.21
28-Aug-2011 T 5.37 | 29-Mar-1984 E 5.38 | 25-Nov-1950 E 6.17
14-Oct-1977 T 5.25 | 23-Jan-2016 E 5.23 | 12-Nov-1968 E 5.99

High-Frequency Flooding

High-frequency flooding, also known as nuisance flooding, recurrent flooding, or sunny-day
flooding, are flood events caused by tides and/or minor storm surge that occur more than once
per year. High-frequency flooding mostly affects low-lying and exposed assets or infrastructure,
such as roads, public storm-, waste- and fresh-water systems (Sweet et. al 2018) and is likely
more disruptive (a nuisance) than damaging. However, the cumulative effects of high-frequency
flooding may be a serious problem to residents who live and work in these low-lying areas. The
number of high-frequency flood days is accelerating in the study area in response to RSLC.

Flooding from rainfall and inadequate stormwater systems are closely related to high-frequency
flooding but are treated separated in this study. It is common for municipalities in the study area
to have gravity based stormwater systems that are unable to drain water when tidal level exceeds
the elevation of the storm drain. When this happens, water starts ponding around the drain and
may flood many of the same low-lying areas as high-frequency flooding. The frequency and
impact of rainfall flooding will increase as the probability of the tide level exceeding storm drains
will increases in response to RSLC. Some municipalities are addressing this problem by installing
pump stations that are capable of draining water during elevated water levels.

The primary focus of the NJBB study is managing risk to severe storm surge events (i.e. Hurricane
Sandy), not flooding associated with inadequate storm sewer systems and/or high-frequency
flooding. It is USACE policy (ER 1165-2-21) that stormwater systems are a local non-Federal
responsibility. While flooding from high frequency flooding and inadequate stormwater systems is
not the focus of the NJBB study, it is acknowledged that nonstructural and storm surge barrier
measures may not provide any relief from these problems. Therefore, complementary measures
to address these problems will be investigated and may be recommended as part of a
comprehensive Federal project or recommended for implementation at the local non-federal level.

National Weather Service Flood Stages
The National Weather Service (NWS) with the help of NOAA and USGS provide real time flood
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status of stream gages and tidal stations (Figure 17). The National Weather Service (NWS) has
established three coastal flood severity thresholds: minor, moderate, and major flood stages. The
NWS minor and moderate flood stages are the most representative of high-frequency flooding
events right now. However, all three flood stages will be evaluated here since NWS major flood
stage could eventually occur at frequency consistent with high-frequency flooding in the future in
response to RSLC.

The definition of minor, moderate, and major flooding is provided herein by NWS. The definitions
are taken from the NWS website for Atlantic City, NJ so that impacts are specific to Ocean and
Atlantic County. However, impacts experienced described at this station are generally
representative of the entire study area.

Minor Flooding - Minimal or no property damage, but possibly some public threat;

Moderate Flooding - widespread flooding of roadways begins due to high water and/or wave
action with many roads becoming impassable in the coastal communities of Ocean County
and Atlantic County. Lives may be at risk when people put themselves in harm's way. Some
damage to vulnerable structures may begin to occur;

Major Flooding - flooding starts to become severe enough to begin causing structural
damage along with widespread flooding of roadways in the coastal communities of Ocean
County and Atlantic County. Vulnerable homes and businesses may be severely damaged or
destroyed as water levels rise further above this threshold. Numerous roads become
impassable and some neighborhoods may be isolated. The flood waters become a danger to
anyone who attempts to cross on foot or in a vehicle.
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Figure 17: NWS Real-Time Flood Monitoring Network

An example of the flood inundation area associated with the three NWS Flood stages is shown in
Figure 18, Figure 19, and Figure 20 at Atlantic City, Wildwood, and Cape May. The impact of
minor flooding can be seen to be very limited to a few particularly low-lying areas. The impact of
moderate flooding is more widespread impacting some streets and properties and major flooding
is widespread impacting several streets and blocks near the bay shoreline.

There are 17 NWS stations in the study area with documented flood stages. The flood stages are
reported on the NWS website in feet MLWW:

https://water.weather.gov/ahps/region.php?state=nj

The NWS flood stages are converted to feet NAVD88 in Table 12 for floodplain mapping. NWS
minor flood stages are typically 1 to 1.5 feet above MHHW. Moderate and major flood stages are
an additional 1 and 2 feet, respectively, above the minor flood stage. The NWS minor flood stage
elevations are pretty consistent across the study area, 3.2 to 3.7 feet NAVDS88, with the exception
of Barnegat Bay where the tidal range is smaller.

Table 12: NWS Flood Stages

_ Minor Moderate Major
Location Gage
NAVD88
Belmar BLMN4 3.7 4.7 5.7
Manasquan MSNN4 3.2 4.2 5.2
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Mantaloking MTLN4 1.4 2.4 3.4
Bayshore BASN4 1.4 2.4 3.4
Barnegat Light BGLN4 2.3 3.3 4.3
Ship Bottom SBTN4 2.1 3.1 4.1
Tuckerton TKTN4 2.6 3.6 4.6
Atlantic City Marina ATLN4 3.3 4.3 5.3
Atlantic City ALCN4 3.5 4.5 5.5
Atlantic City (ocean front) ACYN4 3.4 4.4 5.4
Margate MGTN4 3.3 4.3 5.3
Ocean City ONCN4 3.2 4.2 5.2
Sea Isle City SICN4 3.3 4.3 5.3
Avalon AVLNA4 3.5 4.5 5.5
Stone Harbor SHBN4 34 4.4 54
Cape May CMAN4 3.7 4.7 5.7
Cape May Harbor CAPN4 3.4 4.4 5.4

Note: Locations are sorted from North to South. Grey-shaded locations are in Barnegat Bay.

Figure 18: Floodplain associated with NWS Stages at Atlantic City, NJ



Figure 20: Floodplain associated with NWS Stages at Cape May, NJ
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Historical High-Frequency Flooding at Atlantic City, NJ

Atlantic City, NJ has the longest tidal record (1911-Present) out of any of NOAA or USGS stations
and is therefore best suited for investigating how often high-frequency flooding has occurred in
the past and how rate of flooding has been affected by historic RSLC. Hourly verified data from
NOAA CO-OPS station at Atlantic City, NJ was downloaded from 1911-2018. The number of days
in which the daily maximum water level equaled or exceeded the NWS flood stages was
calculated. The top panel of Figure 21 shows historic record of water levels and a dot for any day
in which the NWS flood stages were exceeded. The bottom panel of Figure 21 shows a histogram
of the total number of days in a given year that the NWS flood stages were exceeded. It is readily
observed from Figure 21 that annual rate of NWS minor flooding has increased over time, with a
dramatic increase in the 1990’s. The annual rate of NWS moderate flooding has a seen a small
but visible increase and with little or no increase in NWS major flooding.

To isolate the impact of historic RSLC on the frequency of flooding, the analysis was repeated
with the historic SLR trend removed so that the mean sea level remained the same as in 1910
over the period of record. Figure 22 shows that if no RSLC had occurred since 1910, the frequency
of NWS minor flooding would be still be a couple times per year, significantly lower than today,
and that primary driver of the increase in high-frequency flooding over the last 100 years has been
RSLC not changes in the tidal range or meteorological conditions.
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Figure 21: Historic High-Frequency Flooding at Atlantic City, NJ
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Figure 22: Impact of SLC on Historic High-Frequency Flooding
Future High-Frequency Flooding at Atlantic City, NJ

The previous section showed the dramatic impact RSLC has had on frequency of flooding over
the last 100 years. This section shows how the rate of high-frequency flooding will be affected by
future RSLC. To complete this analysis the last 25 years of the NOAA tidal record (1992-2017,
skipping 2002 which had data gaps) was assumed to repeat over and over again until 2130.
However, the three USACE SLC projections were added to the observed water levels. The top
panel of Figure 23 shows the hourly water level observations and future projections with the
USACE-Low SLC scenario applied and a dot for any day in which the NWS flood stages were
exceeded. The middle and bottom panel of Figure 23 shows a histogram of the total number of
days in a given year that the NWS flood stages were exceeded. The bottom panel shows the
same information as the middle panel, but zooms in on NWS flood days (per year) between 0 and
40. The results in Figure 23 show that Atlantic City is experiencing an acceleration in NWS minor
flood days that will only get worse in the future. It also indicates that the increase already
underway in NWS minor flooding will begin to occur in the future for the NWS moderate and major
flooding. A significant increase in NWS moderate and major flooding appears to occur after 2030
and 2080 respectively.

The same analysis was repeated for the USACE-Intermediate and USACE-High RSLC scenarios
in Figure 24 and Figure 25. Annual NWS flood days from the analyses are tabulated in Table 13.
It is difficult to say or know what the tipping point (days per year) for NWS minor, moderate, and
major flooding before the impacts to roads and infrastructure are unacceptable. However, the
analysis shows that major investments in high frequency flood measures and stormwater systems
are likely to be required in the future for the portions of the study area that could become
uninhabitable otherwise.
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Table 13: High-Frequency Flood Occurrences (Per Year)

NWS Minor Flood

NWS Moderate Flood

NWS Major Flood

Year

Low Int High Low Int High Low Int High
1930 11 0.0 0.0
1955 1.7 0.2 0.1
1980 3.6 0.5 0.2
2005 14.5 0.7 0.0
2015 26.5 2.2 0.5
2030 54.7 73.2 139.8 | 4.7 5.9 21.1 0.1 0.3 1.0
2055 98.0 1645 | 325.8 |95 255 1916 | 0.5 2.1 37.7
2080 153.8 | 282.6 |356.2 |23.1 100.9 | 3499 |15 11.1 298.3
2105 218.6 |342.0 | 356.3 ]50.1 243.2 | 356.3 |44 69.6 356.3
2130 258.5 | 350.6 |352.3 |78.1 327.3 | 3523 |58 182.3 | 352.3

Note: 10-year running mean filter applied to determine annual flood occurrences
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Figure 23: Future High-Frequency Flooding — USACE-Low SLC
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Figure 24: Future High-Frequency Flooding — USACE-Intermediate SLC
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Figure 25: Future High-Frequency Flooding — USACE-High SLC
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Storm Surge Modeling

NACCS

The North Atlantic Coast Comprehensive Study (NACCS) was authorized under the Disaster
Relief Appropriations Act, PL 113-2, in response to Superstorm Sandy. The Act provided the
USACE up to $20 Million to conduct a study with the goal to (1) reduce flood risk to vulnerable
coastal populations, and (2) promote resilient coastal communities to ensure a sustainable and
robust coastal landscape system, considering future sea level change and climate change
scenarios.

As part of the NACCS, the US Army Engineer Research and Development Center (ERDC)
completed a coastal storm wave and water level modeling effort for the U.S. North Atlantic Coast.
This modeling study provides nearshore wind, wave, and water level estimates and the
associated marginal and joint probabilities critical for effective coastal storm risk management.
This modeling effort involved the application of a suite of high-fidelity numerical models within the
Coastal Storm Modeling System (CSTORM-MS) to 1050 synthetic tropical storms and 100
historical extra-tropical storms. Documentation of the numerical modeling effort is provided in
Cialone et al. 2015 and documentation of the statistical evaluation is proved in Nadal-Caraballo
et al. 2015. Products of the study are available for viewing and download on the Coastal Hazards
System (CHS) website: https://chs.erdc.dren.mil/.

Modifications for NJBB

The USACE Engineer Research and Development Center (ERDC), Coastal and Hydraulics Lab
(CHL) conducted a numerical modeling study to evaluate the effectiveness of storm surge barriers
in reducing water levels in the study area. As part of this numerical modeling study the existing
condition water levels in the study area were updated to ensure that the existing and with-project
water levels were consistent and derived from a common model, set of storms, and statistical
evaluation. A detailed discussion of the ERDC numerical modeling report is provided in the Draft
Interim Report.

The ERDC numerical modeling study reused the CSTORM-MS developed for NACCS. While the
original mesh boundary was maintained, Chesapeake Bay and coastal Long Island in the NACCS
grid were subject to a “de-refining” procedure, which locally reduces a mesh resolution in areas
that are distant from the area of interest. The model bathymetry was only updated to raise the
barrier islands elevations from Manasquan to Lower Cape May Meadows to represent 2018
existing conditions with the recent construction of several USACE beach restoration projects that
were not captured in the original NACCS model.

A total of 1050 synthetic tropical cyclones were designed and simulated in the NACCS. However,
not all of these storms affect the NJBB region. Using Gaussian process metamodeling (GPM) and
a design of experiments (DoE) approach, CHL selected subset of the NACCS synthetic tropical
cyclones to maximize coverage of the storm parameter and probability spaces and produce storm
surges across the NJBB region while reducing the hydrodynamic modeling requirements. A set
of approximately 60 tropical cyclones was selected for modeling in order to complete the
frequency distributions of response for both the with- and without-project conditions. Although
the subset of storms does not include extratropical storms (nor'easters) the combined frequency
distributions for both tropical and extratropical storms is generated by CHL using GPM.
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Modeling results are applied throughout the NJBB study to define wave and water level Annual
Chance Events (ACE) . The water level ACE are based on the “Base + Linear superposition of
96 random tides” simulations and the mean confidence interval. The wave height ACE are based
on the “Base Conditions + 1 random tide” simulations and the mean confidence interval. The
water levels represent the peak water level observed during a storm due to the combination of
storm surge, astronomical tide, wave-setup, currents, and winds. The water levels are computed
stillwater levels, which do not include individual wave crests that could increase the instantaneous
water surface.

Model Validation
ADCIRC Model Validation

The NACCS model validation procedure, documented in Cialone et al. (2015), included a
harmonic analysis to ensure that the model is responding correctly to astronomical forcing 143
NOAA gage locations, 3 of which are in the study area: Sandy Hook, NJ; Atlantic City, NJ, and
Cape May, NJ. In addition a comparison of model to measurements for seven storm conditions
to ensure that the model is responding to meteorological forcing. The seven storms are
Hurricanes Sandy, Irene, Isabel, Josephine, and Gloria and extratropical storms ET070 (North
American Blizzard of 1996) and ET073. Cialone et al. (2015) concluded that “consistency in the
model’s ability to predict water levels for the seven validation storm events provided a level of
confidence in what can be expected from the model”, and “from the harmonic analysis conducted
for the long-term simulation, it was determined that the model accurately predicts response to
tidal forcing”.

Since model validation conducted for the NACCS study focused on the available NOAA gage
locations, which are located in the Atlantic Ocean, the Philadelphia District asked ERDC-CHL to
perform an additional analyses for USGS gages located in the back bays (Figure 27). The
additional model validation analyses compared observed water levels to modeled (ADCRIC)
water levels for all seven of the validation storm events and at any USGS gage that were active
during the storm events. Figure 26 compares the observed and modeled peak water levels. For
water levels above 6 feet NAVD88 the ADCIRC model may be biased and over-predict water
levels in the study area. It was concluded from the model validation that the model was acceptable
for a planning study, but that the mean water level values, rather than a higher confidence interval,
should be used for design.
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NACCS vs. FEMA

NACCS and the FEMA Region Il study are based on the Joint Probability Method (JPM). The
JPM was adopted by federal agencies for the critical post-Katrina determinations of hurricane
surge frequencies. In standard JPM implementations, it is necessary to consider a very large
number of combinations of storm parameters, and each such combination (or synthetic storm)
requires the simulation of wind, waves, and surge. The JPM is a very robust methodology, and it
is also very complex. The complexity arises from the fact that it has multiple components and
probabilistic models that could be executed in different ways, or different developers could choose
to use different models.

The results of the NACCS and FEMA water level frequencies for the 1% ACE are shown side by
side in Figure 28 to give a visual understanding of the differences. Figure 29 shows a scatter plot
comparison of the NACCS save points and FEMA save points. With the exception of a few save
points, the NACCS and FEMA 1% annual chance water levels are within 2 feet of each other. The
NACCS values tend to be a higher, especially south of Little Egg Inlet. The purpose of comparing
FEMA and NACCS is to provide some context of how the NACCS data compares to the FEMA
BFE which may be more familiar to stakeholders and the public.

i
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Figure 28: NACCS and FEMA 1% ACE Peak Water Level
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Figure 29: FEMA and Base 1% ACE Water Levels

Historical Tide Gauge Analysis vs. Numerical Modeling

There have been discussion in the past about computing frequency water levels from a historical
tide gauge analysis versus numerical modeling (in this case the NACCS modeling). The historical
record at the NOAA stations primarily reflects maximum water levels from nor'easters, tropical
storms, or Category 1 type storms. The historical maximum water levels are approximately equal
to a 10 to 100-year event. A statistical gauge analysis of the historical record may suggest that
what has occurred in the past will occur in the future, thus may underestimate the risk. Modeling,
such as performed for the NACCS, provides an opportunity to evaluate impacts from stronger
hypothetical storms that may not have occurred on record, but could occur.
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Table 14: NOAA Extreme Water Level Analysis

Return Period ACE Cape May Atlantic City Balrnnli?at Sandy Hook
(vears) feet, NAVDSS
1 100.0% 3.8 3.6 N/A 4.0
2 50.0% 4.7 4.4 N/A 5.0
10 10.0% 54 5.3 N/A 6.4
100 1.0% 6.0 6.8 N/A 9.2

Note: All elevations are in feet NAVDS88, relative to NTDE (1983-2001)

Baseline Water Levels

NOAA (Ocean) Stations

An overview of the NACCS 1% ACE water levels at the four NOAA tidal stations in the study area
is presented in Table 15.

Table 15: NACCS Water Level ACE at NOAA Stations

Return Period ACE Cape May Atlantic City Balrnné?at Sandy Hook
(vears) feet, NAVDS8

1 100.0% 3.0 3.6 3.1 4.2

2 50.0% 4.4 4.4 3.8 5.0
5 20.0% 5.4 5.4 4.6 6.1
10 10.0% 5.9 6.1 51 7.0
20 5.0% 6.3 6.9 5.5 7.9
50 2.0% 6.9 8.5 6.1 9.2
100 1.0% 8.0 9.9 6.5 10.6
200 0.5% 8.9 11.3 7.0 12.2
500 0.2% 10.0 13.2 7.6 14.3

Note: All elevations are in feet NAVDS88, relative to NTDE (1983-2001)

Save Points

Model save points are locations inside the modeling domain where detailed numerical modeling
output from the simulations is saved and water level frequency distributions (ACE water levels)
were calculated. A reduced set of 182, out of a possible 772, NACCS save points was selected
to represent the ACE water levels in the economic model HEC-FDA.
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Figure 30 shows the subset of 182 NACCS save points. The reduced set of 182 points was
selected by first removing points that appeared to be outliers relative to nearby points and then
selecting a save point about every half-mile along the coastline, prioritizing open water save points
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and save points that seemed to best represent the nearby points. A smaller subset of save points
would likely have been possible to characterize the FWOP conditions due to the homogeneity in
water levels, but it is anticipated that there will be more variability in the water levels for the storm
surge barrier alternatives. Sharp gradients in the water levels may occur between adjacent inlets
when one inlet is closed and the other is open. Each save point is assigned to a specific reach
and damage elements (i.e. structures) in HEC-FDA based on its location. The same set of save
points and reaches is used in the FWOP and With Project HEC-FDA model simulations.
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Figure 30: NACCS 1% ACE Water Level at HEC-FDA Stations




Hydraulic Reaches

The ACE water levels throughout the study area separated by Hydraulic Reach (shown Figure
11) and represented by a typical station in Table 16. The variability in water levels within hydraulic
reaches is captured by
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Figure 30, which shows a map of the 1% ACE water levels, and Figure 31 and Figure 32 which
show the ACE curves at all of the 182 save points within each hydraulic reach, as well as the
station listed in Table 16 in red. It is apparent from these tables and figures that the back bay ACE
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water levels are relatively homogenous, except for Barnegat Bay where the ACE water levels are

1 to 3 feet lower.

Table 16: Water Level ACE at Hydraulic Reaches

Return Period (years)

_ Save _ 1 10 [ 20 [ 50 [ 100 | 500
Location : Hydraulic Reach
Point Annual Chance Event
100% | 10% | 5% | 2% | 1% | 0.2%
Cape May 15566 Cape May Inlet - Canal | 3.9 71 | 79192 (104 | 12.9
Wildwood 11282 Hereford Inlet 4.0 74 | 81|92 |105| 135
Avalon 13470 Townsend Inlet 3.9 69 | 7792|106 | 14.0
Strathmere 7531 Corson Inlet 4.1 70 | 7892|104 | 139
Ocean City 11309 Great Egg Inlet 4.2 6.9 | 7.7 | 9.2 103 | 13.2
Atlantic City 11356 Absecon Inlet 4.1 6.9 | 7.7 191|103 | 128
Mystic Island 11273 Little Egg-Brigantine 4.2 70 | 79|93 ]10.7| 134
Lavallette 13694 Barnegat Inlet 2.9 52 |61 |76| 88 | 11.2
Point Pleasant | 13716 Manasquan Inlet 4.0 6.4 |72 |87] 99 | 120
Belmar 13721 Shark River Inlet 4.3 72 | 8193|103 | 123
Asbury Park 3742 Coastal Lakes 4.0 66 | 73|84 | 96 | 12.6

Note: All elevations are in feet NAVDS88, relative to NTDE (1983-2001)

64



Elevation (ft, NAVD88) Elevation (ft, NAVD88)

Elevation (ft, NAVD88)

Y Y
OO =2 MNWEOD

B G A Y
OO =2 NWeEOOo

A
OO =2MNWkom

O =N WD~ © O = NW e~ ®

O =N W OO~ ®©

T T 16 T T
- Hydraulic Reach: Cape May Inlet - Canal 1 15 r Hydraulic Reach: Hereford Inlet
14
13
12
1
10
9
8
7
6
5
4P
HEC-FDA Save Points g HEC-FDA Save Points
== == Save Point #15566 1L == == Save Point #11282
i i O i i
1 10 100 1,000 1 10 100 1,000
T T 16 T T ;
- Hydraulic Reach: Townsend Inlet 15 f Hydraulic Reach: Corson Inlet
14
13
12
11
10
9
8
7
6
5
4
HEC-FDA Save Points g | HEC-FDA Save Points
w= == Save Point #13466 1t w= == Save Point #7531
L L O 1 L
1 10 100 1,000 1 10 100 1,000
r T 16 - -
- Hydraulic Reach: Great Egg Inlet 15 + Hydraulic Reach: Absecon Inlet
14
13
12
1
10
9
8
7
6
5
4 F
HEC-FDA Save Points | : i HEC-FDA Save Points
== == Save Point #11308 | 1L == == Save Point #11356
Il 1 0 I I
1 10 100 1,000 1 10 100 1,000
Return Period (yrs) Return Period (yrs)

Figure 31: NACCS: Cape May Inlet to Absecon Inlet

65



Elevation (ft, NAVD88) Elevation (ft, NAVD88)

Elevation (ft, NAVD88)

—
(=]

15

P
OO =N Wk

B G A Y
OO =2 NWeEOOo

s
=]

15

P Y
W o =N Wk

O =N WD~ © O = NW e~ ®

O =N W OO~ ®©

T T

- Hydraulic Reach: Little Egg - Brigantine

HEC-FDA Save Points
== == Save Point #15566

1 10 100

- Hydraulic Reach: Manasquan Inlet

HEC-FDA Save Points
== == Save Point #13466

1 10 100

- Hydraulic Reach: Coastal Lakes

HEC-FDA Save Points
== == Save Point #11309

1 10 100
Return Period (yrs)

1,

000

e ek e ek e ek
WO = N Wk oM

T Sy
0o =N Wk oo

O = M W U~

T T

Hydraulic Reach: Barnegat Inlet

HEC-FDA Save Points
== == Save Point#11282

O = N W ks OO~ @

10 100 1,000

Hydraulic Reach: Shark River Inlet

HEC-FDA Save Points
== == Save Point #7531

10 100 1,000
Return Period (yrs)
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Storm Surge Barrier Modeling
Approach to Storm Surge Barrier Modeling

Due to the complex network of inlets and bays that control the flow of water between the ocean
and back bays, NAP requested assistance from ERDC-CHL in evaluating the effectiveness of
inlet closures in reducing water levels in the NJBB study area. More specifically, NAP wanted help
determining how much inlet closures reduce back-bay flooding? How effective inlet closures are
at reducing water levels if other inlets are open and if multiple inlet closures could work as system?
To answer these questions ERDC-CHL leveraged the existing NACCS CSTORM-MS. The Draft
Interim Report provides a detailed description of the storm surge modeling effort and discussion
of the modeling results.

An iterative modeling approach was devised that would allow a large number of inlet closures and
potential inlet closure combinations to be considered before converging on a smaller final set of
inlet closure alternatives. The iterative modeling approach begins with model simulations of one
inlet closure at a time to improve understanding of the hydraulic influence of each inlet. The
second iteration evaluated a large number of possible inlet closure combinations, before moving
on to the final iteration of a smaller final set of alternatives. Model simulations for the final set of
alternatives is used to develop frequency distributions of peak water levels that may be applied in
economic analyses of flood damages. The iterative modeling approach is made feasible by
utilizing a very small subset of 10 extreme cyclones for Iterations 1 and 2. A more robust set of
60 tropical cyclones was selected for Iteration 3 in order to develop the frequency distributions.

Iteration 1 - Model the hydraulic influence of each barrier island inlet by modeling one inlet at
a time.

Iteration 2 - Model the effectiveness of large set of possible inlet closure combinations.

Iteration 3 - Model the effectives of final set of inlet closure alternatives and develop frequency
distributions of peak water levels.

Workshops with the CHL, the NJBB Project Delivery Team (PDT), and non-Federal sponsor
(NJDEP) were held on January 31, 2018 and April 13, to review the model results from lIteration
1 and Iteration 2 and selected the closure configurations to be brought forward in the study. Many
of the closure configurations for Iteration 2 are designed around leaving the most environmentally
sensitive inlets open: Little Egg/Brigantine, Corson, and Hereford. Closures across the interior
bays “bay closures” are added to several configurations to reduce water levels where
environmental sensitive inlets open. The study area was also broken up into 3 regions (north,
central, and south) based on the relative hydraulic independence of the configurations identified
for these regions. Since many of the configurations are designed around leaving Little Egg and
Corson inlets open, these two inlets were natural boundaries for the three regions.

Summary of Storm Surge Barrier Model Results

A detailed discussion of the storm surge barrier modeling results is provided in Draft Interim
Report. Only a summary of modeling results is provided here.

Iteration 1 focused on the ability of individual surge barriers to alter maximum water levels
compared to a base condition with no closures in place. It was found that individual closures can
reduce back bay flooding, mainly in the bays closest to the closure location, but adjacent inlets
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may allow flow into the bay then water level reductions can be less significant. Individual storm
surge barriers at Great Egg Inlet, Barnegat Inlet, and Shark River Inlet were most effective.
Individual storm surge barriers from Cape May to Corson Inlet were not as effective and would
perform better as part of system of storm surge barriers. A storm surge barrier at Manasquan Inlet
was effective for storms where the predominate wind direction was south, however, storms with
winds from the south could push storm surge north into Barnegat Bay and Manasquan limiting
the barriers effectiveness.

Iteration 2 focused on evaluating systems (multiple) of storm surge barriers including cross-bay
storm surge barriers (“bay closures”). Many of the storm barrier alternatives were designed
around leaving the most environmentally sensitive inlets open: Little Egg/Brigantine, Corson, and
Hereford. The numerical modeling results show that many of the Iteration 2 alternatives are
effective at reducing back bay water levels. However, some of the alternatives such as All
Closures Less 2 showed considerable sensitivity to the storm and wind directions and it was
unclear what the impact would be on the hazard curve. Iteration 2 also showed that many of the
bay closures have the potential to increase surge on the unprotected side of the closure as wind-
blown water piles up against the closure. Increases in surge were not limited to the immediate
vicinity of the closure and significant impacts may be felt 5 to 10 miles away.

Figure 33, Figure 34, and Figure 35 show the modeling results for three storm surge barrier
alternatives, All Closures and All Closures Less 2, and C3, respectively. The All Closures Less 2
alternative has storm surge barriers at all the inlets except Little Egg and Corson inlets. C3 has
storm surge barriers at Great Egg Inlet, Absecon Inlet, and a bay closure north of Brigantine.

Iteration 3 focused on the 8 alternatives identified during the April 13, 2018 workshop with the
CHL, the NJBB Project Delivery Team (PDT), and non-Federal sponsor (NJDEP). These 8
alternatives were selected based on their ability to generate the greatest NED benefits (flood
damages reduce minus project costs) and be environmentally acceptable. Several alternatives
were included that are not likely to be environmentally acceptable to ensure that alternatives were
not eliminated too early before a more thorough plan formulation evaluation is applied.
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Figure 33: CSTORM Model Results — All Closures
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Figure 35: CSTORM Model Results — C3

Hazard curves were generated for the Iteration 3 alternatives based on simulations for storm suite
of 60 tropical cyclones. An example of the hazard curves at three locations (Figure 36) for
Baseline, All Closures, and All Closures Less 2 alternatives is provided in Figure 37. The Baseline
and All Closures hazard curves may thought of as bracketing the possible performance of other
storm surge barrier alternatives. Less effective storms surge barrier alternatives have hazard
curves close to the Baseline curve and more effective storm surge barrier alternatives have
hazard curves close to the All Closures curve. Figure 37 shows that the performance of All
Closures Less 2 varies within the study area. At some locations like Ocean City the performance
of All Closures Less 2 is similar to All Closed, and other areas like Lavallette, closer to open inlets,
the performance is more similar to the Baseline conditions.

A 1 or 2 foot reduction in storm surge may not seem significant, but a 2 foot reduction in storm
surge at Lavallette may be the difference in a 6 foot (NAVD88) storm surge event being a 100-
year event versus a 20-year event. It is unclear until the economic model is completed if a 1 or 2
foot reduction in water level in places like Barnegat Bay will translate into a significant reduction
in damages. The purpose of Iteration 3 was to generate the water level hazard curves that may
be applied in HEC-FDA to calculate benefits.
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Impact of Storm Surge Barriers on Ocean-Facing Beaches

Modeling results show that the storm surge barriers may cause an increase in water levels in the
immediate vicinity of the storm surge barrier. Beyond a distance of 1 mile of the storm surge
barrier no discernable (less than 1 inch) increase in water levels was observed. Figure 38 shows
a comparison of the peak surge in the baseline conditions, All Closures Less 2 alternative, and
the difference between All Closures Less 2 and the baseline conditions. An increase in ocean
water levels of 6 to 12 inches is observed at the storm surge barrier, and increase of 2 to 6 inches
within ¥2 mile of the barrier, and 1 to 2 inches within 1 mile of the barrier. It is noted that the values
reported here and shown in Figure 38 are based on mean of all 10 tropical storms in NJBB
Iteration 1 and 2 storm suites, and increase, proportionally, with stronger storms. Further
investigation of the impact of the storm surge barriers on ocean-facing beaches will be performed
in the next phase of the study.

Zurge (ft, MSL) Surge (ft, MSL} ncrease In Surge
B B {Inches)
B 18

€

&

5
1 1
3
z

Delta = AliClosures-Less2 - Base
Maan of All Storms

Mean of All Storms.

Figure 38: Impact of Storm Surge Barrier on Ocean-Facing Beaches

Wave Overtopping
Overview

Wave overtopping is of principal concern for structures constructed for flood risk management.
The design crest elevation of flood risk management structure is often determined by the design
still water level and required freeboard, height above still water level, to prevent wave overtopping
from damaging the structure during the design storm event.

EurOtop (2016) describes wave overtopping as:

Overtopping discharge occurs because of waves running up the face of a seawall
or dike. If wave run-up levels are high enough water will reach and pass over the
crest of the structure. This defines the ‘green water’ overtopping case where a
continuous sheet of water passes over the crest. In cases where the structure is
vertical, the wave may impact against the wall and send a vertical plume of water
of the crest. A second form of overtopping occurs when waves break on the
seaward face of the structure and produce significant volumes of splash
‘whitewater’. These droplets may then be carried over the wall either under their
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own momentum or as a consequence of an onshore wind.

Figure 39: Wave Overtopping at Vertical Wall (EurOtop, 2016)

The top panel and bottom panel of Figure 39 show an example ‘green water’ and ‘white water’
overtopping at a vertical structure respectively.

The wave overtopping rate, q, reported in this study is the mean overtopping discharge
(liters/s/m). In actuality wave overtopping occurs in sporadic short pulses and is not constant over
time. It is coastal engineering practice to use mean wave overtopping rates in engineering
applications since available design formulas are based on the mean overtopping rate due to its
ability to be easily measured in laboratory studies.

Wave Conditions

Wave conditions in the NJBB study area are fetch-limited waves generated by local wind
conditions. In fetch-limited conditions, wave heights are limited by the distance of open water in
which the waves are able to grow. Wave conditions throughout the bay are also affected by the
shallow water depths, marshes and orientation relative to the wind directions. A sampling of the
100-year wave conditions at 11 representative locations throughout the study area is provided in
Table 17.

In the design or assessment of coastal structures with respect to wave overtopping, the two
primary hydraulic parameters (water level and wave height and wave period) may be derived from
a joint probability analysis (EurOtop, 2016). If both water level and wave height are determined
for a certain return period, then the wave overtopping discharge for the combination of these
extreme conditions will be larger than the actual wave overtopping occurring with the return period
(EurOtop, 2016). This is caused by the fact that the combination of these two extreme values will
have a lower probability of occurrence if the two are not fully correlated (EurOtop, 2016).

The “Hmo— Joint” and “Tp — Joint” columns in Table 17 represent the joint probability or most likely
wave height and wave period associated with the 1% ACE water level event. The joint probability
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of the wave height and water levels was determined from time series of NACCS model results at
each of the representative stations. The maximum wave height within 1 hour of the maximum
water level was identified from the time series. Scatter plots showing the relationship between the
peak water level and wave height is presented in Figure 41 to Figure 43. These figures also show
the relationship between the wave height and wave period associated with the peak water levels.
A 2" order polynomial curve was fit to the scatter data to obtain the joint probability relationship.
The still water elevations applied in the wave overtopping analysis are based on the original
NACCS model results, which were available at the time of the wave overtopping analysis, before
the storm surge modeling modifications for NJBB.

Table 17: Representative Wave Conditions, Joint Probability for 1% ACE

Station ID SWEL (ft, NAVD88) | Hmo (ft) | Hmo-Joint (ft) | Tp-Joint (s)
Cape May 15566 9.0 3.8 3.0 3.1
Wildwood 11282 9.1 3.5 2.7 3.7
Ocean City | 11309 94 3.6 2.2 3.2

Somers 11230 9.5 3.7 3.1 3.4
Atlantic City | 13554 8.8 3.5 2.1 3.2

Beach Haven | 11399 7.2 4.2 2.7 3.4
Tuckerton 11444 7.5 4.7 3.8 4.2
Lavallette 11511 7.2 3.3 2.0 3.3

I—I|Se|iagrP]1(tjs 13684 7.0 35 1.9 3.4
Mantoloking | 13706 8.0 3.4 1.7 2.8
Manasquan | 13711 9.2 3.4 19 2.7

Notes: Still Water Elevation (SWEL), Joint probabilities values shown based on curve fit. SWEL values are
from the original NACCS model results.

A joint probability analysis was not conducted at the storm surge barrier locations at inlets, as it
is assumed at this stage of the study that the 1% ACE water level and wave event occur
simultaneously. A representative design wave height of 12 feet and wave period of 12 seconds is
used in the analysis based on available NACCS wave data near the location of the storm surge
barriers at inlets. A single representative wave condition is applied to all the inlet closures at this
phase of the study, however detailed modeling will be performed in subsequent phases of the
modeling to determine the design wave conditions at each storm surge barrier location.
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Figure 42: Joint Wave Probability, Atlantic City to Lavallette
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Figure 43: Joint Wave Probability, Island Heights to Manasquan

Tolerable Wave Overtopping Rates

Floodwalls that are exposed to heavy wave overtopping for many hours are susceptible to
structural failure (Goda, 2000). Therefore, floodwalls are often designed to limit wave overtopping
below a tolerable overtopping rate based on the structure type, property and operation, and
people and vehicles. EM 1110-2-1100 provides guidelines for critical mean wave overtopping
rates of several structure types before the structure begins to exhibit damage which may
eventually lead to structural failure. Based on available literature including European and United
States reference documents including Table 18, a tolerable mean wave overtopping rate of 50
liters/s/m is selected for floodwalls, rubble slopes (armored levees), and bay closures in the NJBB
study. A tolerable mean wave overtopping rate of 200 liters/s/m is selected for storm surge
barriers located at inlets. During the next phase of the study the tolerable wave overtopping rate
for structures adjacent infrastructure and buildings will be revaluated, and possibly lowered, to
reduce the potential for localized damage and safety hazards associated with wave overtopping.
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Table 18: Tolerable Values of Mean Wave Overtopping (EM 1110-2-1100)

q
m?3/s perm litres/s per m
SAFETY OF TRAFFIC STRUCTURAL SAFETY
EMBANKMENT GRASS
VEHICLES PEDESTRIANS BUILDINGS SEAWALLS SEADIKES REVETMENTS
00 1000
Damage even
for paved
Damage even if promenade
fully protected 200
Damage Damage if
107" - g promenade not  — 100
paved
50
Very dangerous ~Damage i back |
Unsafe at e sfzg: ?73; o
any speed Structural protected 20
damage I
-2
10°% Damage if crest -1
not protected
Start of damage
-
10°% L1
.t Dangerous
7 on grass sea
Unsale parking on dikes, and hrJn‘:
horizontal compo- zontal composite
sit breakwaters Dangerous breakwaters
) No damage
104 on vertical wall - 0.1
A breakwaters
Unsafe parking on
vertical wall
breakwaters | 003
Uncomfortable No damage - 0.02
5 i but not No damage
107 m = dangerous Minor damage ~ 0.01
fo fittings, sign
Unsafe driving at posts, etc. | 0.004
high speed
10°° | 0.001
Wet, but not
uncomfortable
Safe driving at No damage
all speeds
10°7 = L 0.0001

EurOtop (2016) and EM 1110-2-1100 highlight the importance of peak wave overtopping from a
single wave on tolerable wave overtopping values. Overtopping discharge from a single wave can
be more than 100 times the mean overtopping discharge during the storm peak (EM 1110-2-
1100) and is often responsible for structural damages. Peak wave overtopping volumes have
been shown to be strongly dependent on the wave height (EurOtop, 2016). For a given mean
overtopping discharge, small waves only give small overtopping volumes, whereas large waves
may give a much larger overtopping volumes for a single wave (EurOtop, 2016). In that sense
mean tolerable overtopping rates should also be coupled to the wave height (EurOtop, 2016).
Since the design wave conditions in the NJBB study area are relatively small the tolerable mean
wave overtopping rate selected for this study should be considered conservative relative to higher
wave energy environments.
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Overtopping Formulas
Vertical Wall

Mean wave overtopping rates are calculated for vertical walls using empirical formulas provided
by EurOtop (2016). Results from EurOtop are compared to Franco and Franco (1999) as
described in EM 1110-2-1100 and Ward and Ahrens (1992). The primary parameters in all of
these wave overtopping formulas are the crest freeboard (Rc) and wave height (Hmno) as shown in
Figure 44. The water depth (h), slope of foreshore (1:m), and wave period are important
parameters in shallow water.

R, = crest freeboard
K} =wave height at the toe of the structure
h = water depth at the toe of the structure

1:m = slope of foreshore, vertical:horizontal

Figure 44: Wave Overtopping Parameters (EurOtop, 2016)
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The five wave overtopping formulas for vertical walls evaluated here are:
o EurOtop equations 7.1 and 7.2 for non-impulsive wave conditions;

e EurOtop equations 7.5 and 7.6 for non-impulsive wave conditions with an influencing
foreshore;

e EurOtop equations 7.6, 7.8, 7.9, and 7.10 for impulsive wave conditions;
e Franco & Franco (1999), Table VI-5-13 in EM 1110-2-1100;
e Ward & Ahrens (1992), Group 1 Seawalls.
The general equation for the empirical formulas are
Q = a exp[—(bR)]

where Q and R are the non-dimensional representation of the mean wave overtopping rate, q,
and freeboard, R,

3

gH;

and a, b, and c¢ are constants. This general equation is used by Franco & Franco (1999) and the
EurOtop formulas for non-impulsive (i.e. non-breaking) wave conditions. The empirical formulas
for Ward and Ahrens (1992) and EurOtop formula for impulsive wave conditions follow this
general form but also include parameters based on the water depth, slope of foreshore, and wave
period. A comparison of three EurOtop formulas are shown in Figure 45, where the strong
dependence of wave overtopping on the relative freeboard is shown. It is apparent from Figure
45 that under small relative freeboard conditions, R¢/Hmo < 1, the three wave overtopping formulas
produce similar results. As the relative freeboard increases the impulsive wave (breaking wave)
conditions produce higher rates of wave overtopping and the impact of the foreshore becomes
more significant.

The EurOtop Manual provides two sets of formulas, the “Mean value approach” and “Design or
assessment approach”. The mean value approach should be used to predict or compare with test
data and the design or assessment approach includes a partial safety factor with one standard
deviation above the mean value approach. The difference between the approaches is shown in
Figure 46 for non-impulsive wave conditions.
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Rubble Slope

The primary focus of the wave overtopping analysis is on vertical walls (i.e. floodwalls) since they
are the primary measure under consideration in the Perimeter Plan. However, there are some
locations where a rubble slope (i.e. armored levee) is more appropriate and economical. Mean
wave overtopping rates are calculated for rubble slopes using empirical formulas provided by
EurOtop (2016). The general formula for the rubble slope is the same as the vertical wall with
other influence factors that account for roughness associated with the armor stone, oblique wave
attack, crest berm, composite slopes, and wave wall at crest. EurOtop (2016) provides a formula
for the “Mean value approach” and “Design or assessment approach”.

Comparison of Formulas

Due to the size of the study area, there will be considerable variability in the local site conditions,
such as the wave conditions, water depth, and foreshore slope. Rather than perform a detailed
analysis at every site, several representative sites are selected throughout the study area and the
sensitivity to the wave overtopping formulas is evaluated. This approach provides confidence in
the results and a deeper understanding of the most important parameters governing wave
overtopping in the study area.

Three sets of wave conditions are evaluated:
o Wave Height = 1 m, Wave Period = 4 s, Water Depth = 3m;
o Wave Height = 2 m, Wave Period = 8 s, Water Depth = 3m;
o Wave Height =4 m, Wave Period = 12 s, Water Depth = 10m;

The first set of wave conditions are fairly representative of the design wave conditions found in
the NJBB study area. The second set of wave conditions are included to illustrate how the results
are affected by the wave conditions. The third set of wave conditions is representative of the
conditions at the storm surge barriers located inside the tidal inlets. Figure 47 and presents the
wave overtopping results on a vertical wall for the first two wave conditions over a range of
freeboard heights in terms of the relative wave overtopping and relative freeboard. Figure 48
presents the wave overtopping results for the third wave condition, representative of the wave
conditions at the storm surge barriers.

In order to provide context to the non-dimensional figures, the tolerable wave overtopping rate of
50 liters/s/m, as well as 5 liters/s/m, is plotted in Figure 47. The intersection of the wave
overtopping formulas and tolerable rate of wave overtopping represents the relative freeboard,
R</Hmo, required to limit wave overtopping below this tolerable rate. For the 1 meter wave height
conditions, a relative freeboard of about 0.5 is required to limit wave overtopping below 50
liters/s/m for all the formulas except Ward & Ahrens, which requires a higher freeboard. Said
differently, the freeboard must be equal to or greater than one half the wave height. For the 2
meter wave height conditions a relative freeboard of 0.8 is required to limit wave overtopping
below the tolerable rate.

It is apparent from this analysis that the required relative freeboard for a vertical wall is not very
sensitive to the wave overtopping formula, especially in the 1 meter waves, with the exception of
Ward & Ahrens. Ward & Ahrens based their formula on physical lab experiments with impulsive
wave conditions with wave heights generally greater than 2m and wave periods between 8 and
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12 seconds. Therefore, the Ward & Ahrens formula is better suited for larger wave conditions not
found within the NJBB study area. It can be seen from Figure 47 that Ward & Ahrens produce
similar results to the impulsive EurOtop formulas for the 2 meter wave conditions within the
50/liter/s/m to 5/liters/s/m overtopping range.

Wave overtopping for the rubble slope (solid blue line) is very similar to vertical walls and it is
expected that the required relative freeboard will be similar between the vertical wall and rubble

slope.
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Overtopping Results
Vertical Wall

The results from the wave overtopping analysis at the 11 representative locations are presented
in Table 19. The required relative freeboard, R</Hmo, and freeboard height, R, to keep wave
overtopping below the tolerable threshold, 50 liters/s/m, are given. The results in Table 19 are
based on the EurOtop equation for non-impulsive conditions with an influencing foreshore. The
more conservative “design approach” formula was applied. The required relative freeboard
increases with wave height and varies between 0.2 in northern Barnegat Bay where the wave
conditions are the smallest, to 0.6 at Tuckerton where the wave conditions are the largest. The
actual freeboard height varies between 0.3 and 2.3 feet, with all but Tuckerton below 1.5 feet.

Table 19: Wave Overtopping Results at Vertical Wall, Relative Freeboard

Station D SWEL Hmo-Joint | Tp-Joint | Rc/Hmo Rc
(ft, NAVD88) (ft) (s) ) (ft)

Cape May 15566 9.0 3.0 3.1 0.5 1.4
Wildwood 11282 9.1 2.7 3.7 04 1.1
Ocean City | 11309 94 2.2 3.2 0.3 0.6
Somers 11230 9.5 3.1 34 0.5 1.5
Atlantic City | 13554 8.8 21 3.2 0.3 0.6
Beach Haven | 11399 7.2 2.7 3.4 0.4 1.1
Tuckerton 11444 7.5 3.8 4.2 0.6 2.3
Lavallette 11511 7.2 2.0 3.3 0.3 0.5
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Island

Heights 13684 7.0 1.9 3.4 0.2 0.4
Mantoloking | 13706 8.0 1.7 2.8 0.2 0.3
Manasquan | 13711 9.2 1.9 2.7 0.2 0.4

The sensitivity of the relative freeboard height to EurOtop “mean value” and “design approach”,
as well as the Franco & Franco equation, are presented in

Table 20. Differences between the three equations are relatively small and the EurOtop “design
approach” generally requires the greatest relative freeboard. Results for Ward & Ahrens are not
presented here because the wave conditions in the NJBB are smaller than the range of values
used in their laboratory experiment. The EurOtop impulsive wave conditions actually produces
smaller required freeboard elevations for these wave conditions and is not presented here. It is
more likely that the wave conditions will be non-impulsive during the design conditions considering
the small wave periods, small wave heights, and water depths during the 1% ACE.

Table 20: Relative Freeboard Sensitivity, Vertical Wall

Station o EurOtop w/ Foreshore | EurOtop w/ Foreshore Fragr:co
Mean Value Approach Design Approach Franco
Cape May 15566 0.37 0.48 0.43
Wildwood 11282 0.31 0.40 0.38
Ocean City | 11309 0.18 0.29 0.29
Somers 11230 0.38 0.49 0.43
Atlantic City | 13554 0.19 0.28 0.28
Beach Haven | 11399 0.31 0.41 0.38
Tuckerton 11444 0.49 0.60 0.51
Lavallette 11511 0.16 0.26 0.26
Island
Heights 13684 0.14 0.22 0.24
Mantoloking | 13706 0.06 0.15 0.19
Manasquan | 13711 0.12 0.21 0.23
Rubble Slope

The results from the wave overtopping analysis at the 11 representative locations are presented
in Table 21. The required relative freeboard, Rcs/Hmo, and freeboard height, R, to keep wave
overtopping below the tolerable threshold, 50 liters/s/m, are given. The results in Table 21 are
based on the EurOtop equation for rubble slopes using the more conservative “design approach”
formula. The required relative freeboard increases with wave height and varies between 0.4 in
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northern Barnegat Bay where the wave conditions are the smallest, to 0.7 at Tuckerton where the
wave conditions are the largest. The actual freeboard height varies between 0.7 and 2.7 feet, with
all but Tuckerton below 2.0 feet.

Table 21: Wave Overtopping Results at Rubble Slope, Relative Freeboard

Station D SWEL Hmo-Joint | Tp-Joint | Rc/Hmo Rc
(ft, NAVD88) (ft) (s) () (ft)
Cape May 15566 9.0 3.0 3.1 0.6 19
Wildwood 11282 9.1 2.7 3.7 0.6 1.5
Ocean City | 11309 9.4 2.2 3.2 0.5 1.0
Somers 11230 9.5 3.1 3.4 0.6 2.0
Atlantic City | 13554 8.8 21 3.2 0.5 1.0
Beach Haven | 11399 7.2 2.7 3.4 0.6 1.6
Tuckerton 11444 7.5 3.8 4.2 0.7 2.7
Lavallette 11511 7.2 2.0 3.3 0.5 1.0
Island
Heights 13684 7.0 1.9 34 04 0.9
Mantoloking | 13706 8.0 1.7 2.8 04 0.7
Manasquan | 13711 9.2 1.9 2.7 04 0.8

Storm Surge Barriers

The results from the wave overtopping analysis at the 1 representative storm surge barrier
locations are presented in Table 22. The required relative freeboard, Rcs/Hmo, and freeboard
height, R¢, to keep wave overtopping below the tolerable threshold, 200 liters/s/m, are given. The
results in Table 22 are based on the EurOtop equation for non-impulsive conditions with an
influencing foreshore. The more conservative “design approach” formula was applied.

Table 22: Wave Overtopping at Storm Surge Barriers, Relative Freeboard

_ SWEL Hmo-Joint | Tp-Joint | Rc/Hmo Rc
Station
(ft, NAVD88) (ft) (s) O] (ft)
Storm Surge
Barriers 9.0 12.0 12.0 0.75 9.0

The required freeboard at storm surge barriers at the cross-bay closures, is the equal to the results
provided for the vertical floodwalls and rubble slopes inside the bays. The wave conditions and
tolerable wave overtopping rate of 50 liters/s/m for the bay closures are within the range of values
evaluated for the vertical walls and rubble slopes located inside the back bays.
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Total Water Level and Crest Elevations

Total Water Level Components

The total water level component analysis identifies all the contributions to the water surface
elevation applied in the design structural crest elevations. The significant water level components
for the NJBB study area are shown below:

Mean Sea Level

— Mean Sea Level (MSL) is a tidal datum, is mean or average sea level computed over
a 19-year period, known as the National Tidal Datum Epoch (NTDE). The present 19-
year reference period used by NOAA is the 1983-2001 NTDE.

— Relative Sea Level Change (RSLC) is a combination of both global and local SLC
including local vertical land motion (subsidence or uplift).

Astronomical Tide is the semi-diurnal (twice daily) periodic rise and fall of a body of water
resulting from gravitational interactions between Sun, Moon, and Earth.

Non-Tidal Residuals

— Seasonal variations in sea level from regular fluctuations in coastal temperatures,
salinities, winds, atmospheric pressures, and ocean currents.

— Interannual variations in sea level from irregular fluctuations in coastal temperatures,
salinities, winds, atmospheric pressures, and ocean currents (El Nifio).

— Storm Surge is the increased water level due to storm winds over the ocean and the
resultant wind stress on the ocean surface.

Wave-induced Components
— Wave Setup is the increase in water level from wave breaking in the nearshore.

— Freeboard is additional height of a structure (i.e. levee, floodwall) above the still water
level required to limit wave overtopping below a tolerable discharge. On sloped
structures such as levees the freeboard height is related to wave runup.

Design Crest Elevations

Preliminary crest elevations for structural measures (Floodwalls, Levees, Storm Surge Barriers)
are based on the 1% annual chance water level with 50% assurance provided in the NACCS
hazard curves. The 50% assurance implies that the there is 50% chance, or coin flip, that the 1%
ACE will have a water level greater. The preliminary design water levels are equal to the 4% ACE
water level with a 90% assurance.

It is emphasized that there is no policy requirement that USACE projects be designed to the 1%
annual chance water level or any minimum performance standard. In subsequent phases of the
NJBB Feasibility Study the performance of the measures will be optimized to maximize NED
benefits, which could result in higher or lower performance. The decision to design structures to
the 1% ACE water level at this stage of the study is consistent with the parametric designs in
NACCS and ECB 2013-33 that required all Sandy rebuilding projects receiving funds for
construction under the Sandy supplemental (Public Law 113-2) be meet a flood risk reduction
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standard of one foot above the best available and most recent base flood elevation. The 1% ACE
water levels used for design are equal to or greater than observed water levels during Hurricane
Sandy.

The relative contribution of the each respective total water level component at three
representative structure locations is provided in Table 23. A total water elevation relative to the
NAVDS8S8 vertical datum is based on MSL or the combined contribution from the NACCS hazard
curve (shaded in grey), all other components are reported are added to MSL or the NACCS
hazard curve. Conceptual design of floodwalls, levees, and storm surge barriers across the bay
(bay closures) are based on a crest elevation of 13 feet NAVD88. Conceptual design of storm
surge barriers at inlets are based on a crest elevation of 20 feet NAVD88. Additional refinement
and granularity will be included in design crest elevations in subsequent phases of the Feasibility
Study.

Table 23: Total Water Level Components

Ocean City Lavallette Storm Surge
Component f f Barrier
(feet) (feet) (feet)
MSL (feet, NAVD88) -0.40 0.0 -.40
Astronomical Tide 1.61 1.1 1.6
9.42 7.22 9.02
Storm Surge 8.0 5.9 7.2
Wave Setup 0.2 0.2 0.6
RSLC 2.0 2.0 2.0
Seasonal Variations 0.3 0.3 0.3
Interannual Variations 0.3 0.3 0.3
Freeboard 0.63 0.53 9.03
Total Water Level
12.6 10.3 20.6
(feet, NAVD88)

Notes: IMHW shown; 2Value from NACCS hazard curve in feet, NAVDS88; 3Freeboard based on wave
overtopping of vertical wall.

The NACCS numerical modeling results and water level hazard curves include several of the total
water level components: MSL, astronomical tide, storm surge, and wave setup. The water level
hazard curves represent the join probability of all the components combined and the exact relative
contribution of each component is not well defined. However, the relative contribution of each
component is estimated here based on the well-known tidal amplitudes (MHW) and approximate
estimates of wave setup based on the wave heights.

Relative SLC is included by adding 2 feet, rounded value of the USACE Intermediate SLC
scenario in 2080. The required freeboard for each structure was determined based on wave
overtopping calculations and tolerable overtopping rate. Seasonal variations in sea level are
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included based on average seasonal fluctuation during peak hurricane season (August,
September, October) observed NOAA tidal gage at Atlantic City. Interannual variations in sea
level are included based on a typical peaks observed at Atlantic City over the last 20 years. In
subsequent phases of the NJBB Feasibility Study the performance of the measures will be
revisited and optimized to maximize NED benefits, which could result in higher or lower crest
elevations. The performance and adaptability of the measures to all three SLC scenarios will be
incorporated in the optimization process.

Interior Drainage

Any perimeter plan with-project (WP) conditions implemented in the study area would require
upgrades to existing stormwater infrastructure. Given the large study area, and initial phase of
screening, detailed assessment for each reach (e.g. determination of runoff, storage, pipe sizing,
minimum facilities, pump sizing, etc.) was infeasible. As such, a conservative assumption was
made that all necessary stormwater management upgrades would be in the form of pump
stations. Following Cycle 1 screening of the perimeter plan, a desktop assessment was performed
to estimate the number of pump stations required in each reach of the proposed perimeter plan.
This desktop effort focused on reaches determined most feasible in Cycle 1. Figure 49 depicts a
flow chart describing the desktop process developed for this assessment. In general, a distinction
was made between areas with existing bulkhead, which currently prohibits stormwater runoff from
flow toward the bay (where perimeter plan was assumed to have no impact), and areas without
existing bulkhead (where perimeter plan was assumed to have an impact that would be address
through installation of pump station(s)). The subsequent process is described in step-wise, bullet-
point fashion, below:

e Estimated percentage of existing shoreline that had bulkhead greater than 2ft height
above grade, using available aerial photography and existing DEM data

— Less than 2 ft height categorized as unprotected

o Assumed if existing bulkhead greater than 2ft height => no WP impact anticipated; if
existing bulkhead less than 2ft (or unprotected) => WP will have impact, pump stations
required

o Determined percentage of assumed impacted shoreline (e.g. length of unprotected
shoreline (or less than 2 ft bulkhead) / total shoreline length)

e Obtained drainage area to each reach of perimeter plan

— Used NJDEP HUC14 watershed boundaries, follow identifiable breakpoint in DEM
between drainage to oceanside/bayside

e Applied percentage of assumed impacted shoreline to drainage area
¢ Assumed pump station required for every 60 acres of adjusted drainage area

— Based on previous USACE and NJDOT studies (Chelsea Heights FRM Feasibility,
NJDOT Seaside Park Route 35 Stormwater Improvements)

e Applied area reduction factor of 50% to any contiguous areas dissimilar to majority of study
area (i.e. any areas that were noticeably NOT long and narrow typical of a barrier island),
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assuming less pump stations would be necessary to treat same land area shaped
differently

e Applied reduction factor of 25% globally to account for likelihood that a portion of the
identified pump station locations have existing available storage/may not be economically
justified

e Calculated additional metrics for back check
— Above method averages approximately 3 pump stations per municipality

¢ NJDOT Seaside Park Improvements included 3 pump stations for one municipality

— Above method averages approximately 1,200 ft shoreline spacing between pump
stations/outfalls

+ Oceanside outfall spacing is approximately 1450 ft on average (outfalls on bayside
difficult to visually identify)

— Back checks appear reasonable

Results of the assessment and calculations are shown in Table 24. Given the coarse desktop
nature of this assessment, it is expected that with additional analysis, including available storage
(on streets, open areas, pipe systems), actual increase in flooding/damages, assessment of
minimum facilities, etc.; some of the identified pump stations may not be economically justified.
As such, this is likely a conservative estimate, appropriate for, and consistent with, this phase of
screening.
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Table 24: Summary of Estimated Number of Pump Stations by Reach

A| . shoreli A| o
Total pprox. s 0|:e ihe Total Ratio of % of Shoreline ) ) pprox Number of
Length with B N i s Approx. Drainage Drainage Area
Floodwall o Baseline Baseline to with Existing Proposed Pump
Length (ft) Existing Bulkhead Length (ft)  Total Length  Bulkhead > 2 ft Area to BB (ac) to BB Stations
> 2ft Height (ft) Factored (ac)

1 cM1 15757 0 10000 0.63 0 490 367.5 6
2 LW1 9312 0
2 Nw1 21841 11150

30750 0.57 63 1340 1005 6
2 WCR1 7255 7255
2 WCY1 15662 15662
4 Wwwi1 11727 6950 5000 0.43 59 113 84.75 1
5 AV3 50997 36397

33500 0.41 73 892 669 3
5 SH1 30900 23400
9 AV1 9574 0 3700 0.39 0 56 42
10 SI1 34954 9200 20000 0.57 26 473 354.75
12 oc1 78573 52000 37100 0.47 66 1807 1355.25
18 AC2 43263 30263
18 LP1 10016 10016

44000 0.50 75 3083 2312.25 15
18 MG1 19953 18953
18 VN2 14242 6242
23 BC1 48590 39390 19500 0.40 81 1244 933 3
26 BGL1 12565 0
26 BV1 21691 13441
26 HC1 28070 26570
26 LB1 23056 0
26 LB3 10349 0 97000 0.52 45 2301 1725.75 17
26 LB4 44084 29074
26 LB5 17438 3144
26 SB1 17445 0
26 SC1 13507 11807
42 BH1 12786 2878
42 BK4 6990 0
42 BR1 22767 0
42 LL1 10047 0
42 LL2 11698 0
42 MK1 18712 7015

75000 0.42 9 3581 2067 32
42 PP2 4471 0
42 PPB1 10976 0
42 SSH1 7259 0
42 SSP1 19253 5988
42 TR4 15486 0
42 TR5 38299 0
45 BL1 7638 0

10500 0.46 0 949.875 949.875 16
45 MQl 15004 0
52 GP52 | - | - e - e e e 1

Existing Beach/Dune Conditions

A map of existing USACE CSRM projects in New Jersey, Figure 50, shows that nearly the entire
Atlantic Ocean facing shoreline, from Cape May to Sandy Hook, is part of an existing USACE
CSRM project. The only exception is Island Beach State Park and few sand spits or shorelines
adjacent to inlets where there is little infrastructure at risk. Several of the USACE CSRM projects
were authorized but unconstructed until Hurricane Sandy in October of 2012. Following Hurricane
Sandy, nearly all of the projects have been constructed or are currently under construction.
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Feasibility studies for each of the USACE CSRM projects were completed independently of each
other and determined design dune and berm conditions by optimizing NED benefits within each
respective study area. Due to unique nature of each study area the optimization resulted in
variability in the design dune dimensions up and down the coast. There is even variability in the
design dune heights in some of the projects and two projects don’t have an authorized dune as
part of the project. A summary of the existing USACE-CSRM projects authorized design
dune/seawall heights is provided in Table 25. These studies optimized the dune and berm
dimensions with the understanding that back-bay flooding could still occur during storm events,
thus limiting the potential flood inundation benefits provided by dunes along the ocean. Therefore,
it is possible that the risk of back-bay flooding constrained the optimized dune heights in some

studies.

Table 25: Existing USACE CSRM Projects in Study Area

Authorized
Project Location Crt_est
Elevation (ft,
NAVDS88)
Manasquan Inlet to Barnegat Inlet B;O(;h:r:g zgzstidpleease?ggts 18
Manasquan Inlet to Barnegat Inlet Rest of Project Area 22
Barnegat Inlet to Little Egg Inlet Long Beach Island 22
Brigantine Island Brigantine Island 10
Absecon Island Absecon Seawalll 16
Absecon Island Atlantic City 14.75
Absecon Island Ventnor, Margate, Longport 12.75
Great Egg Harbor Inlet & Peck Beach Ocean City - North n/a
Great Egg Harbor Inlet to Townsends Inlet Ocean City - South 12.8
Great Egg Harbor Inlet to Townsends Inlet | Strathmere and Sea Isle City 14.8
Townsends Inlet to Cape May Inlet Townsends Seawall 11.7
Townsends Inlet to Cape May Inlet Avalon 14.75
Townsends Inlet to Cape May Inlet Stone Harbor 14.75
Townsends Inlet to Cape May Inlet Hereford Seawall 11.7
Hereford Inlet to Cape May Inlet Wildwood 16
Cape May Inlet to Lower Township Cape May n/a
Lower Cape May Meadows Cape May Meadows 16.75

Notes: Grey-shaded rows are Seawalls, not dunes
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On November 13", 2018 Philadelphia District coastal engineers and coastal planners, familiar
with the existing USACE CSRM projects, got together to discuss how these existing projects
would mesh with the NJBB CSRM alternatives. Since the beginning of the NJBB study there have
been questions about whether the existing USACE CSRM projects dunes are robust and reliable
enough to be part of NJBB storm surge barrier alternative or bay shoreline floodwall alternative
(i.e. perimeter plan). The purpose of the November 13" meeting was to discuss the complexities
of answering this question and identifying a path forward for evaluating the interaction between
the ocean dunes and NJBB alternatives.

During the meeting it was pointed out that it is unlikely that a storm surge barrier alternative would
need to maintain an uninterrupted line of impregnable dunes along the shoreline. Dune erosion
and overtopping would allow more water into the bay and increase bay water levels, however it
is not an “all or nothing situation” where any dune failure would completely negate the benefits of
the storm surge barriers. It was also noted during the meeting that ocean shoreline is exposed to
significantly larger waves than the bay and therefore design crest elevations for CSRM measures
along the bay are likely to be lower than ocean for the same design level.

Another important discussion during the meeting was that the existing CSRM projects along the
ocean may provide a practical upper limit to the design level on NJBB bay alternatives. If a NJBB
alternative did require modifications to the existing CSRM projects, such as higher dunes, the
cost associated with these modifications would extend well beyond the additional sand required
to construct the dune. Increasing the dune height would increase the footprint of the dune and
push the design profile further seaward, increasing fill quantities and periodic nourishment
guantities/frequency. In some erosion hot spots it may be difficult to maintain the expanded design
profile between periodic nourishment operations. Modifying the dune height may also require
obtaining new easements, since the existing easements are based on specific dune crest
elevation. Despite these complexities, it was noted during the meeting that an evaluation would
need to be completed to determine if costly dune modifications would be offset by a reduction in
damages and still be part of an optimized NED plan.

The path forward identified during the meeting was to first get a better understanding of the
sensitivity of back-bay water levels to the dune conditions and the performance of the NJBB
alternatives without any modifications to the existing USACE CSRM projects. To complete this
analyses ADCIRC simulations will be completed for three dune conditions:
(1) Existing/authorized dune heights, (2) Partially eroded, 50% of dune height removed, and
(3) No dune. The ADCIRC simulations will be performed for a small subset of representative
storms.

The second step is to improve our understanding of how likely the existing USACE CSRM projects
are to become eroded during storm events. This will be accomplished by running SBEACH
simulations for the existing/authorized dune heights for a small subset of representative storms.

The third step, if necessary, is to develop designs and cost estimates for modifications to the
existing USACE CSRM projects.
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Recommendations
The following is a list of analyses recommended in subsequent phases of the NJBB study:

o Evaluate impact of storm surge barriers on tidal exchange, salinity, residence time, and
water quality.

e Evaluate impact of storm surge barriers on sediment transport and inlet morphodynamics.

¢ Refine storm surge modeling with most-recent bathymetric measurements and evaluate
sensitivity of modeling results to NNBF, breaches in barrier islands, and overwash.

e Refine pump station analysis after identifying the TSP.

o Calculate wave overtopping, structure reliability, fragility, and assurance using more
advanced joint probability methods such as StormSim
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B-3) COST ENGINEERING
Cycle 1 Perimeter Plan Strategy Screening

General

This section presents Cycle 1 screening cost estimates for forty nine alternative plans resulting in
total and annualized project costs for flood risk management. Table 26 shows the forty nine
perimeter locations with the green shaded alternatives carried forward to Cycle 2 as a result of
BCRs > 1.0.

Basis of Cycle 1 Cost

Cost estimates presented herein for the Cycle 1 analysis are based on December 2017 price
level. Perimeter costs were adapted from the North Atlantic Coast Comprehensive Study
(NACCS). Cost estimates included $8,000 per linear foot of floodwall with additional costs added
for miter gates, sluice gates, and road closures where applicable. The costs also include 25%
contingency, 12% for PED, 10% for S&A and 3% mobilization, demobilization and preparatory
work all based on the markups used in the NACCS Report. The PDT anticipated that the NACCS
costs were likely an underestimate of the actual construction costs, however, at this early stage
of the screening, the decision was made to use lower than anticipated cost estimates to capture
the largest number of justified perimeter plan locations. Other unit prices used in the screening
cost estimate were developed from similar COE flood protection studies and are shown in Table
27 highlighted in green.
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Table 26: Cycle 1 Perimeter Plan Screening

uom Total Unit Cost Price Level: Oct 17
LF $8,000
Miter Gate Ea $13,507,000( Includes 25% Contingency, 12% PED and 10% S&A. O&M not
Sluice Gate Ea $9,800,000 included. See folder '1% Design Unit Costs'.
Road Closure Ea $3,421,000
QUANTITY Cost Mob, Demob &
Flood-wall Miter Gates Sluice Gates Road Closures N .
Floodwalls Miter Gates Sluice Gates Road Closures Prep Work (@ 3%) Total Cost
Alternative  County Reaches (ft) (ea) (ea) (ea)
1 Cape May CM1 15,757 - - 1 $126,056,000 $0 $0 $3,421,000 $3,884,310 $133,361,310
2 Cape May LW1, WCR1, WCY1, NW1 54,070 1 - 9 $432,560,000 $13,507,000 S0 $30,789,000 $14,305,680 $491,161,680
3 Cape May LW2 13,194 N - 2 $105,552,000 $0 $0 $6,842,000 $3,371,820 $115,765,820
4 Cape May WW1 11,727 - - 1 $93,816,000 $0 $0 $3,421,000 $2,917,110 $100,154,110
5 Cape May SH1,AV3 81,897 2 - 7 $655,176,000 $27,014,000 $0 $23,947,000 $21,184,110 $727,321,110
6 Cape May MT1 7,948 - - 2 $63,584,000 $0 $0 $6,842,000 $2,112,780 $72,538,780
7 Cape May MT2 13,817 1 - 2 $110,536,000 $13,507,000 S0 $6,842,000 $3,926,550 $134,811,550
8 Cape May AV2 5,465 - - 1 $43,720,000 $0 $0 $3,421,000 $1,414,230 $48,555,230
9 Cape May AV1 9,574 - - 1 $76,592,000 $0 $0 $3,421,000 $2,400,390 $82,413,390
10 Cape May SI1 34,954 2 - 4 $279,632,000 $27,014,000 $0 $13,684,000 $9,609,900 $329,939,900
11 Cape May UP1 8,165 - - 3 $65,320,000 $0 $0 $10,263,000 $2,267,490 $77,850,490
12 Cape May 0OC1 78,573 3 - 4 $628,584,000 $40,521,000 S0 $13,684,000 $20,483,670 $703,272,670
13 Cape May UP2 12,896 - - 1 $103,168,000 $0 $0 $3,421,000 $3,197,670 $109,786,670
14 Atlantic EG1 3,552 - - 1 $28,416,000 $0 $0 $3,421,000 $955,110 $32,792,110
15 Atlantic SP1 16,441 - - 3 $131,528,000 $0 $0 $10,263,000 $4,253,730 $146,044,730
16 Atlantic EG2 7,811 - - 3 $62,488,000 $0 $0 $10,263,000 $2,182,530 $74,933,530
17 Atlantic EG3 7,328 2 - 2 $58,624,000 $27,014,000 $0 $6,842,000 $2,774,400 $95,254,400
18 Atlantic LP1, MG1, VN2, AC2 87,474 6 - 10 $699,792,000 $81,042,000 $0 $34,210,000 $24,451,320 $839,495,320
19 Atlantic VN1 20,044 - - 2 $160,352,000 $0 $0 $6,842,000 $5,015,820 $172,209,820
20 Atlantic AC1 14,735 - - 6 $117,880,000 $0 $0 $20,526,000 $4,152,180 $142,558,180
21 Atlantic EG4 31,233 - - 4 $249,864,000 $0 $0 $13,684,000 $7,906,440 $271,454,440
22 Atlantic  AB1 11,028 1 - 1 $88,224,000 $13,507,000 $0 $3,421,000 $3,154,560 $108,306,560
47 Atlantic AB2 14,334 - - 1 $114,672,000 $0 $0 $3,421,000 $3,542,790 $121,635,790
23 Atlantic BC1 48,590 1 - 5 $388,720,000 $13,507,000 $0 $17,105,000 $12,579,960 $431,911,960
24 Ocean LH1 68,775 5 - - $550,200,000 $67,535,000 $0 $0 $18,532,050 $636,267,050
25 Ocean LH2, TK1 40,947 4 - 2 $327,576,000 $54,028,000 $0 $6,842,000 $11,653,380 $400,099,380
LBS, BV1, LB4, SB1, SC1, LB3,
26 Ocean HC1, LB1, BGL1 188,205 9 - 11 $1,505,640,000 $121,563,000 $0 $37,631,000 $49,945,020 $1,714,779,020
27 Ocean SF1 49,526 5 3 3 $396,208,000 $67,535,000 $29,400,000 $10,263,000 $15,102,180 $518,508,180
28 Ocean LB2 18,356 1 - 1 $146,848,000 $13,507,000 $0 $3,421,000 $4,913,280 $168,689,280
29 Ocean BG1, OT1 26,287 3 - - $210,296,000 $40,521,000 $0 $0 $7,524,510 $258,341,510
30 Ocean oT12 11,992 1 - - $95,936,000 $13,507,000 $0 $0 $3,283,290 $112,726,290
31 Ocean 0T3, 0T4 16,238 5 - - $129,904,000 $67,535,000 $0 $0 $5,923,170 $203,362,170
32 Ocean oT5 21,429 - - 1 $171,432,000 $0 $0 $3,421,000 $5,245,590 $180,098,590
33 Ocean LC1 28,330 3 2 1 $226,640,000 $40,521,000 $19,600,000 $3,421,000 $8,705,460 $298,887,460
34 Ocean Lc2 31,585 3 1 - $252,680,000 $40,521,000 $9,800,000 $0 $9,090,030 $312,091,030
35 Ocean LC3, BK1 74,450 8 - 2 $595,600,000 $108,056,000 $0 $6,842,000 $21,314,940 $731,812,940
36 Ocean BK2 31,469 3 - 3 $251,752,000 $40,521,000 $0 $10,263,000 $9,076,080 $311,612,080
37 Ocean BK3 22,715 2 1 4 $181,720,000 $27,014,000 $9,800,000 $13,684,000 $6,966,540 $239,184,540
38 Ocean BKS, OG1, BK6, 0G2 40,199 1 2 3 $321,592,000 $13,507,000 $19,600,000 $10,263,000 $10,948,860 $375,910,860
39 Ocean 1H1, TR2 59,492 9 - 3 $475,936,000 $121,563,000 $0 $10,263,000 $18,232,860 $625,994,860
40 Ocean TR6 69,762 9 5 1 $558,096,000 $121,563,000 $49,000,000 $3,421,000 $21,962,400 $754,042,400
41 Ocean BR2 91,679 9 4 - $733,432,000 $121,563,000 $39,200,000 $0 $26,825,850 $921,020,850
BK4, SSP1, SSH1, TR4, LL2, LL1,
42 Ocean TRS, BR1, MK1, BH1, PPB1, PP2 178,744 16 - 6 $1,429,952,000 $216,112,000 $0 $20,526,000 $49,997,700 $1,716,587,700
48 Ocean TR3, BK7 7,396 - - 2 $59,168,000 $0 $0 $6,842,000 $1,980,300 $67,990,300
43 Ocean BR3 37,716 1 1 1 $301,728,000 $13,507,000 $9,800,000 $3,421,000 $9,853,680 $338,309,680
51 Ocean PP1, BR4 41,562 9 - - $332,496,000 $121,563,000 $0 $0 $13,621,770 $467,680,770
45 Monmouth MQ1, BL1 22,642 3 - 2 $181,136,000 $40,521,000 $0 $6,842,000 $6,854,970 $235,353,970
46 Monmouth BM1 14,028 1 1 - $112,224,000 $13,507,000 $9,800,000 $0 $4,065,930 $139,596,930
50 Monmouth ABS1 5,423 - - - $43,384,000 $0 $0 $0 $1,301,520 $44,685,520
1,809,554 129 20 122 $14,476,432,000 $1,742,403,000 $196,000,000 $417,362,000 $504,965,910 $17,337,162,910
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Table 27: NJBB CSRM 5% Design Unit Costs

Price Level: Dec17

ORIGINAL ORIGINAL CURRENT DEC17 TOTAL
ACCOUNT DESCRIPTION OF ITEM QUANTITY UOM UNIT SOURCE OR STUDY - LOCATION PRICE OPL PRICE CPL ESCA- AREA UNIT CONTIN- E&D S&A UNIT NOTES
NUMBER COST LEVEL (OPL) FACTOR LEVEL (CPL) FACTOR LATION FACTOR COoSsT GENCY COST
40.00% 12.00% 10.00% (ROUNDED)
01. Lands and Damages 1 Job LS
(3 Fish and Wildlife Facilities
0. Breakwaters and Seawalls
10.00.46 Breakwaters
10.00.47 Seawalls
10.00.47.02 Storm Surge Barrier (SSB)
10.00.47.0201  Impermeable Barrier 1 SF $3,000  NAN Parametric Cost Model Oct19 86194  Dec17 839.63 097 1.00 $2,922 $1,169 $490.95 $409.13 $5,000 Includes mob/demob costs.
10.0047.02.02  Levee 1 LF $6,221  NJBB Oct17 839.63  Dec17 839.63 1.00 1.00 $6,221 $2,488 $1,045.13 $870.94 $10,700 Mob/demob costs not included.
Absecon Inlet CSDRS, Atlantic
10.00.47.02.03  Seawall 1 LF $10,600  City, NJ IFB W912BU-14-B-0004 Oct14 79785  Dec17 839.63 1.05 1.00 $11,155 $4,462 $1,874.05 $1,561.71 $19,100 Mob/demob costs not included.
10.00.47.05.01  Navigable Gates 1 SF $19,200  NAN Parametric Cost Model Oct19 86194  Dec17 839.63 097 1.00 $18,703 $7,481 $3,142.11 $2,618.43 $32,000 Includes mob/demob costs.
10.00.47.05.02  Auxilliary Flow Gates 1 SF $13,900  NAN Parametric Cost Model Oct19 86194  Dec17 839.63 097 1.00 $13,540 $5416 $2,274.76 $1,895.63 $23,200 Includes mob/demob costs.
1. Levees and Floodwalls
1101 Levees
11.02 Floodwalls
Includes mob/demob and drainage
11.02.01 T-Wall Floodwall (NACCS) 1 LF $4,900  NACCS - Hoboken, NJ Apr13 789.56  Dec17 839.63 1.06 0.99 $5,142 $2,057 $863.94 $719.95 $8,800 outlets costs.
NJBB Study -MII file: NJBB
11.02.99.0206  Clearing and Grubbing - light trees 1 Acre $6,214  PP_2018Mayl4.mlp Oct17 839.63  Dec17 839.63 1.00 1.00 $6,214 $2,486 $1,043.99 $870.00 $10,700
Delaware Comprehensive, NJ -
11.01.04.02.01  Clearing and Grubbing - heavy trees 1 Acre $13,355  Gibbstown, NJ May 13 789.56  Dec17 839.63 1.06 0.99 $14,016 $5,606 $2,354.66 $1,962.22 $24,000
Absecon Inlet CSDRS, Atlantic
11.01.04.02.12  4' Marine Mattress 1 SF $8.09 City, NJ [FB W912BU-14-B-0004 Oct14 797.85 Dec17 839.63 1.05 1.00 $8.51 $3 $1.43 $1.19 $100
3. Pumping Stations
Add pump station frontal protection as
Galveston Island 1 Pump Sta. 1 CFS $16,000  GCCPRD - Galveston, TX Mar 15 801.94  Dec17 839.63 1.05 134 $22,402 $8,961 $3,764 $3,136.29 $38,300 needed.
Raritan & Sandy Hook FRM Add pump station frontal protection as
Flat Creek, NJ 250 cfs Pump Sta. 1 Ea $3,719,197  Project, Monmouth Co, NJ May 13 789.56 Dec 17 839.63 1.06 1.00 $3,955,050  $1,582,020 $664,448 $553,707.02 $6,755,300 needed.
Raritan & Sandy Hook FRM Add pump station frontal protection as
East Creek, NJ 100 cfs Pump Sta. 1 Ea  $3,032364 ProjectMonmouth Co, NJ May 13 789.56  Dec17 839.63 1.06 1.00 $3,224,662  $1,289,865 $541,743  $451,452.62 $5,507,800 needed.
Raritan & Sandy Hook FRM Add pump station frontal protection as
Chingarora Creek, NJ 40 cfs Pump Sta. 1 Ea  $2879,022 Project Monmouth Co, NJ May 13 789.56  Dec17 839.63 1.06 1.00 $3,061,595  $1,224,638 $514,348  $428,623.35 $5,229,300 needed.
5. Floodway Control and Diversion Structures
"15.01 Storm Gate (Navigation) Structures
15.01.01 Miter Gates (Toe of foundation EI. -8 Ft. & top of gate EI. +13.5 Ft. NAVD88)
Norfolk CSRM Feasibility - Add closure floodwalls at ends as
15.01.01.01 Miter Gate - 1,398 SF 1 Ea  $6,573,938 Norfolk, VA May 17 831.74  Dec17 839.63 1.01 132 $8,770,782  $3,508,313 $1,473,491 $1,227,909  $14,980,500 needed.
15.02 Roadway Closure Structures
Norfolk CSRM Feasibility -
15.02.01.01 Roller Gate Type Closure Structure - 440 SF 1 Ea  $1,664926 Norfolk, VA May 17 831.74  Dec17 839.63 1.01 132 $2,221,302 $888,521 $373,179 $310,982 $3,794,000 46.5'w x 9.5'h = 440 SF
"15.03 Drainage (Flood Gate) Structures
Norfolk CSRM Feasibility -
15.03.01.01 60 FtSluice Gate 1 Ea  $4769,732 Norfolk, VA May 17 831.74  Dec17 839.63 1.01 132 $6,363,656  $2,545,462 $1,069,094 $890,912  $10,869,200
6. Bank Stabilization
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Cycle 2 Design Considerations, Process and Assumptions

General

Cost estimates were updated with modifications to perimeter barrier placement and lengths as
well as efforts to improve accuracy with changes to cost per linear foot and contingencies. Table
28 shows the Cycle 2 perimeter plan screening with the green shaded alternatives carried forward
to Cycle 3 as a result of BCRs > 1.0.

Basis of Cycle 2 Cost

Cost estimates presented herein for the Cycle 2 analysis are based on December 2017 price
level. Perimeter barrier costs were developed based on parametric unit costs and design
guantities for 3 types of barriers: Type A, earthen levee; Type B, concrete T-wall constructed from
the water side; and Type C, concrete T-wall constructed from the land side. Additional costs for
pump stations, miter gates, sluice gates, road closures, relocation of dock structures, and cultural
mitigation were added where applicable. Real estate costs of 10% of the project cost was included
since obtaining actual real estate costs for the 183,000 structures in the study area would have
been time consuming. Environmental mitigation costs of 5% of the project cost was included since
discussions with the permitting agencies had not yet occurred due to the preliminary stage of the
study. The costs also include 40% contingency, 12% for PED, 10% for S&A and 3% mobilization,
demobilization and preparatory work The PDT anticipated that the contingency amount was likely
an underestimate of the actual contingency based on guidance in ER 1110-2-1302, however, at
this early stage of the screening, the decision was made to use lower than anticipated contingency
estimates to capture the largest number of justified perimeter locations. Other unit prices used in
the screening cost estimate were developed from similar COE flood protection studies and are
shown in Table 27 highlighted in green.

Table 28: Cycle 2 Perimeter Plan Screening

Price Level: December 2017 Construction Duration: 360 months
D LOCATION BARRIER QUANTITY UOM  UNIT ESTIMATED CONTIN- TOTAL
LENGTH (LF) PRICE AMOUNT GENCY COST

f 1 Cape May City 15,825 1 Job LS $182,590,804 $66,950,090 $249,540,895
f 2 Wildwood Is. 54,171 1 Job LS $593,246,167 $217,524,013 $810,770,180
r 4 West Wildwood 11,726 1 Job LS $124,418,863 $45,620,338 $170,039,200
f 5 Stone Harbor/ Avalon 97,225 1 Job LS $1,056,507,309 $387,386,759 $1,443,894,068
10 Sea Isle City 35,166 1 Job LS $398,110,379 $145,974,087 $544,084,466
o1 Strathmere 8,187 1 Job LS $86,192,992 $31,604,158 $117,797,150
T12 Ocean City 78,732 1 Job LS $841,019,762 $308,374,507 $1,149,394,269
18 Absecon Is. 111,114 1 Job LS $1,284,430,903 $470,958,905 $1,755,389,808
T3 Brigantine 48,699 1 Job LS $523,112,267 $191,808,201 $714,920,468
26 Long Beach Is. 209,124 1 Job LS $2,321,111,673 $851,075,919 $3,172,187,591
T4 Island Beach 186,871 1 Job LS $2,262,779,881 $829,687,554 $3,092,467,435
45 Manasquan Inlet (North) 22,820 1 Job LS $337,722,068 $123,831,663 $461,553,732
-] West Cape May 4,480 1 Job LS $64,584,178 $23,680,911 $88,265,089

Total Barrier Length 884,140 Total Project First Cost $10,075,827,248 $3,694,477,104 $13,770,304,352

Note — Contingency amount includes 30% for lands and damages; 40% for construction, 25% for
PE&D and 25% for S&A.
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Cycle 3 Storm Surge Barrier Measures

General

Cost estimates were calculated for eleven storm surge barrier (SSB) inlet closures and eight bay
closures. Designs are based on barriers with navigable sector gates and vertical lift gates to allow
tidal flow outside of storm events. Table 29 shows the Cycle 3 storm surge barriers and bay
closures screening.

Basis of Cycle 3 Cost

Cost estimates presented herein for the Cycle 3 analysis are based on December 2017 price
level. Storm surge barrier costs were developed based on parametric unit costs developed in
Appendix A: Tables of Parametric Cost Engineering Models for Storm Surge Barriers from Report
Summary New York-New Jersey Harbor and Tributaries (NYNJHAT) Coastal Storm Risk
Management Feasibility Study. Additional costs for impermeable barrier, levee, seawall, and
cultural mitigation were added where applicable. Real estate costs and mobilization,
demobilization and preparatory work were already included in the seawall unit costs.
Environmental mitigation costs of 5% of the project cost was included since discussions with the
permitting agencies had not yet occurred due to the preliminary stage of the study. The costs also
include 40% contingency, 12% for PED and 10% for S&A. The PDT anticipated that the
contingency amount was likely an underestimate of the actual contingency based on guidance in
ER 1110-2-1302, however, at this early stage of the screening, the decision was made to use
lower than anticipated contingency estimates to capture the largest number of justified storm
surge barriers and bay closures. Other unit prices used in the screening cost estimate were
developed from similar COE flood protection studies and are shown in Table 27 highlighted in
green.
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Table 29: Cycle 3 Storm Surge Barrier and Bay Closure Screening

Price Level: December 2017 Construction Duration: 175 months
CONSTRUCTION
REGION DESCRIPTION OF ITEM QUANTITY UOM UNIT COST FOR ESTIMATED CONTIN- TOTAL
PRICE OMRR&R AMOUNT GENCY COST
Storm Surge Barrier (SSB)
South Cape May Canal SSB 1 Job LS $420,895,061 $389,412,444 $145,231,690 $534,644,135
South Cape May Inlet SSB 1 Job LS $1,301,019,558 $1,203,162,981 $448,720,620 $1,651,883,601
South Hereford Inlet SSB 1 Job LS $1,082,770,438 $1,001,372,963 $373,462,867 $1,374,835,830
South Townsends Inlet SSB 1 Job LS $848,866,691 $785,108,900 $292,807,008 $1,077,915,908
Boundary Corson Inlet SSB 1 Job LS $742,645,318 $686,898,136 $256,179,223 $943,077,358
Central Great Egg Harbor SSB 1 Job LS $3,070,152,978 $2,838,878,469 $1,058,762,052 $3,897,640,520
Central Absecon Inlet SSB 1 Job LS $2,234,147,936 $2,065,920,149 $770,486,613 $2,836,406,762
Boundary Brigantine to Little Egg Inlet SSB 1 Job LS $4,748,276,776 $4,390,447,759 $1,637,421,090 $6,027,868,849
North Barnegat Inlet SSB 1 Job LS $1,353,007,544 $1,251,230,331 $466,647,378 $1,717,877,708
North Manasquan Inlet SSB 1 Job LS $654,720,530 $605,604,133 $225,860,558 $831,464,691
Shark RiveiShark River Inlet SSB 1 Job LS $465,563,610 $430,712,347 $160,634,523 $591,346,869
Bay Closure
Central Absecon Blvd Bay Closure 1 Job LS $733,749,440 $720,765,348 $265,805,135 $986,570,483
South Sea Isle Blvd Bay Closure 1 Job LS $443,482,829 $426,965,947 $158,037,499 $585,003,446
North Holgate Bay Closure 1 Job LS $2,629,724,757 $2,459,847,347 $915,349,338 $3,375,196,685
Central North Point Bay Closure 1 Job LS $2,419,926,956 $2,256,893,769 $840,312,553 $3,097,206,322
South Wildwood Blvd Bay Closure 1 Job LS $675,926,594 $641,899,400 $238,182,663 $880,082,063
South Stone Harbor Blvd Bay Closure 1 Job LS $856,239,570 $828,572,333 $306,461,250 $1,135,033,583
North Point Pleasant Canal Closure 1 Job LS $251,716,102 $233,064,269 $86,919,429 $319,983,698
Central 52 Street Bay Closure 1 Job LS $318,050,043 $307,798,287 $113,821,634 $421,619,920
Partial Perimeter Plan (Cycle 2B)
Central (Partial) Ocean City PP (Cycle 2B) 1 Job LS same as PP screening $289,686,158 $106,218,462 $395,904,620
North (Partial) Southern LBI PP (Cycle 2B) 1 Job LS same as PP screening $1,071,608,318 $392,923,807 $1,464,532,125

Total Project First Cost $24,885,849,788 $9,260,245,391 $34,146,095,179

Note — Contingency amount includes 30% for lands and damages; 40% for construction, 25% for PE&D and 25% for S&A.

CONSTRUC-

TION
DURATION
(Mo.)

55
113
66
56
61
126
127
143
105
81
48

50
50
125
133
55
56
49
49

33
111

104



Focused Array of Alternative Plans
General

Cost estimates were calculated for 20 alternative plans with perimeter plan alternatives prevalent
in the South and Central Regions and storm surge barrier alternatives in the North and Central
Regions. Combinations of perimeter plans and storm surge barriers that minimize environmental
impact or maximize social benefits, including other objectives will be calculated by aggregating
one alternative from each Region. Table 30 shows the Focused Array of Alternatives Plans
screening.

Basis of Focused Array of Alternative Plans Costs

Cost estimates presented herein for the Focused Array of Alternatives Plans analysis are based
on December 2017 price level. Perimeter plan costs were developed based on criteria discussed
in paragraph Basis of Cycle 2 Cost and storm surge barrier costs were developed based on
criteria discussed in paragraph Basis of Cycle 3 Cost with additional costs added for non-
structural (raising of structures only) construction where applicable. Other unit prices used in the
screening cost estimate were developed from similar COE flood protection studies and are shown
in Table 2 highlighted in green.

Operation, maintenance, repair, rehabilitation and replacement (OMRR&R) costs of 1.96% of the
construction cost were included for the storm surge barrier features and 1.0% of the project cost
for the perimeter plan features for each year of the 50-year project life. OMRR&R costs for the
storm surge barriers are based on the work performed in the NYNJHAT Coastal Storm Risk
Management Feasibility Study and 2 storm surge barrier closure operations per year.
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Table 30: Focused Array Screening of Alternative Plans

Price Level: December 2017

Construction Duration: 180 months

ALTER- DESCRIPTION OF ITEM QUANTITY UOM UNIT ESTIMATED CONTIN- TOTAL
NATIVE # PRICE AMOUNT GENCY COST
Shark River Region:
2A See Focused Array Map 1 Job LS $16,746,211 $6,140,289 $22,886,500
North Region:
3A See Focused Array Map 1 Job LS $2,655,433,949 $973,660,989 $3,629,094,938
3D See Focused Array Map 1 Job LS $2,852,642,816 $1,045,971,046 $3,898,613,862
B3E-2 See Focused Array Map 1 Job LS $2,799,509,731 $1,038,152,945 $3,837,662,677
3E-3 See Focused Array Map 1 Job LS $3,531,721,731 $1,306,631,196 $4,838,352,927
Central Region:
4A See Focused Array Map 1 Job LS $1,430,214,019 $524,412,817 $1,954,626,835
4D-1 See Focused Array Map 1 Job LS $2,441,643,247 $895,270,914 $3,336,914,161
4D-2 See Focused Array Map 1 Job LS $2,796,679,073 $1,025,450,968 $3,822,130,041
"AE-2 See Focused Array Map 1 Job LS $5,202,357,036 $1,938,350,375 $7,140,707,411
"AE-3 See Focused Array Map 1 Job LS $5,223,641,575 $1,946,154,721 $7,169,796,296
"AE-4 See Focused Array Map 1 Job LS $5,225,838,626 $1,947,922,353" $7,173,760,979
4G-5 See Focused Array Map 1 Job LS $3,740,960,788 $1,391,048,577 $5,132,009,365
4G-6 See Focused Array Map 1 Job LS $4,025,277,484 $1,495,298,234 $5,520,575,718
4G-7 See Focused Array Map 1 Job LS $4,046,562,022 $1,503,102,579 $5,549,664,602
4G-8 See Focused Array Map 1 Job LS $4,048,759,074 $1,504,870,211 $5,553,629,286
4G-9 See Focused Array Map 1 Job LS $4,095,996,614 $1,521,228,631 $5,617,225,246
4G-10 See Focused Array Map 1 Job LS $4,380,313,312 $1,625,478,288 $6,005,791,599
4G-11 See Focused Array Map 1 Job LS $4,401,597,850 $1,633,282,633 $6,034,880,483
4G-12 See Focused Array Map 1 Job LS $4,403,794,902 $1,635,050,265 $6,038,845,167
Southern Region:
5A See Focused Array Map 1 Job LS $1,073,489,369 $393,613,527 $1,467,102,896
5D-1 See Focused Array Map 1 Job LS $1,673,283,750 $613,538,556 $2,286,822,307
SD-2 See Focused Array Map 1 Job LS $2,508,695,372 $919,856,741 $3,428,552,113
Total Project First Cost $72,575,158,552 $26,884,486,856 $99,459,645,408

Note — Contingency amount includes 30% for lands and damages; 40% for construction, 25% for PE&D and 25% for S&A.

CONSTRUC-
TION
DURATION
(Mo.)

36

96
96
105
105

54

86
108
127
127
127
126
126
126
126
126
126
126
126

72

69
99

106



B-5) Perimeter Plan and Storm Surge Barrier Drawings
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