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ABSTRACT

A simple analytical model for a small bay with a tidal inlet channel is
developed to predict the peak stillwater elevation in the bay for the given peak
stillwater elevatia and surge duration in the ocedrhe model is applied to the
Delaware Atlantic coast where three bay tide gauges together with one ocean tide
gauge have been in operation since 2005. 27 storms identified during 20@5 are
used to calibrate a dimepsiess parameter related to thket and bay characteristics.
The calibrated model predicts the peak stillwater elevation within 10% errors at two
bay gauges and within 30@trors at the third bay gaug&ave overtopping and
overwash over the barrier béslsetween the ocean and bay occurnadngd) Hurricane
Sandy in 2012Wave overtopping and barrier beach evolution are predicted using the
crossshore numerical model CSHOREhe analytical model including wave
overtopping predicts the peak stillwater ekmaincrease of 0.1 0.2 m in the bay.

The coupled approach is useful in evaluating bay flooding risk during extreme storms

in efficient manners.
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Chapter 1

INTRODUCTION

Low-laying barrier beaches are coman along the U.S. East coaBays
landward of barrier be&es are typically connected with the AtliarDcean through
tidal inlets. Bay flooding is generally predicted using numerical storm tide (sum of
storm surge and tide) model€arfizares and Irish (2008) developed a simulation
methodology to compute storimduced bay water levels along the sashbre of
Long Island, New York.The nearshore water level, waves and sediment transport
were computed using the software Delft 3D (WL|Delft 2001) which is limited to the
submergedraa of the computation domaiithe simulation of dune crest lowering
prior to inundation was performed using the numerical model SBEACH (storm
induced beach change) by Larson and Kraus (1989) vslohited to an emerged
dune. The numerical simulations for 1938 and 1992 storms pravidalistic results
and good agreement with available data after bottom friction and sediment parameters
were adjusted and pieundation dune loweng was calibrated empirically.
Computation was made with and without barrier beach breacfiimg.compason of
the computed water levels indicated the water level increase of about 1 m and 0.1 m
due to breaching for the 1938 and 1992 storlrish and Cafizares (2009) also
examined the effect of ocean waveugetienerated by breaking wavé&he bay water
level increase was estimated to bei0012 m for the 1938 and 1992 stornEheir

coupled simulation of barrier beach morphodynamics and bay flooding is demanding



computationally and may not be suited for the statistical analysis of extreme water
levels Dbr a large number of storms.

NadalCaraballo et al. (2016) performed a statistical analysis of extreme water
levels for 23 water level stations with a minimum of 30 years of hourly water level
measurements thughout the U.S. Atlantic coaskonthly maxima data were also
used to complement the hourly water level data and increase the record length to 38
120 years for the 23 station$he analyzed peak stillwater elevations for recurrence
intervals (annual probabilities) of 10, 50, 100, and 500 year(1Q and 0.2%) are
presented at each stationhe Flood Insurance Rate Map (FIRM) of the Federal
Emergency Management Agency (FEMA 2011) is based on the peak stillwater
elevdion during the 10@ear storm.Water level measurements in small bays are
shorter than 30 years even if such measurenaetavailable.In this study, a simple
analytical model is developed to relate the peak stillwater elevatiosis®@aind inside
of a small bay.The model is applied to Indian River Bay and Rehoboth Bay in
Delaware connected to the Atlantic Ocean thraihghindian River InletWater level
measurements during 2005 to 2015 at 3 stations inside these bays are analyzed and
compared with those at Lewes, Delaware locategdide the Indian River InlefThe
staton at Lewes is one of the 23 stations in the statistical analysis performed by
NadalCaraballo et al. (2016) who indicated the reldength of 94 years at Lewes.

The analytical model is compared with 27 highevavents during 2005 to 2015.
One of the27 events was caused by Hurricane Sandy on October 29, 2012.

Wave overtopping and overwash of the barrier beach between the ocean and

bay occurred during Hurricane Sandy but theriler beach was not breachethe

crossshore model CSHORE (Kobayashi 20i6used to compute the barrier beach



profile evolution and wave overtopping rate along 14 csbsse lines with an
alongshore interval of 515 rithe computed profile evolutions indie no barrier
beach breachingThe computed wave overtopping ratescate a noticeable effect of
wave overtopping on baydbding during Hurricane Sandy.he analytical model is
extended to include the contribution of wave overtopping to the bay water level
increase, which was not includedthe simulation by Cafizaresnd Irish (2008).The
extended analytical model is used to quantify the wave overtopping effect.

The following chaptes present the available field data, analytical model
without wave overtopping, comparison with the data, wave overtopping and overwash
of the barrier beach, analytical model including wave overtgp@nd wave

overtopping effecon bay floodinghypothetical storm SandyPlumd conclusions.



Chapter 2

AVAILABLE FIELD DATA

Figure2.1 shows the Delaware Atlantic coast with the locations of available
data used in this studylhe net longshore sand transport along the Delaware Atlantic
coast is to the north and the northern end of the coast is Cape Henlopethgpit at
mouth of the Delaware Bayl'he beaches such as Rehoboth Beach and Dewey Beach
aremaintained by periodic sand placement (e.g., Figlus and Kobayashi 2008) and by a
sand bypassing system to pump sand from the south side of the Indian River Inlet to
its north sidde.g., Keshtpoor et al. 2014%ediment transport within Indian River
Inlet was investigated by Keshtpooratt (2015). The cross section of the inlet
channel is approximately trapezoidal with inclirede slopes protected by rockhe
side slope is 1/2 (vertical/horizontal) ane thottom width is about 100 nT.he water
depth is approximately 20 m below tineean sea levelThe crosssectional areéc
and hydraulic radiuR of the inlet channel ar&c = 2800 nt andR= 15 m. The
channel length. including rock jetties built on both sides of the channel extending
into the oean is about = 1 km. Measured peak ebb and flood tidal velocities were
about 2 m/s (Keshtpoor et al. 2015) and the corresponding discharge is about 5600
m®/s. The surface areas of Indian River Bay and Rehoboth Bay are almost equal and
the combined suaice areds is approximately 75 kfn These values dhc, R, Land

Ag are used in the analytical model in the next section.
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Figure2.1 Tide gauge at Lewes(L), Indian River Bay Inlet(l), Indian River at
Rosedale Beach(Rand Rehoboth Bagt Dewey(D, wave dta at
WIS63156 station, and barrier beach profiles along 14 stose lines
(L1 to L14). Map created using Google Earth® software by Google

2.1 Tide Gauge Data

Tide gauge data at Lewes (L in Big2.1) are obtained from the Center for

Operational Oceanogphic Products and Services at the National Oceanic and
Atmospheic Administration (NOAA 2015).The north American Vertical Datum of

1988 (NAVDS88) is usd as the datum in this studyhe mean highehigh water,



mean sea level, and mean lovi@w water egévations at gauge L are 0.62).12, and

- 0.80 m, respectivelyThe tide gauge data at Indian River Bay Inlet (1), Indian River

at Rosedale Beach (R), and Rehoboth Bay at Dewey Beach (D) are obtained from the
U.S.Geological Survey (USGS 2016Jhe watetdevel data inside the Indian River

Bay and RehobbtBay are available since 2005he data at gauges L, |, R, and D

during 2005 2015 areused in the following analysisthe water level data were
collected at a sampling rate of 0.1 h.

NadalCaraballo eal. (2016) analyzed 9ear record of historical extreme
waterlevels at Lewes statisticallyT'he threshold peak stillwater elevation was chosen
to be 1.27 m (NAVD88) at Leweshe corresponding number of storms per year was
1.5. This threshold elevain of 1.27 m at Lewes is used to idepstorms during
200571 2015. Table2.1lists the date and peak stillwater elevation at Lewes (L) for
each of the identified 27 storms and the corresponding peak stillwater elevations at
gauges I, R, and Di-or stoms 1i 8, the time series of the stillwateeeations at
gauges |, R, and Bre not available and the listed values are the daily maximum
elevdions on the day of each stornihe peak stillwater elevation decreased from
gauge L seaward of the Indian Binlet to gauge | and gauge R in Indian RiBay.
The peak stillwater elevation was the lowest at gauge D atttlieern end of
Rehoboth Bay.The highest elevations among the 27 storms in TAbleccurred
during storm 20 (Hurricane SandyJhe suge durationTslisted for each storm is
used later in the analytical model in this study.

The 3day time series of the stillwater elevations at gauges L, |, R, and D are
plotted together, starting from one day before the date of each storm listed in Table

2.1. The time series with the sampling rate of 0.1 h are smoothed to reduce small



fluctuations. The smoothed value at given tingethe average value between 0.5
h) and {+ 0.5 h). Figures 2.2 2.10comparehe smoothed time serias gauges Ll,

R, and Dfor the27 storms. The peak stillwater elevations atitean gauge L and

Table2.1 Peakstillwater elevations (NAVD88) atide gauged., |, R and D for 27
storms withdate andanalyticalsurgedurationTs

Date Peak stillwater elevation (m)
Storm Ty ear [Month | Day | =M™ [T L | R D
2005 05 24 9.4 1.39 1.12 NA NA
2005 10 12 135 | 1.32 | 1.12 | 1.18 | 0.81
2006 01 30 81 | 1.38 | 1.03 | 1.00 NA
2006 02 11 120 | 1.32 | 121 | 1.12 | 0.73

1
2
3
4
5 2006 10 06 10.2 1.45 1.27 1.36 0.88
6
7
8
9

2006 | 11 | 22 | 111 | 1.32 | 1.28 | 1.26 | 0.90
2007 | 04 | 17 | 80 | 1.28 | 097 | 097 | 0.46
2007 06 12 8.7 1.27 0.98 0.99 0.60
2008 | 05 | 11 | 12.6 | 1.60 | 1.37 | 1.41 | 1.00
10 | 2008 | 09 | 24 | 122 | 1.29 | 1.21 | 1.28 | 0.74
11 | 2008 | 10 | 18 | 10.6 | 1.28 | 1.20 | 1.05 | 0.73
12 | 2009 | 10 | 16 | 108 | 1.45 | 1.25 | 1.29 | 0.95
13 | 2009 | 11 | 12 | 11.9 | 1.60 | 154 | 156 | 1.10
14 | 2009 | 12 | 18 | 11.7 | 1.38 | 1.19 | 1.33 | 0.78
15 | 2010 | 03 | 12 | 123 | 1.30 | 1.09 | 1.19 | 0.80
16 | 2011 | 05 | 16 | 7.9 | 1.27 | NA | 092 | 0.63
17 | 2011 | 08 | 26 | 107 | 1.70 | NA | NA | 097
18 | 2011 | 10 | 28 | 99 | 156 | NA | 1.27 | 0.79
19 | 2012 | 06 | 04 | 88 | 143 | 1.03 | 1.09 | 0.71
20 | 2012 | 10 | 28 | 134 | 185 | 1.75 | 1.66 | 1.34
21 | 2013 | 03 | 05 | 145 | 145 | 1.32 | 152 | 0.81
22 2013 03 08 95 1.29 1.08 1.05 0.78
23 | 2014 | 01 | 02 | 81 | 128 | 099 | 096 | 0.60
24 | 2014 | 02 | 12 | 109 | 1.30 | 1.02 | 1.21 | 059
25 | 2014 | 04 | 29 | 91 | 1.30 | 1.01 | 1.13 | 0.76
26 | 2014 | 12 | 08 | 116 | 1.36 | 1.09 | 1.22 | 094
27 | 2015 | 10 | 01 | 127 | 151 | 1.26 | 1.48 | 095

. Min 79 | 127 | 097 | 092 | 046
NA = Not Available = =305 185 | 1.75 | 1.66 | 134




thebay gauges | and R occurredhwn the time interval of 1 hThe time lag of the
peakstillwater elevation at gauge D at the northern end of Rehoboth Bay was about 2
h and noticeableFor gorms 1- 8, daily maximum and minimum elevations at

gauges I, R and D are plotted in the middle of each Baya arenot availableat

gauge | for sirms 16- 18, and at gauge R for storm.17
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2.2 River Discharge Data

Daily mean discha@e data at the Millsboro Pondu@et (USGS R16)
upstream of gauge R in Figuzell are used to estimate the river discharge
contribution to the ater level in Indian River BayThe daily mean discharge ¢the
day of the 27 storms in Table23vas less than 12 s except for storm 13 with its
daily mean discharge of 30°ms. In the following, the river discharge into Indian
River Bay and Rehoboth Bay is assumed to be negligible in comparison to the

discharge through the Indian River Inlet.

o*

— %

= *

*
Millsboro

Figure2.11 Dischage data at Millsboro Pond Outlet
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Table2.2  Daily meandischarge at Millsboro Pond Outlet

Daily Mean Daily Mean
Storm Discharge (m%) Storm Discharge (m%)

1 4.36 15 11.63

2 2.43 16 1.44

3 4.61 17 1.10

4 5.69 18 1.73

5 3.54 19 0.91

6 9.00 20 8.77

7 6.59 21 5.58

8 1.36 22 8.09

9 4.30 23 4.27

10 0.88 24 5.63

11 0.48 25 4.30

12 2.80 26 3.00

13 30.00 27 3.45

14 7.42

2.3 Offshore Wave Data

Offshore wave data are obtained from the Wave Inform&tody Stations
(WIS) of the U.S. Army @rps of Engineers (USACE 2016)he locations of WIS
63154, 63156and 63158 are indicated in Figitd. The wave conditions during
each storm are represented by the hourly time series of the spectral significant
heightHmo, spectral peak perioth and vector mean wave angjépositive clockwise)
from the normal to the straight barrier beach shoreline with the-shass lined.1 i
L14 in Figure2.1. The shoreline is inclined at an angle of 6.88untercbckwise
from the north.The alongshore wave variations are examined by comparing the time
series oHmo, Tp andgat WIS 63154, 63156, and 63158he wave heighdlifferences
are less than 10%n the following, the wave data at WIS 63156 in water dep@0

m are assumed to represent the incident waves for linéd.14.
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Figure2.12 3-day time series of stillwater elevatidmp at tide gauge L, and the wave
heightHme, periodTp, and angley at WIS 63156 station for storm 20

Figure2.12 shows the 3lay time series of the stillwater elevatigmat the
ocean gauge L and the wave height, periodT,, and anglegat WIS 63156 dr
storm 20 (Hurricane SandyYhe maximunym of A, varying with time is 1.85 nand

the vertical line in Figur@.12indicates theéime of /o= /im. The wave conditions at
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Table2.3  Spectral significant wave heighino, spectral peak periot,, and wave
angleg (positive clockwise) from the normal to the straight barrier beach

shoreline at the time of the peak stillwater elevatipmat Lewes

Storm Peak Water | Wave Height | Wave Period | Wave Angle
Level hm (M) Hmo (M) Tp (S) q(y
1 1.39 1.88 10.5 -6.6
2 1.32 2.53 10.9 4.4
3 1.38 0.89 8.1 69.4
4 1.32 1.15 4.5 7.4
5 1.45 4.19 11.3 3.4
6 1.32 4.59 12.0 9.4
7 1.28 1.71 10.8 -12.6
8 1.27 0.99 8.1 -3.6
9 1.60 1.46 10.3 13.4
10 1.29 4.51 12.9 16.4
11 1.28 2.94 9.7 -10.6
12 1.45 2.65 9.7 -0.6
13 1.60 5.48 13.2 9.4
14 1.38 1.32 4.8 -18.6
15 1.30 2.14 6.5 3.4
16 1.27 1.70 6.7 38.4
17 1.70 3.00 14.3 42.4
18 1.56 1.54 5.5 -12.6
19 1.43 0.67 6.6 13.4
20 1.85 5.75 14.5 22.4
21 1.45 3.05 7.9 -10.6
22 1.29 2.09 14.9 -29.6
23 1.28 1.86 4.9 -60.6
24 1.30 191 6.0 3.4
25 1.30 1.88 6.6 3.4
26 1.36 2.94 13.4 -3.6
Min 1.27 0.67 4.5 -60.6
Max 1.85 5.75 14.9 69.4
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the time of the pak stillwater elevatiorfim at Lewes for storm 20 are given By =
5.75m,Tp=14.5s, andy= 22.4. The values ofimat gauge L for stormsi127 are
tabulated in Tabl@.1 and Table 2.3 At the time of the peak stillwater elevation at
Lewes,Hmo=0.6771 5.75 m,Tp=4.51 14.9 s, andy = (- 60.6)7 69.4 for storms 1
26 in Table2.3 where wave data fotam 27 are not available yeHurricane Sandy
generated the largest storm tide araes among the 27 storm$he top panel in
Figure2.12 depcts the surge duratiofs = 13.4 h between the two low water levels
adjacent to the pé&astillwater level at gauge LThe durationTsintroduced in this
study is related to the time scalethe peak stillwater levelThe value ofTsis
obtained from th time series ofi, above the datum (NAVD88) in the vicigibf the

peak stillwater leveland the definition ofs will be presented in Chapter 3

2.4 Beach Profile Data

The merged bathymetry and topography data of the barrier beach are obtained
from the Hurricane Sandy Digital Elevation Model (DEM) of the National Centers for
Environmental Information of the National Oceanic and Atmospheric Administration
(NOAA 2016). The crossshore profilesalonglines L11 L14 depictedn Figures2.13
I 2.15at an alonghore interval of 515 m are plotted as a function of the onshore
coordinatex with x = 0 at the location of WIS 63156 in watéepth of 20 mandthe
bottom elevatiorz,. The landward end of each crestsore line is situated near 13
km on the bay siddightly above or below NAVD88The water depth along the bay
boundaryis about 1 m and very shallovirtheseaward end of each line kigures 2.13
T 2.15is located neax = 11 kmin water depth of about 10 nThe bottom slopef

each linebetweernx = 0 and seaward end@nt is assumed to be unifornthe cross
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shore resolution along lines 114 between the seawarddilandward end points is
8 m. Table2 4 lists he barrier beach widt, above the datum (NAVD88yith the
range of 507 850 m,and hedune crest (highest) elevatianabove the datum with
the range of 2.9P 6.62 mfor lines L1 L14. The dune crest elevation of each line is
above the peak stillwater elevatioh1.85 m for Hurricane Sandylhe beach profile
data are used as inputttee subsequent computation of wave overtopping of the

barrier beach during Hurricane Sandy.

Table2.4  Alongshore distance y, dune crest elevangmand barrier beach width
Wb at NAVD88 along each of 14 croeskore lines

Line y (m) 1 (M) A (m)
1 0 3.12 530
2 515 3.13 560
3 1030 4.06 600
4 1546 6.62 610
5 2061 4.24 810
6 2576 5.11 580
7 3091 3.47 850
8 3606 2.92 610
9 4122 4.19 530
10 4637 5.63 450
11 5152 3.96 470
12 5667 5.55 490
13 6182 5.01 540
14 6698 3.26 460

Min 2.9 450
Max 6.62 850
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Figure2.13 Bottom elevatiorg, along crosshore lines L1, L2, L3, L4 and L5




T - ,_/\'/M
E o S—
N° //
_10 | | [
10 1
. L7
N /x’/
_10 | | [ |
10 [ [ [ [
L8
T ,_/\‘\—’MQI‘\
E o
o]
N \—//’/
_10 | | [ |
10 T
. L9
£ JL._.\
) 0‘/\/
N
_10 | [
10 T T T T
L10

12 13
X(km)

Figure2.14 Bottom elevatiore, along crosshore lines L6, L7, L8, L9 and L10

25




. L11

E o SN

N-':l /'f_/

10 1 1 \

10

. L12 M

E N

N //

_10 | |

10 I |

. L13 M
-E-:Q 0 —
N /

_10 | |

10 T T
_ L14
‘-:Q / T
N

_10 } 1 |

11.5 12 12.5 13

X(km)

Figure2.15 Bottom elevatiore, along crosshore lines L11, L1213 and L14




Chapter 3

ANALYTICAL MODEL FOR PEAK STILLWATER ELEVATIONS

An analytical model is developed to predict the peak stillwater elevation in a
small bay with a narrow inlet for the given ocean storm tide characterized by the peak
elevation/im and the surgdurationTs. The model is based on tidal hydraulics
modeling (eg., Dean and Dalrymple 2002Jhe stillwater elevatioms(t) above the

datum in the bay varies with timéut is assumed to be invariant horizontally.

3.1 Governing Equations

The conservatio of water volume in the bay is expressed as

AL = AU (1) QY @

whereAs = bay surface aredc = inlet channel crossectioral areaU = average
velocity over the areAc; andQw = wave overtopping rate over the barrier beaih.
andAc are assumed constar@®y need to be estimated separatelyhe difference
between the stillwater elevatiofis and /s in the ocean and bay assumed to cause

water flow in the inlet channel

o « PO

h,(t)- 2
o(t)- 4 2 @
with
fL
K=K, K, = ©)
4R

whereg = gravitational acelerationKen = entrance loss coefficier{ex = exit loss

coefficient;fp = DarcyWeisbach friction factor,. = inlet channelength; andR =
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hydraudic radius in the channelThe combined loss coefficieKtis assumed constant
and expected to be of the order of 2.
Eq.(2) is linearzed using an equivalent linearization method (Mei 1989)
n()- () x50 @
whereU¢ = constant positive velocity. The meamarg of errof|U|U - UcU) is

minimized with respect tb. to obtain the following equation fd.
_ Js 3 Ts 2 -1
UC—(Q U| dt)( A dt) (5)

where tle square of the error is minimized durirgOtot = Ts.

N\ /N /

(a) (b)

\ RN /

T T

S s

(c) (d)

Y

Figure3.1 Definition of surge duratioils: (a) zereupcrossing and zero
downcrossing points; (b) no zeopcrossing and no zedpwncrossing
points; €) no zereupcrossing and zerdowncrossingoints;(d) zero
upcrossing and no zedowncrossing points.
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3.2 Analytical Solution without Wave Overtopping

The stillwater elevatior, in the ocean is assumed to be given by

h,(t) = /g]singe’?_—t -8 for 0 @& T (6)
C's =

where/im = peak stillwater elevation; afid = surge durationEq. (6) implies that
ho = hmatt = (Ts/2) and /1o = 0 att = 0 andTs, corresponding to the zergcrossing
and zeredowncrossing points in the time series’®ft). Figure3.1shows the
definition used in this studyFor the case of no zexgcrossingt = 0 at the time of
the lov water level beforé= (Ts/2). For the case of no zedmwncrossingt = Tsat
the time of the low water level after (Ts/2). Eq.(6) may not represd the
measured time series 6§(t) neart = 0 andTs but this analytical model is intended for
the prediction of the peak stillwater elevation in a small bay.

For the case of no wave overtopping of the barrier beacl{1Bgith Qv =0

and Eq.(4) with A, given by Eq(6) for O ¢t ¢ Ts can be solved analytically. The bay

stillwater elevations and the inlet velocity) can be expressed as

_ e dpt O 2
he(t)= Asin - &; U(t) B,cos Z - (7
oL 2 T

where/, = peak stillwater elevation in the bags= phase shift; andm = maximum
velocity in the inlet channel. The time lag betwém(t) and /(t) is equal to els/p).
This analyical model may be appropriate if the phase shigtsmall and the time lag
is short in comparison to the surge durafienEq.(5) yieldsU¢ = (8/3p) Un = 0.85
Um. The following concise expressionsef,, andUnmin Eq.(7) are obtained after

algebraic manipulations:

o 12
a 0

tane= b; h= a2 ;U aw o] (8
J1+ b? FUKYJ1+6 2

The parameteb related to the phase shéis given by
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o

a1+c? 4 C

b=p——— ;, C XK' h 9)

& 2 8
(;‘, -
The inlet and bay parametér and the surge steepness paramejeare
defined as
o 2,
K =—— 5301 ; . =0 1¢ 10
3 cA < "ogT 49

The dimensionless paramet&'sand /7, are of the order of unity anl is of the

order of 0.5 in this study.

3.3 Peak Stillwater Elevation and Maximum Velocity in Inlet Channel

The ratio(/1p/hm) between the peak stillwater elevations in the bay and ocean
in Eq.(8) depends o only and is less than unjtwhich is showed in Figuré2
The inlet and bay parametér is assumed constant in this simple model. The value

of bis affected by the surge steepness parantetdrecause the linearized equation

(4) includes the velocity). = 0.85Um which depends on the value faf. When the

surge duratioffs becomes largey, approaches zero.  =0,6=0,e=0, /=

hm, andUm = 0 because there is enough time to fill the bayhwiater. As Ts
decreases, andb increase, resulting in the increase of the phase ahiftl the

decrease dff1p/ hm) because the surge duratis too short to filthe bay. The
normalized maximum velocity)  /\/g4,, , decreases with the increase of the

combined loss coefficiert and with the decrease bfasshown inFigure3.3. ForK
=2andb=0.5U_=0.7,/gh, . Inshort, Eqs(8) i (10) appear to be reasonable

physically and are easy tse for field applications.
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Figure3.3 Normalized maximum velocity /.,/gh, as a function ob for the
combinedoss coefficient K= 1, 2,and3
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Chapter 4

COMPARISON WITH FIELD DATA

The analytical model in section 3.2 is compared with the tide gauge data in

section 2.1 in the following.

4.1 Measured and Fitted Ocean Stillwater Elevatios

The accuracy of the analytical model depends on the degreecefagnt
between the measured time sered) and Eq.(6) with the measured values bf and
Tslisted in Table2.1. The comparisons for storms 27 are slown in Figures4.17
4.7.

Figures 4.1i 4.7 clearly explain theurge duratioffs for each storm For
stornms 1in Figure4.1,t = 0 andt = Ts = 9.4h arecorresponding to the zero
upcrossing and zer@owncrossing points, respectivetprresponding téigure
3.1(a). Eq. (6) fits the measured time series/@f2 0 well. For storm @n Figure4.2, t
= 0is at the low water level anid= Ts= 11.1 h is at theercdowncrossing point
corresponding téigure 3.1c). For storm 9n Figure4.3 t = 0 is at the zero
upcrossing point and= Ts= 12.6 h is at the low water leyeorresponding té&igure
3.1(d). For storm 20 (Hurricane Sandy) in Figure 4.5, batl0 andt = Ts= 13.4 h
are at the low water levels the sameavay asin Figure 3.1 (b).The exact time of the
low water level is somewhat ambiguous and the points-df andt = Tsare chosen
to obtain the agreement near the peak=afTs/2). As a result, the surge duratids

is somewhat uncertain.
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Measured ; — — — Fitted

Mo (M)

Time t (h)

Figure4.1 Measured and fitted temporal variations of ocean stillwater elevation
ho(t) with its peak/m at timet = (Ts/2) for storms 1, 2, 3, and 4
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Measured ; — — — Fitted
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1.27

Mo (M)
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Figure4.2 Measured and fitted temporal variatgof ocean stillwater elevation

ho(t) with its peak/m at timet = (Ts/2) for storms5, 6, 7, and 8
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Measured ; — — — Fitted
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Figure4.3 Measured and fitted temporal variations of ocean stillwater elevation
ho(t) with its peak/m at timet = (Ts/2) for storms9, 10, 11, and 12
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Figure4.4 Measured and fitted temporal variations of ocean stillwater elevation
ho(t) with its peak/m at timet = (Ts/2) for stormsl13, 14, 15, and 16
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Figure4.5 Measured and fitted temporal variations of ocean stillwater elevation
ho(t) with its peak/im at timet = (Ts/2) for stormsl7, 18, 19, and 20
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Measured ; — — — Fitted

Time t (h)

Figure4.6 Measured and fitted temporal variations of ocean stillwater elevation
ho(t) with its peak/m at timet = (Ts/2) for storms21, 22, 23, and 24
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Figure4.7 Measured and fitted temporalnations of ocean stillwater elevation
ho(t) with its peak/m at timet = (Ts/2) for storms25, 26, and 27

4.2 Calibration of Inlet and Bay Parameter K*

The combined loss coefficieKtdefined by Eq(3) is estimated ak = 2.3
using typical values dfen= 0.3,Kex= 1.0, andp = 0.06 (Dean and Dalrymple 2002)
and approximate values bf= 1 km andR = 15 m for the Indian River Inlet channel

with two jetties. The inlet and bay parametér defined in Eq(10) is estimated ak”
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= 1.4 usingK = 2.3,As = 75 knf andAc = 2800 m§. The surge steepness parameter
A is in the range of 0.54 1.66 for the 27 storms.

Figure4.8 Measured and analytical rati@%//m) as a function ofurge steepness
parameter?, for range of inlet and bay paramek€rat tide gauges |, R,
andD
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The measured values o, /im at gauge L, and, at gauges IR, and D are
listed in Table2.1. The assumption of the uniform stillwater level in both Indian
River Bay and Rehoboth Bay is not accurate. As a result, the valdeésibfauges |,
R, andD are calibrated separately. The measured valugs bfm) and /7 for each
storm areplotted for each gauge in FigudeB. Eqgs.(8) and(9) are used to obtain the
fitted value ofK™ for each storm at each gauge. The analytical relationship between
(hplhm) and /1, is shown using the minimum, average, and maximum values of the
fitted K* at each gauge. The data point Witl/ /im) = 1.05 for storm 21 at gauge R is
excluded from the calibration &. The ranges df’ = 0.61 2.6 at gauge | anid’ =
0.47 2.0 at gage R may be regarded to be consistent with the estimated vakies of
= 1.4 based on the bay and inlet characteristics. The valkés=d?.9i 9.8 at gauge
D are much larger thag” = 1.4. The large fitte&" at gauge D might be related to the
additioral loss from gauge | to gauge D but the fittl€dlecreases slightly from gauge

| to gauge R.

4.3 Comparison for Bay Peak Stillwater Elevations

Figure4.9 compares the measured and analytical values of the peak stillwater
elevation/;, at gauges |, R, and D. sd is made of the average= 1.5, 1.3, and 5.1 at
gauges |, R, and D, respectively. The romansquare relative error E is calculated
separately for each gauge, where E is the standard deviation of the relatiya; &rror
Mi)/M; with A andM; = analtical and measured values for theh idata point for each
gauge. The dashed lines in kig4.9indicate 10% (30% for gauge D) deviations
from the solid line of perfect agreement. The reason for the larger deviations for
gauge D is unknown and undevastigation. The analytical time series of the

stillwater elevations(t) in Eq.(7) are compared with the measured time series at
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gauges |, R, and D. Thaaytical model tends to overpredict the phase stafid
does not predicts(t) well in comparison with the measured and fitted time series of

ho(t) shown inFigures4.17 4.7. This analytical model is still useful in predicting the
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peak stillwater elevatiof, in the bay for the given peak stillwater elevatfanin the

ocean.

4.4 Statistical Extreme Stillwater Elevations
Table4.1lists the values ofm at a function of the recurrence interiabased
on the statistical analysis of the-9dar historical extreme water levels at Lewes by
NadalCaraballo et al. (2016). Thalue ofim = 1.85 m for storm 20 (Hurricane
Sandy) is close tém = 1.88 m forT, = 50 yr (2% annual probability). The 4gar
historical extreme water levels at gauges |, R, and D are used to calibrate the inlet and
bay parametdk” at each gauge. Thamalytical model with this calibratdd is used
to estimate the values éf at gauges I, R, and D faf = 1, 10, 25, 50, 100, and 500

yr. The statistical analysis by Nadahraballo et al. (2016) did not include the surge

durationTs. The surge steepss parameter, is in the range of 0.54 1.66 during
20051 2015. The analytical values 6§ for the givens, = 0.54 and 1.66 at gauges |,
R, and D are listed in Tabfe1to show the sensibility of, to 7, wheres, = 0.81

for Hurricane Sandy. The difference/afbetween gauges | and R is within the 10%

Table4.1 Estimatedextremestillwater elevation/y, attide gauges I, R, and D with
h_ =0.54 and 1.66 forecurrencentervalT,; = 1 - 500 yr

. .  (mfor { 0.54 p (m)for { 1.66
n, r - I
Mon | | R D | R D
1 1.32 1.23 1.25 0.94 0.97 1.02 0.60

10 1.65 1.54 1.57 1.18 1.22 1.27 0.76
25 1.78 1.66 1.69 1.27 1.31 1.37 0.82
50 1.88 1.76 1.78 1.34 1.39 1.45 0.86
100 1.99 1.86 1.89 1.42 1.47 1.53 0.91
500 2.25 2.10 2.13 1.61 1.66 1.73 1.03
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error of the analytical model. The difference/pbetween gauges | and D is as large
as that betweef, = 10 and 100 yr at each gauge and that betwgen 0.54 and 1.66.
The surge duratiofis and the spatial variation @k are as important as the recurrence
interval T;.

The increase aofi, from T; = 50 yr toT, = 100 yr at each gauge for givén is
about 0.1 min Tabld.1 As a result, the peak stillwater elevations at gauges |, R, and
D measured during Hurricane Sandy may be fairly close to tho3e$at00 yr.

However, wave overtopping and overwash of the barrier beach occurred during
Hurricane Sandy. Eqgér) and(8) are based on the assumption of no wave
overtopping. Thevave overtopping rat@u(t) in Eq.(1) during Hurricane Sandy is

predicted in the following.
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Chapter 5

WAVE OVERTOPPING OF BARRIER BEACH DURING
HURRICAN E SANDY

The crossshore numerical model CSHORE (Kobayashi 2016) is used to
predict wave overtopping and overwash along tbesshore lines L1 L14 in Figure
2.1. Figlus et al. (2011) compared CSHORE with three ssaalle tests with different
dune georatries in front of a lowcrested vertical wall. Johnson et al. (2012)
evaluated CSHORE using severe beach and dune erosion data at seven sites on the
mid-Atlantic east coast. Kobayashi and Jung (2012) compared CSHORE with beach
erosion and recovery daadong 16 crosshore lines spanning 5 km alongshore on
Rehoboh Beach and Dewey Beach in Fig&xé. The input parameters required for
the CSHORE computation are kept the same as those used by Kobayashi and Jung
(2012). The median diameter of the beammdswas 0.33 mm. A bay was not
included in the computation domain in the above comparisons. Kobayashi et al.
(2013) extended CSHORE to the landward wet zone and computed wave transmission
over and through a porous breakwater. This extended CSHORE ifgechdol an

impermeable barrier beach with a bay.

5.1 Computation Domain and Input

Figure5.1shows the computation domain in this study. The onshore
coordinatex extends from WIS 63156 in 2@ water depth at = 0to the bay neax =
13 km. The 72h houty series of the stillwater levei, and the wave heiglidmo,

periodT, andangleg shown in Figur€.12 are specified as the seaward boundary
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conditions. The 7-h hourly series of the stillwater levas at tide gaugé shown in
Figure2.8 (Storm 20 foHurricane Sandyis specified as the landward boundary
condition to account for the stillwater level difference in the ocean and bay. The
vertical coordinate is positive upward witlz = Oat NAVD88. The initial bottom
elevationz, at computation tim& = O is specified as the initial condition. The barrier
beach is assumed to consist of OmB3@ sand without regard to vegetation and a paved
road. The crosshore grid spacing is 3 m. Itis noted that the computationt§imé

is different from the malytical timet defined in relation to E(6). The bottom
elevationzy(x,t;) varies with timetc due to crosshore sediment transport. The cross
shore vaation ofz(x, &) includes undulations. The seaward stillwater shoreline at
timetc is located at the most seaward intersection point betWigehandz(x,t).

The landward stillwater shoreline at tinaés located at the most landward
intersectim point betweerfis(tc) andz,(x,t). The wet and dry zone is situated

between the seaward and landward stillwater shorelines. The dune crest elevation

L —=>Y, -
ol Ocean Bay |
—Y SWL SWL v
-0
E L "
N < > >
-2 Seaward Wet and Dry Zone Landward Wet Zone 7]
Wet Zone -
4 -
Zb ]
-6 | | | |
12 12.2 12.4 12.6 12.8

X (km)
Figure5.1 Computation for wave overtopping of evolving barrier beach using

CSHORE with seaward wet zgneet and dry zone, and landward wet
zone based on still water level (SWL) in ocean and bay
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Z(tc) at givent. is defined as the highest elevatioregik,c) with respect tox. The

wave overtopping rate(tc) is computed on the dune crest.z[t;) becomes less than
ho(tc) during the 7zh computation, the dune crest becomes submerged and the
seaward wet zone is assumed to reach the landward end of the computation domain.
The specifieds(tc) in the bay is ignored when the dune crest becomes submerged.
The barrier beach was not submerged during Hurricane Sandy but submergence is

allowed during this CSHORE computation.

5.2 Computed Beach Profile Evolution

The computed beach profile evolution along each of L14 is examined by
plotting the crosshore vaations ofz,(x,t) attc = 0, 24, 48, and 72 im Figures5.21
5.4. The computed profile changes occur mostly during the day of the storm peak
duringtc = 2471 48 h. For the crosshore line of minor wave overtopping and
overwashe.g.L4, L6 and L10) the computetheachprofile change is essentially
limited to the seaward side of the dune crest. For the-stuse line of major wave
overtopping and overwagh.g. L1, L2, L7, L8and L14), the dune crest lowering and

overwash deposit are noticeable.
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5.3 Crossshore and Longshore Sand Transport

Figures5.57 5.11show the initiatc = 0) and final {c = 72 h) profiles along
L17 L14. The computed croshore bed load and suspended load transport rates per
unit width are integrated for the -Ff2computation duration to obtain the bed load
volume, oy, suspended load volumg, andnet volumevy = (Vbx + Vsx) per unit width.
The computed longshore bed load and suspended load transport rates are also
integrated to obtain the bed load volumg suspended load volurvg, and net
volumewy = (vby + Vsy) for the 72h duration. Therossshore bed load transport is
positive (onshore). The creshore suspended load transport is negative (offshore) in
the zone affected little by onshore water flux caused by wave overtopping and
becomes positive in the affected zone. The computedtosgshore transport is
slightly positive in the offshore zone of dominant bed load (e.g., Kobayashi and Jung
2012) and becomes negative in the zone dominated by suspended sand transported
offshore by return (undertow) current induced by breaking wavks.value ofs is
positive in the zone of wave ovepiging and onshore water flux. On the other hand,
longshore bed load and suspended load transport are positive (northward) under the
incident waves from the southeast during Hurricane Sandy. The ceiripagshore
sand transport takes place predominantly seaward of the dune crest even in the
presence of major wave overtopping and overwdste longshore transport volume
vy is muchlarger than the magnitude of thessshore transport volume& on the

beach seaward of the ducest.
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