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1 General Introduction

Debra Murie and Geoffrey Smith, Jr.
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Key Points

This study monitored sand shoals off the east coast of Florida for impacts of dredg
biological communities fronfiall 2013 througlsummer 2019.

The overall goal was to understand the potential impdaisedging on the dynamics of
species abundance, biomass, and assemblages of phytoplankton, zooplankton,
meroplankton, benthic and demersal invertebrates, and fishes.

Study spanned both the physical environment (oceanography, sediments) and biol
conmunities, including shoal us® demersal fishes as determined through acoustic
telemetry.

Impacts were assessed using a BeyBAC| (beforeaftercontrotimpact) design,
including an impact (dredge) site (CHA), multiple control (reference) sites (CSlI
Chester, and Bull Shoals), and temporal sampling before and after the dredging ev
Trophic pathways were assessed using isotope analysis, and impact of dredging o
ecosystems was modelled using Ecopath, an ecosysteirmodel based on trophic
level biomasses.

Coastal and offshore marine habitats provide a multitude of ecosystem services that may not be directly

visible to the public due to their underwater venue. Shoals consist of submerged ridges covered by sand or
other unconsolidated maigrand the surrounding deeper relatively-fiattomed areas, troughs, or
swales (i.e., ridgeswale shoalsjRutecki et al. 2014)They are coastal features that occur along the US

At |l ant

These ecosystems have not been studied extensively other than in connection with dredging for coastal
renourishment. They are typically rich in sand particle sizes required for beach renourishment and can

ic seaboard and exempltl).fied off FIl ori

daobs

occur in relatively shallow waters close to shorat @allow for dredge operations. However, shoals also

provide essential fish habitat (EFH) for commercial and recreational fisheries species (fishes and

invertebrates), as well as threatened species or species of cffickems et al. 2020EFH servesa

it hose

including nursery areas and migratory connections. EFH of the shoal ecosystems includes soft bottom,

waters and substrate necessary to fi

s h

any hard bottom present, and the overlying watkman, which together support demersal, pelagic, and
migratory species. In addition, the easntral coast of Florida is designated as a Habitat Area of
Particular Concern (HAPC) for Lemon Sharkiggaprion brevirostriswhere juveniles are known to
aggregate in shallow nearshore habitat off Cape CangRargiker et al. 2008)

Previous studies have provided descriptions of species compaosition, abundance, and diversity of similar

shoal complexetsee review by Pickens dt 2020)but not directly in relation to contemporaneous

dredging activities. Although they provide a wealth of information that can be used in monitoring impacts

of dredging on these same systems, the studies have not addressed the biological fuoictiesag
ecosystems. To do this, all trophic components (i.e., pelagic and benthic primary producers, benthic

consumers, piscivores, etc.) need to be assessed at an assemblage level, as well as integrated into an

ecosystenievel analysis, as is done ingtgtudy. These types of analyses link both the qualitative and

guantitative trophic components of the food web, allowing for both visualization and quantification of any

ecosystenievel changes potentially due to dredging activities.
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1.1 Potential Sand Dredging Impacts

Sand dredging is usually perceived as having a hegative impact to biological communities in the area of,
or near, the dredging activities, as reviewedviighel et al. (2013)Wenger et al. (2016andPickens et

al. (2020) Direct negative impas may be from physical removal of small fishes and invertebrates due to
the suction of the dredge or physical removal msthaping of the bottom habitat due to the removal of

the upper layers of sariBalmer et al. 2008 However, dredging may also hawnelirect impacts that can

be negative. For example, increased turbidity associated with dredging can decrease light availability and
hence growth of phytoplankton, which in turn decreases the abundance of zooplankton that is a primary
prey resource for seadary consumers, such as larval and juvenile fishes. Turbidity can also indirectly
affect juvenile and adult fisfWenger et al. 2016)nost probably through decreased foraging due to
decreased visibility for sight predatdtdtne-Palm 2002) Fish movemets and fidelity to the shoals may

also be impacted due to the physical disturbance and underwater sound production associated with
dredging(Pickens et al. 2020)ndirect effects, in particular, can cascade up or down trophic levels and
result in changeis species assemblages.

While most would expect negative impacts on species abundance, biomass, and assemblages due to
dredging activities, there are some studies that indicate positive aspects of sand dredging. These positive
scenarios include creating a bottom habitat thataermugose and complex, and hence facilitates
recruitment of invertebrates in particu{dichel et al. 2013)In addition, it has been proposed that

physical disruption of the bottom, for example by bottom trawling while fishing, can resuspend nutrients
in the substratéPilskaln et al. 1998and make them available to a wide assortment of invertebrates,

which in turn increase in abundance and provide a greater food base fo(Rigmeann and Hoffmann

1991) a similar rationale could be proposed for dyied.

1.2 Recovery from Potential Dredging Impacts

Potential impacts to biological assemblages due to dredging activities are typically associated with a
recovery timeline that can be modeled relative to recovery of the assemblages observed prior to the
dreddng event(s) and present on control/reference-@lrexdged) shoal&kecoveryin this sense refers to
assemblages returning to their former state, as indicated by the presence/return of specific organisms or
species assemblag@dichel et al. 2013)This was the primary definition used throughout the current

study, where impacts and recovery were assessed using changes to species assemblages.

Alternatively, however, the timeline can also be modeled relative to the recovery to biological

communities that arecologically equivalent but not identical (i.e., a microcarnivorous amphipod species

is replaced with an Aequivalentodo but different sp
that serves the same functigi)ichel et al. 2013)rhus,recoveryin this sense is provided by different

species with equivalent ecological trophic value. The former recovery model emphasizes preservation of

the ecosystem (i.e., if the assemblages are not identical after dredging as before dredging, then the
ecosystemhdseen negatively i mpacted or fAdamagedodo) vers
conservation of the ecosystem services (i.e., change is allowed as long as the ecosystem recovers

equivalent biological functions).

This latter definition of recoveryas used in the final integrated modeling of the study to assess the
ecosystenievel changes due to dredging based on trejaviel biomasses. These two scenarios may be
valued differently by various groups in our society. Dredging sand from offshons simolatransferring it
onshore to build up eroded bedtbitat could protect critical infrastructure and personal property due to
beach erosion from storms (such as with Hurricane Sandy), could stabilize beachegduariswoand

allows coastal communds to regain financial stability, and could stabilize beaches to permit nesting of
threatened and endangered sea turtles. It is therefore important to fully understand the ecological function



of these shoals since offshore dredging for sand reservediketswill continue as a necessity with
coastline development, as well as coastline erosion and burgeoning storm seasons associated with climate
change.

1.3 Study Framework

Our framework for understanding potential assemblagel and ecosystefevel functonal changes
associated with dredging shoals off the east coast of Florida was bassidgoa BeyondACI design,
including multiple control (reference) sites, an impact (dredge) site, and temporal sampling before and
after the dredging events. Impactdosédging on biological communities was assessed by exangning
potential changes in species abundance, biomass, and assemblages for all major trophic levels. These
trophic levels included the primary producers and continued up through the food webtndesg and

tertiary consumers, many of which are commercial and recreational invertebrate and fish species. The
collective biomass at each trophic level was then integrated into ecodgstdrmodels to assess
ecosystem function over time in relationdieedging events. Variation in tropHievel dynamics can have
consequences to the functioning of the ecosystem because the number and biomass of producers and
consumers at different trophic levels can change annually, seasonally, and diurnally (daydsigghtn
spatial and temporal parameters associated with both the biological and physical environment. The
dynamic aspects of the physical environment of the shoals were examined through oceanographic
assessment of forcing factors such as currents, iddsyathymetry. Direct dredging impacts to the
bathymetry and substate of the shoals were estimated using hydroacoustic surveys, whereas direct
sampling of the substrate was used for classifying benthic habitat that could be related to fish distribution
and movement using acoustic telemetry.

1.4 Goals and Objectives

Our overall goal was to understand the potential impacts of dredging on the dynamics of species
abundance, biomass, and assemblages on offshore sand Bb@alsomplish this goal, this study

spanmed both the physical environment and the biological communities of the sand shoals. Our specific
objectives were the following:

1) Characterize the coastal oceanography and environments of the sand shoals to understand the
physical forcing factors;

2) Comparelte bathymetry and substrate features of the shoals before and after dredging events;

3) Characterize the benthic habitat available on the shoals and surrounding area;

4) Determine the temporal variability of species assemblages (phytoplankton, zooplankton,
meropankton, benthic and demersal invertebrates, and demersal fishes) on an annual, seasonal,
and diurnal basis;

5) Examine the spatial variability of these species assemblages among the shoals and between ridge
and swale habitats of the shoals;

6) On a spatiotempal basis, compare species abundance, biomass, and assemblages of the dredged
shoal CSHBA) r el ative t o mul t-dregdged) shoasq@Sll, Cloebtér,ramdf er e n
Bull Shoals);

7) Determine the temporal sequence of recovery of biological assgestitathe dredged area
relative to the biological assemblages of the reference shoals usidgegdge versus postredge
comparisons;

8) Examine spatial use of key fishes associated with the shoals, site fidelity, and movement between
dredged and nedredgd shoals; and

9) Discern functional, ecosystelavel services that are potentially compromised by dredging and
determine the degree of potential impact, relative to the ecosystem services of reference shoals.



1.5 Study Area and Timeline

The study area was locdteff the east coast of Cape Canaveral, Florida, and consisted of three shoals:

1) Canaveral Shoal Il (referred to as CSll); 2) Chester Shoal; and 3) Bull Shoal (Fijur@haveral

Shoal Il (CSII) referenced here is one specific shoal within the Saaidra Shoal complex emanating

from Cape Canaveral (Figurel). The northeastern portion of CSll has a federally designated sand
Aiborrow area, 0 which is a permitted | ocation cons
occur; this portion othe shoal was referred to as GBbrrow Area (CSHBA) throughout the report.

Chester Shoal in this study is one shoal within the Chester Shoal complex, previously identified as Shoal

D in Field and Duane (1974Thenondredged portion oESlI, as wellas Chester and Bull Shoals, were

all used as control or reference (rdnedged) shoals relative to CEA, which has been periodically

dredged since 2000 (Tablel}.

1.5.1 Overall Sampling Design

Various components of this study (Chapters7) make referenseo locational aspects of CSll, CSlI
BA, Bull, and Chester Shoals (e.g., the northwestern swale of Bull). For clarity, the overall sampling
design is outlined here with further specific aspects provided in each of the following chapters as
appropriate.

Each study shoal was subdivided into ridge and swale habitats based on common criteria. For each shoal,
the ridge region was defined as the area of the s
The edge region of the shoal was characterizatietransitional zone between ridge and swale, and was

defined as areas in < 10 m water depth with a gradient of > 1.14% and areas > 10 m with a gradient

> 0.5%. This transition zone between the ridge and the swale was treated as a buffer zone m sgnplin
selections so that the two habitats could be sampled distinctly. The swale region was designated as

relatively flat areas in < 18 m of water that excluded the transitional zone (edge and sides of the shoal)

and extended 1 km from the outer edgeheftransitional zone. Sampling occurred within the ridge and

swale areas to delineate the two primary habitats associated with shoals. We characterized ridge and

swale areas using ArcGIS and bathymetric charts.

We further divided each shoal (ridge and sy#@hto quadrants (NW, NE, SW, SE) to ensure adequate
spatial coverage using a stratifilhdom sampling design. To do this, the ridge was divided down its
spine, bisecting the west and east swale quadrants, and then divided again perpendiculardp its spi
bisecting the north and south swale quadrants (Fig@)e The northwest quadrant of CSll was not
sampled because it had very shallow water that was not accessible to a trawl vessel nor comparable to any
other swale areas on any of the shoals. Thigp#ag effort was therefore redirected towards increased
sampling in CSHBA, which was necessary because at the outset of the study the exact location of
dredging within CSHBA was unknown (i.e., sand dredging is permitted anywhere within the borrow
areg. To ensure that our paredge sampling was done in all potential dredge areas of the borrow area,
the northeast swale of CSBIA was subdivided to form two swale sampling strata (NE1 swale and NE2
swale) (Figure 22). Sampling stations initially slatédr the NW quadrant were therefore reallocated to
the NE2 quadrant.

Temporal sampling included annual, seasonal, and diel periods. Annual sampling occurred for 6 years
from November 2013 to July 2019. Seasonal sampling occurred in glglamghi May), summer (Jurie
September), fall (OctobiEovember), and winter (December to the following February). Diurnal
sampling occurred anytime between an hour after sunrise to an hour before sunset, whereas nocturnal
sampling occurred between approxietgtan hour after sunset to an hour before sunrise (i.e., excluded
periods of civil twilight).



1.5.2 Timeline of Study and Dredging and Storm Events

This study was initiated in fall 2013 and continued through summer 2019. Originally, this study was to
assess thienpact on biological assemblages from a dredging event that was to take place-BAGSl|
November 2013 through April 2014 (Dredjg(Table 11). However, CSHBA was dredged a second

time during this study during spring 2018 (Drede Although notn original component of the study,
this second dredging event allowed for a more extensive suite-dfgutge samples to be compared to
postdredge samples for all shoals; therefore, all the biological components of the study strived to take
full advantae of this addition to the study.

In addition to potential impacts due to dredging, the area off the east coast of Florida is susceptible to
intense hurricane and storm activity that could also impact biological communities, especially plankton
due to thdarge-scale movement of water. These storm events were especially prevalent during the
summer and fall during the study (Tabk8)1 Stormdriven changes in biological communities therefore
also were discussed when relevant.

1.6 Structure of the Report

To addess the overall goal and objectives, the following volumeshagpters step through the project
components:

Volume 1: Physical Environments of the Sand Shoals

1 Chapter 2 details the coastal oceanography of the shoals offshore of Cape Canaveral.

1 Chapter 3 describes the bathymetry and habitat complexities of the shoals based on multibeam
hydroacoustic surveys.

Chapter 4 classifies the habitat over the shoals amdunding coastal area.

Chapter 5 uses satellite imagery to assess-Euge phytoplankton productivity relative to the

first dredging event in 2013.

f
f

Volume 2: Primary Producers and Invertebrates of the Sand Shoals

Chapter 6 details the water qualitydawater chemistry associated with the shoals.
Chapter 7 examines shemdsociated phytoplankton and bacterioplankton.

Chapter 8 examines sheamdsociated microphytobenthos (benthic microalgae).
Chapter 9 examines shemdsociated zooplankton.

Chapter 10 examines shemdsociated meroplankton.

Chapter 11 examines benthic infaunal and epifaunal invertebrates from the shoals.
Chapter 12 examines demersal invertebrates associated with the shoals.

=A =4 -4 -4 -8 -4 -4

Volume 3: Fishes and Ecosystems of the Sand Shoals

1 Chapter 13 examines fish assemblages associated with the shoals.
1 Chapter 14 describes movement and shoal use by fish via acoustic telemetry.
f

Chapter 15 examines the isotopic niches of focal invertebrate and fish species associated with the

shoals.

Chapterl6 uses Ecopath modeling on trophic biomasses to determine ecolstenaifects.
Chapter 17 provides an overall summative integration of the impact of dredging on biological
communities of the sand shoals.

= =



1.7 References

BOEM (Bureau of Ocean Energy Managant). 2013. Issuance of a negotiated agreement for use of
outer continental shelf sand from Canaveral Shoals Il in the Brevard County Shore Protection
Project (SPP) North Reach and South Reach: Environmental Assessment. Herndon, VA: U.S.
Department of thénterior, Bureau of Ocean Energy Management BOEM AM1H1: 1762.

Field M, Duane D. 1974. Geomorphology and sediments of the inner continental shelf, Cape Canaveral,
Florida. Fort Belvoir, Virginia: U.S. Army, Corps of Engineers, Coastal EngineeringaRyds
Center. Technical Memorandum 42.

Michel J, Bejarano A, Peterson C, Voss C. 2013. Review of biological and biophysical impacts from
dredging and handling of offshore sand. Herndon, VA: U.S. Department of the Interior, Bureau of
Ocean Energy Managente@CS Study BOEM 2018119. 258 pp.

Palmer TA, Montagna PA, Nairn RB. 2008. The effects of a dredge excavation pit on benthic macrofauna
in offshore Louisiana. Environmental Management 41(4):%53 doi:10.1007/s0026007-
90635.

Pickens B, Taylor J, &hsen D. 2020. Volume 1: Fish Habitat Associations and the Potential Effects of
Dredging on Fish of the Atlantic and Gulf of Mexico Outer Continental Shelf, Literature
Synthesis and Gap Analysis. Sterling, VA: US Department of the Interior, Bureau of Ocean
Energy Management, OCS Study BOEM 2@®2 and NOAA NCCOS Technical Memorandum
270. 122 p.

Pilskaln C, Churchill J, Mayer L. 1998. Resuspension of sediment by bottom trawling in the Gulf of
Maine and potential geochemical consequences. Conservatiogyii¢c): 12231229.

Reyier E, Adams D, Lowers R. 2008. First evidence of a high density nursery ground for the lemon shark,
Negaprion brevirostris, near Cape Canaveral, Florida. Florida Scientist 714834

Riemann B, Hoffmann E. 1991. Ecological ceqgences of dredging and bottom trawling in the
Limfjord, Denmark. Marine Ecology Progress Series 69:-174.

Rutecki D, Dellapenna T, Nestler E, Scharf F, Rooker J, Glass C, Pembroke A. 2014. Understanding the
Habitat Value and Function of Shoals ane&hComplexes to Fish and Fisheries on the Atlantic
and Gulf of Mexico Outer Continental Shelf. Literature Synthesis and Gap Analysis. Prepared for
the U.S. Dept. of the Interior, Bureau of Ocean Energy Management. Contract # M12PS00009.
BOEM 2015012: 176p.

Utne-Palm A. 2002. Visual feeding of fish in a turbid environment: physical and behavioral aspects.
Marine and Freshwater Behaviour and Physiology 35:1PBL

Wenger A, Harvey E, Wilson S, Rawson C, Newman S, Clarke D, Saunders B, BroWwraa/&is M,
Mcilwain J. 2016. A critical analysis of the direct effects of dredging on fish. Fish and Fisheries
2017: 119. doi:10.1111/faf.12218.



QTn

o

indian

5 Kilometers

Csll Borrow Area

GEBCOIND GDE ConMnbute:

Figure 11. Shoals off the coast of Cape Canaveral, Florida, USA
Canaveral Shoal Il (©Ss one specific shoal in the Southeast Shoal complex off of Cape Canaveral, with the CSIl Borrow Area
outlined in red. Base map courtesy of J. lafrate, Naval Undersea Warfare Center (NUWC) Newport, and J. Greene, McLaughlin

Research Corporation (MRC).
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Figure 12. East coast of Florida showing the location of the three shoals of the study, along with
detailed aspects of each shoal, including Canaveral Shoal 1l (CSIl) with the borrow are84¢.3ull

Shoal, and Chester Shoal

Ridge habitat (lighblue) and swale habitat (dark blue) is shown for each shoal, which were further subdivided into quadrants
(NW, NE, SW, SE) for stratifiethdom sampling except CSll, which only had two quadrants (SW and SE), ®&#l G8ith

had one quadrant (NE). Tlkevale of CSBA was further subdivideidto NE1 and NE2 prior to any sampling to ensure that pre
and postdredge sampling physically occurred in areas ofB/&that were dredged during the study period. Hatched areas in
CSHBA represent exclusion argdi.e., not open to dredging or sampling) that contdational Aeronautics and Space
Administrationrocket cylinders (BOEM 2013).



Table 11. Dredging history of Canaveral Shoals Il borrow area (B&}Ishowing area dredged during
each event, start ad end of dredging, volume dredged, and project identification (ID) and lease

number.

The area of CSBA is outlined in black with the footprint of each dredging event in yellow. Data obtained from BOEM Mineral

Management Information System (MMIS}tps://mmis.doi.gov/boemmmis). See site for more details and caveats on

dredged volume reported.

Dredged Footprint Construction Construction Dredge Volume Project ID and Lease

(yellow area) Start Date Complete Date Reported (cubic yd) Number
Brevard County 2000

1 Oct 2000 8 Apr 2001 4,800,000 OCSA0454
Patrick Air Force Base 20(

Q 10 Dec 2000 16 Apr 2001 590,000 OCSF1-2000
Brevard County 2000

Q 1 Jan 2002 15 Apr 2002 50,000 OCSA0454
Brevard County 2000

Q 28 Mar 2003 1 May 2003 384,080 OCSA-0454
Patrick Air Force Base 20(

Q 3 Mar 2005 18 Mar 2005 321.500 OCSFL-2005
Q 20 Mar 2005 14 May 2005 1,333,510 Brevard County 2005

OC#&A-0461



https://mmis.doi.gov/boemmmis/

Dredged Footprint Construction Construction Dredge Volume Project ID and Lease
(yellow area) Start Date Complete Date Reported (cubic yd) Number
Brevard County 2009
13 Feb 2010 17 Apr 2010 630,300 OCSA-00476
Brevard County 2013
27 Nov 2013 22 Apr 2014 1,724,476 OCSA-0493
Brevard County 2018
3 Feb 2018 11 Apr 2018 932,700 OCSA-0516

Table X2. Chronological time frame of hydroacousttirveying events on CSBA, Chester Shoal, and
Bull Shoal off the east coast of Florida.

Dates Event and Location Company and Report (if available)
1996 Singlebeam hydroacoustic survey at |
CSHBA
26 Sept 2000 Singlebeam hydroacoustic survey Great Lakes Dredge & Dock Company (Olsen
P prior to any dredging of CBIA Associates 2013)
2007 Sidescan sonar and multibeam National Oceanographic Survey

hydroacoustic survey of CBIA
Singlebeam hydroacoustic survey of | U.S. Army Corps of Engineers, Jacksonville Dist
dredged areaf CSIBA (Survey # 1079) (Olsen Associates 2013)
Whidden Surveying and Mapping, Royal Palm
Beach, FL (for U.S. Army Eoof Engineers) (Olse
Associates 2013)

Multibeam hydroacoustic survey of | Land & Sea Surveying

CSHBA (contracted by Great Lakes Dredge and Dock)
Multibeam hydroacoustic surveys of
May 2014 areas of CSBA, Bull, and Chester Land & Sea Surveying (this study)
Shoals

Multibeam hydroacoustic surveys of
May 2015 areas of CSBA, Bull, and Chester Land & Sea Surveying (this study)
Shoals

8¢11 May 2010

8 Jungl3 July | Singlebeam hydroacoustic survey of
2013 dredged area of CSBA

OcttNov 2013
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Table 3. Major hurricanes and tropical depressions/storms impacting the C&anaveral coast

during the study period.
No major winter storms impacted the area during the study.
Year Peak Impact Storm Name Category
2014 1¢2 July Arthur tropical depression/tropical storm
2016 13¢14 Sep Julia tropical storm
2016 6¢7 Oct Matthew major hurricane
2017 1 Aug Emily tropical depression
2017 10¢11 Sep Irma major hurricane
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2 Physical Oceanography Surveys

Arnoldo Valle-Levinson, Peter Adams, Juan Felipe Paniagua-Arroyave,
Sabrina Parra, Ahmad Yousif, and Sangdon So

Key Points

1 Ridges and swales produce spatial variability in tidal andtidaih (subinertial) flows
over theinner continental shelf (where instruments were deployed)

! Transects with gentle slopes between ridges and swales showed Baypeulli
hydrodynamicsi.e., flow enhancement over ridges.

1 Transects with steep slopes between ridges and swales displayed frictional
hydrodynamics, i.e., flow enhancement over swales.

1 The critical bed slope to switch from frictional to Bernotype (inerti:zdominated)
dynamics is equal to the nalimensional bottom drag coefficient (typically 0.0025).

1 Gulf Stream enhancemesivy southerly winds translate into strengthened northward
inner shelf flowsand vice versa.

1 The dynamics across the shelf isstly geostrophic (water level slope balanced by
Coriolis acceleratiopswith occasional influence from wave stresses

1 Waves with periods between 20 and 200 s are modulated by semidiurnal tidal flow:

the swales exposed to the ocean (seaward of a rielgigancing erosion.

Shoals dissipate and transform waves with heights > 1 m, delaying erosion.

Tropical storm winds produce currents that distort tides and enhance erosion

Dredging operations dampen wave transformations over the inner shelf.

Shortwind-waves are smaller after dredging, and free long waves (infragravity) incr

proportionally.

T After dredging, there is decreased generation and increased dissipation of long wa
(infragravity).

= =] = =]

2.1 Introduction

The overall goal of the study was to mitor the effects and recovery of dredging operations on biological
communities within ridgeswale habitats of sand shoals offshore of Cape Canatreradfore the
oceanographic dynamics of these ecosystems were important to undérsiamtiapter charcterizes the
interaction between the bathymetry and the velocity field of shoals off the east coast of Florida ¢Figure 2
1), with oceanographic measurements during different seasonal conditions.

Initially, an oceanographic instrument was moored priairéaiging at the Canaveral Shoals Il borrow

area (CSHBA; the shoal where dredging was to occur), which determinednedging and post

dredging conditions at the dredging site. All other moored and towed instruments were deployed in the
postdredge perid at CSI#BA, as well as at two other mooring locations, Chester Shoal and Bull Shoal,
which were characterized as reference/control sites that were more than one tidal excursion away from the
dredging sitgFigure 21).

To study biophysical feedbacks badforms and sediment transport, mooring deployments can be used to
describe the flow conditions under different forcing conditions. Underway measuremtardasowed

Acoustic Doppler Current Profiler (ADCP) allow determination of floydrographic and lymetric
characteristics in the dredging region before and after the operation. Seasonal measuvgm#res
combination of moored and underway measurempniside predredging and posdredging
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information with enough temporal and spatial resolutecoavaluate the hydrodynamic and ecological
effects of bathymetrimodification Assessment of pesiredging seasonal variations provide further
information on dredging versus natural effects on flow, bathymatiy hydrography.

The following sectionaccomplish thee finerscaleobjectives

9 Section 2.2 presentke effects of ridgswale bathymetry on tidal and subtidal hydrodynamics
Alteration to these ridges, or the swales, by dredging activities could dramatically influense flo
and erosive processes.

9 Section 2.3 investigates subinertial hydrodynamics, which describe variations with periods longer
than 26 h (the inertial period). These periodicities provide a framework that allows inferences on
long-term potential dredging &tations to ridges and swales.

1 Section 2./addressedk influence of surface infragravity waves on sediment suspension over
caperelated shoals. Innashelf and shoreline morphology exert control on the variability of long
gravity waves [GWs, also callél infragravity waves exhibiting periods from 20 to 500 s, or 2 to
50 mHz). In turn, nearshore morphodynamics can
behaviors are asymmetric (moving sediment in one preferred direction) but not well understood
overcaperelated shoals. Hurricanes have an apparent effect on the biophysical communities,
especially in estuarine and coastal habitats.

M I'n Section 2.5, we add to the paradigm of over
bottom stresses due to anomagly large current speeds related to extreme wind forcing at cape
related shoals during the passage of Hurricane Matthew. Hurricanes are common features off the
east coast of Florida during the summer and fall and they drive anomalously large waves,
currents, and morphological changes. These morphological changes may compare to those from
dredging, at least in the short term (order of days).

1 Section 2.Gliscusses wrphological changes of capelated shoals in order to explore
biophysical feedbacks on Hedms. Bedformglisplay aproportion of coarse shell material to fine
sand whichmay influence the hydrodynamic sorting and overall bed evolution at Canaveral
Shoals.It is necessary to evaluate the magnitude of natural bedform operations versus those
produced by dredging.

2.2 Tidal and Subtidal Hydrodynamics Over Ridge-Swale Bathymetry
Around a Cape

2.2.1 Introduction

The inner continental shelf is a dynamic region between the surf zone and tbleefhidvhere the water
depth expands from a few meters to tens of métenstz and Fewings 2012n sucharegion, the

surface and bottom boundary layers interact withaaher(Lentz 1995; Lentz and Fewings 2012)
Observations have shown that acrsekslf currents are constrained by bathymetry and therefore are
weaker than the alorghelf currentg§Lentz and Fewings 2012Jhis clear influence of bathymetry on the
flow, particularly in inner shelves, indicates theed to further investigate its spatial influence on tidal
and subtidal hydrodynamics.

The dynamics of flow have been previously investigated over rugged bathymetry such(Barsilés

and Armi 1986; Eriksen 1991; Stenstrom 2Q@&thymetric depressisn al s o know(alaas @A hol |
Monreal and Valld_evinson 2009; Valld_evinson and Guo 2009¢hannelgWinters and Seim 2000)
estuariegWong 1994; Valld_evinson et al. 2003and inletgLwiza et al. 1991; Valld_evinson et al.

2015) These studiesave demonstrated that frictionally influenced flow has the maxinelotity

values over the deepest part of the cigesgion and that velocity contours are parallel to the bathymetry
throughout the section. On the other hand-mimtionally influenced flow would follow Bernoullitype
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dynamics, where it accelerates over shallower depths and decelerates over deeper depths due to mass
conservation. Centrifugal or local acceleration could cause a similar result by driving the maximum flow
away from the centeof the crosssection(Valle-Levinson et al. 2015)t has also been ted in cases of

weak frictional and advective effects that the flow may tilt to the right due to the Coriolis effect in the
northernhemisphergValle-Levinson and O'Donnell 1996; ValLevinson et al. 2000, 2003)

Capes and their associated shoals are characterized by complex bathymasenting abrupt changes in
coastline orientation and water defitumar et al. 2013)Sudies have targetezlirrent flowand

sediment transpoltehavior around these featur@dcNinch and Luettich 2000; Sanay et al. 20@8)

well asinteractiors between flow and shoaling wavi@€ine et al. 2012) However, the hydrodynamics of
the flow over ridgeswale bathymetry remanelativelyunexplored.

Theprimary objective of this studwas to determine the spatial structure of tidal and subtidal

hydrodynamics off a cape with complex bathymetry in an inner shelf. The objeetvaddressed by
comparing observations from vessalsed ADCP#$0 two analyticamodels: 1) a tidal model influenced

by friction, local acceleration, and pressure gradiamd 2) a subtidal densityriven model influenced by
friction, Coriolis, and pressure gradient. These analytical models have been developed to approximate the
dynanics inchannelizeg&nvironmentsSince the ridgeswale bathymetry forms a similar shape to a

channel, the other maobjectivewas to assess whether thgdrodynamics ovetidge-swale bathymetry

can be represented by thosebénnelized environmen{&ill 1982; Armi 1986; Wong 1994; Valle

Levinson and O'Donnell 1996; Vallesvinson et al. 2000, 2003, 2015; Salasnreal and Valle

Levinson 2009; Valld_evinson and Guo 2009)

2.2.2 Methods
2.2.2.1 Study Area

The study arewaslocated in the inner shelf adjacent to Capa&veral, FloridaKigure 21). It has a
typical cape configuration that is characterized by complex bathymetry and changes in coastline
orientation. It consists of a series of cag®sociated shoals and shof#ique ridges that vary several
meters vertially over a horizontal scale of a fewdmeters Southeast Shoal is attached to the tip of
Cape Canaveral and extends offshore southeastward for ~7 km with a width of €&remeral Shoal Il
(along with the borrow area, CSA) andShoal Earer oughl y parall el to the cap
(Figure 21). Shoal E is the furthest southeast shoal ana hesgth of ~4 km and a width of 1.5 km. Bull
Shoal and Chester 8al (Figure 21) arelocated ~12 krmortheasfrom the tip of Cape Canaveral. Bull
Shoal(0.7 km wideby 7 kmlong) is east of Chester Sho@l{ km wideand~4 km long, which ispart of
multiple, shoreoblique ridges associated with a smaller cape ldcai® km northwest of Cape
Canaveral known as False Caphose ridges extend/km offshore, southeastward of False Cape

In this region, tides are predominantly semidiurBairing the time period of the oceanographic study
(fall 2013 summer 2016), sprgtides rangd betweeril.3 to 1.8 m, while neap tides randgeom 0.6 to
0.9 m. The significant wave heiglvas~1.2 m in winter, 1 m in spring, 0.5 m in summer, and 0.8 m in
fall. The dominant wave perioslas~9 s in winter, ~8 s in spring, ~7 s in sumpaard ~8 s in fall. The
corresponding dominant wave directiaas71 °T (from the east/northeast) in winter, 81 ffofn the
east/northeast) in spring, 107 ffofn the east/southeast) in summer, and 8&1An(the east) in fall.
Clearly, the wave direatin wastypically easterly. The instantaneous hourly wind speed raagéi 16
m/s in winter, 112 m/s in spring, 113 m/s in summer, and 11 m/s in fall. The subtidal wind speed
rangewas1i 10 m/s inwinter, ' 8 m/s in spring, 27 m/s in summer, and 8 m/s in fall. The
corresponding wind directiomas142 °T in winter (from the southeast), 205 °T in spring (from the
southwest), 126 °T in summer (from the southeast), and 208 °T {fréall the southwest).
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2.2.2.2 Data Collection

The study area included twal5-km longsampling transects: therth transecfnortheast of Cape
CanaveralFigure 21, Plot A) and thesouth transedfsoutheast of Cape Canaveral; Figw® Plot B).

The north transect daa bottom slope of 0.002, while the south transediahlaotom slope of 0.08. In

order to determine the influence of cagmsociated shoals on tidal and subtidal hydrodynamics, data were
collected betweef4 September 2013 arit® June 2016. An ADCP was attached to a catamaran, then
towed back and forth alorenchtransect (4.5 km) for ~12 hours. The ADCPs recorded the underway
current velocity field, surface water temperature, and backscatter with a pinging rate of 2 Hz and an
average ensemble of 20 profiles. The cruising speeds were 2na/fhe bin size was®m. Ensembles
thereforenad sampling intervals of 10 s and spatial resolution of 20 m. Fixed hydrographic profiles were
collected from seasonal cruises betwkdin2013 andsummer2016 using Castaway and Sea Bird 19 Plus
conductivitytemperaturalepth CTD) profilers. Along the transects, three CTD casts were performed at
the start, middle, and end of each seaward transect repetition.

2.2.2.3 Data Analysis
2.2.2.3.1 Matrix Arrangement and Compass Calibration

Current velocity data were trimmedth the following criterigthat were related to the data collection:
percent good among beamd o, absolute value of error velocityl0 cm/sprofile discharge < 100
m?s, and ship speed or bottom track speed > 0.15 m/sn&tied ofJoyce (1989)similar to themethod
of Pollard and Read (1989)asused to calibratthe ADCPcompassseparately for each transect
repetition or pas<Correction coefficientg (and ) were obtained for each transect pass. These
coefficients weraised to correct theurrentvelocity components by considering both the bottom track
velocity and navigatiofor ship)velocity as follove:

OAIl ® v 0 6 o o b v O 1)
p 1T @ 0 qo 0 O7 2)
0 p I O0wEél Ui Q¢ (3)
0 p 1T 61 Q& VOE 4)

where6 andb weretheeast andhorth componeustof the bottom track velocityespectivelyp

andy were the east and tmerth componesstof the navigatior{ship) velocity (from Global Positioning
System[GPS]), respectivelyp and0 werethe east andhorth componesstof the current velocity
measured by the ADCRespectivelyp andv  werethe correcte@ast andhorth componeistof
velocity; and < > indicatd the averageover one transect pass.

A regular matrixwasthengenerated foé, 0, ando corresponding to each trsect repetition in terms of
depth and distanc&ach transect repetitiomasidentified according to the time diebeginning andhe
end of eaclpass.The origin of the matrix (zero distanocgasarbitrary. The distance from that origin to
the locatiorof each profilevascalculated in order to generateegular gridfor 6, v, ando8The end
resultwasa group o) regular gridgor 6, 0, andd, wherel wasthe number of transect repetitions.

2.2.2.3.2 Least-Squares Fit to Observations

Least squareareconsidered one of the most powerful techniques for fitting a dependent parameter to an
independent (observed input) variaffignery and Thomson 1998)his technique determines the values
of the parameters that minimize the sum of theeegiof the residua(€hapra and Canale 201%)
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decomposes the desired signals from the measured signal. Since semidiurnedredesninant in the
region, a leassquares fit with a semidiurnal (12.42 hr) harmonic was applied to the flow. The ateplitu
and phase of this harmonigvere therefore calculated as

0 0 6 OBl o %o (5)

wherev wasthe alongshelf(northrsouth)velocity measured from the field, wasthe alongshelf
residual velocity thatepresents the subtidal floaw, wasthe alongshelf semidiurnal amplitude of the

tidal flow,] wasthe semidiurnal anguldidal frequencypwasthe time, and. wasthe semidiurnal
phase.

The subtidal velocity can be positivermggative, and its direction influences the interpretation of the
driving hydrodynamicsthereforethe subtidal flow was rotated in the directiortiod principal axis
which minimized the transverse velocity component.

2.2.2.3.3 Tidal Flow Analytical Model Solutions

A tidally driven analytical modeatan beused to solve tidal amplitude and phase for any arbitrary
bathymetry(Huijts et al. 2006, 2009, 201Higure 22 provides a shematic representation of the model
reference frame for one of the locations. A seplinalysisvasused to simplify the governing equation
and hence obtain the model momentoatance in the principal axis direction (alestgelf),as(Huijts et

al. 2006, 2009, 2011)

— 00— b — 6)

whereg U j1 depreserddlocal acceleration) wasthe model alonghelf velocity (flow in the principal
axis direction), "Qt — j1 wrepreserddthe pressure gradierfiwasthe acceleration due to gravity,
wasthe free surface elevatiot, 1 0 j1 & represergdfriction, 0 wasthe vertical eddyiscosity, and
the subzero term® (and- ) represergdthe first order or dominant order solutions. The analytical
model assuntethat motion occuedprimarily in the principal axis direction (alorgiel). It also
assumd that the motiorwasgiven as a simplified momentum balance between friction, local
acceleration, and the pressure gradient due to the free surface elevation. Only barotropieezffects
considered. The model drawbadlkerethat no alongshelf variation in bathymetnwasallowed and no
coastline curvaturerasconsideredValle-Levinson et al. 2015)The modehlso indicatd whether the
tidal flow could be explained as a simple damped waxale-Levinson et al. 2015)

The dominanbrder solution of the model simplified momentum balaiimpiétion 6)wasobtained as
(Huijts et al. 2006, 2009, 2015)

| n 70 (7)
— —— - 0 O0ATIEOQ® (8)
where6 stands for the crossectional widthA was the msssectional area of the transe¢twas the
crosssectional average of the tidal current amplitddejas a frictional length scale (complex value

becausé equals/l p ), and

b ——p — (9)
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The amplitude ob ('&HD ) resembld the model alonghelf tidal amplitudes. Wasa function of the

vertical directiond, water deptfiQ gradient of the free surface elevation, angarameter. Thia
parametewasdependent on the tidal frequency and the vertical eddy viscosity. As the tidal period

increases, both the frequency and the alpha decrease. As the eddy viscosity increases, the alpha decreases.
The alpha represents the degree of mixing or friction imtiter column. Small alpha means high

friction and vice versabando were the only free parameters, and their values influstie solution

of the analytical model. Therefore, these parametersvaried, andve calculated theontour plots of

the motmeansquare erroferrorms). The objectivevasto determinabandod values that hdithe

minimum error between the model and observation. Themeatisquare error was calculated as

¥
Qiiéi —Bb d (10)

wherel wasthe total number of samplesndd was the tidal model amplitude in the direction

perpendicular to the transect (in the principal axis directMoye details on the analytical model
solutionscan be found itduijts et al. (2006)

2.2.2.3.4 Subtidal Analytical Model Solutions

Valle-Levinson et al. (2003)eveloped a densHgriven analytical model that extentiie work ofKasai
et al. (2000}o better explain exchange flows owemplex bathymetryAll equations presented in this
section have bedntroduced byvalle-Levinson et al. (2003, 2008)he same reference frarf@esented
previously in Figure 2) wasused here. This model was used in our study to determine the subtidal
hydrodynamics over the ridgavale bathymetry. It describéhe acrosshelf momentum balance as

QW - ——d b — (11)

where"Qurepresered Coriolis acceleratioriQuvasthe Coriolis parameter (7 x 261),” wasthe
reference seawater densityQ! { wrepresergdbarotropic conibution, '@ 1 1 &arepreserdd
baroclinic contribution, and 1 6jt @ represergdfriction.

This analytical solution assumhéhat the motiorwasproduced by pressure gradients and modified by
Coriolis and frictional influences. The press gradient includithe influence of free surface elevation
and the density gradient. Therefore, both barotropic and baroclinic contribaBoesonsidered in this
analytical model.

An important restrictive assumption in this analytical soluti@sthat the vertical eddy viscosityas
constant. It also assuihaniform alongshelf bathymetry andidinot include the influence of curvature
effects(Valle-Levinson et al. 2015)The Ekman layer deptlhascalculated as

¥
o — (12)

whereO wasdefined as the ratio between the vertical eddy viscosity and the Coriolis parameter.

Basically, the Ekman layer depth represents the depth in which the frictional eféeettominant. In
frictionally dominated crossections, the Ekman layer deptbwid be much larger than those with fewer
frictional effects. This natimensionahumber represents the ratio between friction and Coriolis as

o — (13)
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where’O  wasthe maximum water depth of the cresesction. Deeper crosectiors would have a

smaller Ekman number, which indicates that the effect of friction only affects the very deep part of the
water column. Shallower crosgctions would have a larger Ekman number, indicating that the frictional
effects will extend over the arg water column.

The| parametewascalculated as

| — (14)
The density gradier{D) wasestimated as
O N . - (15)
whereb  wasthenet flux velocity (m/s) in the principal axis direction (aleshelf) and) was
calculated as
0 0 p @ (16)

wherel wasthe slopeof the water surfacat the coast that decays exponentielith distance offshore
The parametef2 wasthe rate of exponential decay that can be related to the internal radius of
deformationiY; Q pXY. The barotropi€O andbaroclinic™O contributions of the flow were calculated
as

o -p — a7
and
o —Q & Q | o0— (18)
Therefore, the subtidal model solutiorditantributions froniO and™O asv "QU00 O, whered

stands for model. The subtidal flow in the principal axis direction (atbredf) wasthe real part of the
complex subtidal flow) presented ifcquation 18. The free parameters in this analytical madetO ,
Q,0 ,andd . Optimal values of the free parameters were obtained by varying them throughout
possible ranges teduce the difference between model and observation. For more details on the
analytical solution beyond this section, S&dle-Levinson et al. (2003, 2008)

2.2.3 Results
2.2.3.1 Hydrographic Data

The results of the hydrographic measurements are presented in FRy@& 2 results showdthat
temperature decreaswith depth, while salinity and density incredseth depth. Tlese resultgdicated

a doublystable condition. Water temperatuvaslowest between December and April, while highest
between June and Octobgaithough precipitation increaddetween June and October, more evaporation
occured, causingan increase in salinity. This phenomenon can also be associated with the influence of
the warm Gulf Stream originating from the Gulf of Mexico. As it travelshveard, it creates a sharp sea
surface temperature front that leads to surface wind convergence. As a result, clouds are created and
precipitation occurs along the Gulf Stre@idtinobe et al. 2008a; 2008B)Vind moving over the Gulf
Stream causes evaporatiand therefore increases the water salinity and dgiitgsel 2007)The

location of the Gulf Stream relative to the coast may also influence salinity. As the Gulf Stream gets
closer to the coast, salinity in the region is expected to increase. Cthéhdand, as the Gutream
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gets farther from the coast, salinity in the region is expected to decrease. Seasons with an overall location
of the GulfStream closer to the coamteexpected to have higher salinity than seasons witivarall

location ofthe GulfStream farther from the coagtlso, the Gulf Stream flowrate is influenced by

seasonality. According to Geosat altimetry results, the Grdam flowrate is maximum in fall and

minimum in spring, which is in phase with the naatidsouth shifs from its mean positiofKelly and

Gille 1990; Zlotnicki 1991)However, the strength of the flowrate does not necessarily have a direct
influence on salinity near the coast, as the location of the relatively stronger Gulf Stredmm fadker

offshore

Thetemperature/salinitdiagram(Figure 23) showedthat, for all CTD casts, salinity ramglbetween

33.4 kg/ntand 35.8 kg/rfy while temperature raegbetween 17.3 °C and 30 °C. The smaller

incremental change in salinity thenore influence on density than temperature. fEngperature/salinity
diagram also shoadthat water masses during the colder momtagesimilar to one another. The water
temperatue during these months ramjeetween 18 °C and 21 °C, while salinity radetween 33.4

kg/m? and 34 kg/m Likewise, the water masses during the warmer moménesimilar to each other.

The water temperature during these months hhgeveen 25.7 °C ah29 °C, while salinity range

between 35.4 kg/frand 35.7 kg/rh Since Octobewasa transition month, the corresponding water mass
exhibited propertiebetweerthose of thevarmer and colder seasons. In general, density in the region ha
a similar trendn the north and south transects. However, some discrepavaiesoted in June of 2014
when density at the north transegdschanging more with depth than the one at the south trafsgate

2-3). Thisobservation wagelated to the rapid change antperature with depth at the north transect,
whereas it was more uniform at the south transect. Similar discrepancy in dexssityted between the
north and south transect during September and October of 2013 due to the rate of change in temperature
with depth at each location. The small incremental change in salinity with depth at the south transect
during September of 20Bigure 23) could havealso bena factor.

2.2.3.2 Tidal Model Versus Observation

In order to obtain the model tidal amplitudes, the frammetersdd ando ) in the analytical model were

varied until the minimum roaeteansquared errowas achievedThe best parameters were then used to
create a contour plot of the model 6ds semidiurnal
derived from field observations.Was important to acknowledge and appreciate the limitations as well as

the capailities of this model. The mod&lasunable to perfectly reproduce the observation. However,

very useful informationauld be achieved by keeping track of #hendo values.

A comparison between the tidal model and observation amplitudes is provigigdres 24 to 27. The
comparisorwasin terms of the roetneansquared error, the correspondiogndo values, and the
contour plots of semidiurnal amplitudes.

Two types of configuratiagwere observed. In the north transgbte maximuntidal flow (i.e., velocity
amplitude) wagocated over the shoals (Figurel}, while, in the south transedhe maximum flowwas
located in the channel (over the deepest part of the-seut®n; Figures-B to 27). In order to use the
tidal model to represeithe observations, the vertical eddy viscodity) (had to be decreased in the north
transect while increased in the south transect. Increasing or decr@asiffigcts frictiond 1 0 j1 &
Therefore, the flow in the north trans&as more ifluenced by local acceleratipsuch thainertial

effects also caused acceleration over shallower depththe other hand, the flow in the south transect
was dominated by frictiorsuch that the maximum flowaslocated in the channel.

2.2.3.3 Subtidal Model Versus Observation

To obtain the model subtidal velocities, the free parameé@r<, 6 , andd ) in the analytical
model were varieby trial and erroy until the best match between the model and observation was
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achieved. As with the tidal modelvias important to acknowledge and appreciate the limitations as well
as the capabilities of the model. The modabunable to perfectly reproduce the obsenratHowever,
very useful informationvasachieved by keeping track of tiie, ‘Q, 0 , andd  values.

A comparison between the subtidal model and observation velocities is provided in F§ume224.
The comparisomwasin terms ofthedut i dal vel ocitiesd contourO,pl ots a
Q,0 , andy

Two types of configuratiswerealso observed here. In the north trangibet maximunsubtidalflow
waslocated over the shoals (Figure8 20 210), whilein the south transect the maximum flowas

located in the channel (Figuresl2 to 214).To best approximatine subtidamodel to represent the
observations, the Ekman numb&@r ), which indicated the frictional effects on the water column, had to
bedecreased in the north transect and increased in the south transect. This indicated that the effect of
friction in the north transect was restricted only to the very deep part of the water column. Therefore, the
flow in the north transect was more influeddoy Coriolis (early geostrophic dynamics) or advecti@n (
Bernoullirtype dynamics). On the other hand, the frictional effects in the south transect extended over the
entire water columrand the flow was dominated by friction. Tlolsservatiorwas cmsistent with the

strongest flows appearing over the ridges in the north transect and in the swale in the south transect.

2.2.4 Discussion
2.2.4.1 Tidal Model

In general, the vertical eddy viscosity | had a larger influence on the shape of the contours than the
setional average tidal amplitude). AsO increasd, friction 64 T ‘0,1 & increasd, and the
maximum flow tenédto be located over the deepest part of the esestion ¥/B= ~0.3 to 0.7; Figures
2-5 to 27). The model tidal amplitudeontours also teradito be parallel to the bathymetry throughout
the section. This behavior has been seen in estfdvimsg 1994; ValleLevinson et al. 2003 nd inlets
(Valle-Levinson et al. 20150n the other hand, @s got smaller, friction decreas, and local
acceleration bemmemore important. Therefore, the maximum flaxasdriven away from the center of
the crosssection (over the shoals; Figuretp(Valle-Levinson et al. 2015)

The south transect was dominated by friction and had largealues (562 /s to 2.1€l n¥/s). This

result wasexpected in inner shelves where both the surface and bottom boundary layers(beeatlap

1995; Lentz and Fewings 201 By contrast, the north transect, which had a more influential local
acceleration, &d a smalled value by one or two orders of magnitude-8le¥/s). These results can be
directly linked to the bathymetry at each location. The north transgitieta slope of 0.002encedto

have gentler bathymetry. The effect of friction will affecly the very deep part of the water column

(oFfO 6= ~0.3 from the bottom). TFseotian bdfasmaleo ,and make s
local acceleration ltimore influence. The south transect, howeved,éhateeper bathymetry withstope

of 0.0, forming the shape of a channel. Therefore, frictional effects extend over the entire water
column ando becomslarger. The discrepancies between the model and observed tidal amplitudes in
Figure 24 could be attributed to the restrictive model assumptions. It may also indicate thatetere

more forces influencing the north transect other than local accelerBtiertidal model used for this

study was originally developed for channelized flow, while our observatiensin the open shelf.

Despite that, the model was still very useful in representing the essence of the flow at each location and
helped to determe the dominat hydrodynamics.

2.2.4.2 Subtidal Model

In general, Ekman numbée®() had larger influence on the shape of the contours than the rate of
exponential decay(), slope at the coadh (), and net flux velocityl{ ). SinceO is a functim of
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and’O(seeEquation9), smoother crossectionssuch as the north transgeuld have a smaller Ekman
number (1.5€4 to 2.3e4), whichindicated that the effect of friction only affeetithe very deep part of

t he wat e™OFOc ®dl=0.2vfrom thé bottom). On the other hand, more complex bathymetry with

a steeper crossection such as the south transegbuld have a larger Ekman number{6& 7e2),

indicaing that the frictional effects exteadover the entire water column, whielasexpected in inner

shelves where both the surface and bottom Ekman layers oglarkapd Weisberg 1999 herefore, the

south transect was dominated by friction and the strongest currents were located over the deepest part of
the crosssection (x/B=~@ to 0.7; Figures-21 to 214) (Wong 1994; ValleLevinson et al. 2003)

Al so, the model 6s subtidal velocity contours were
(Lwiza et al. 1991; Valldevinson et al. 20150n the other hand, the northrisact had smalléd

values by two orders of magnitude. Exaationoft he nor t h tsectomabaeca, liesthec r 0 s s
flow traveled southward and the maximum current tilted to the right (looking northward), suggests the
influence of Coriolis (Figure 28 to 210) (Valle-Levinson and O'Donnell 1996; Valleevinson et al.

2000, 2003) This southward motion of the flow can be associated with the aloglfjwind. The

southward alonghelf wind causes the nearshore flow to deflect towards the codst fight) due to

Coriolis influence. This Coriolis influence is balanced with as@#aceslope to keep a geostrophic

balance. The result is a negative nearshoresgdace slope that drives the nearshore flow southward.

Furthermore, closer examinationf t he n or t ksectionahanesa, e/lcen thesfloncrmowed s
northward and the maximum current tilted to the left (looking forward, Fig@rd.2., tilted toward the
coast or against Coriolis accelerations), suggests that the flow was not inflilsgnCeriolis, but rather
followed Bernoullitype dynamics. When the flow is following Bernodifpe dynamicsit accelerates
over shallower depths and decelerates over deeper depths due to mass conservation.

Since the subtidal model considdonly the contribution of friction, Coriolis, and pressure gradient, the
exact hydrodynamics causing such behavould notbe determined. It was also noted that the values of
net flux velocity 0 ) at the north transect (2-8em/s to 5.5€8) wee larger than the ones at the south
transect by two orders of magnitude (O-Bden/s to 1.4é5 m/s). This ould be related to the higher
frictional influence of the complex bathymetry at the south transect, which decelerates the passing
flowrates.

The dizrepancies between the model and observed subtidal currents in Figu@2 20 could be
attributed to the restrictive model assumptions or influential forcesviitainot considered in the model.
Similar to the tidal model, the subtidal model usedtia study was originally developed for channelized
flow, while our observationgerein the open shelf. Despite that, the model was still very useful in
representing thBow at each location and helped to determine the dominant hydrodynamics.

2.2.4.3 Implications for Dredging

Inner continental shelf bathymetry consisting of ridges and swales produces spatial variability in tidal and
norttidal (subinertial) flows. Transects with gentle slopes between ridges and swales showed Bernoulli
type hydrodynamics, i.e.dél and subtidal flow enhancement over ridges. Transects with steep slopes
between ridges and swales displayed frictional hydrodynamics, i.e., flow enhancement over swales. It is
evident that any alteration to a swale or ridge can modify the hydrodynlayniicBuencing friction and

inertia. Because erosion will develop where strongest flows appear, any dredging alteration will also shift
the erosional processes accordingly.

2.2.5 Conclusion

This studyexaminedhe influence of the ridgswale bathymetry on tidaind subtidal hydrodynamics.
The north transect daa smoother bathymetgnda bottom slope of 0.002. The effect of friction was
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restricted to the bottom boundary layer, whiddsa s mal | portionOf® GHhe water

~0.20.3 from the bottm). Therefore, tidal hydrodynamics were more influenced by local acceleration,
and subtidal hydrodynamics were either influenced by Coriolis or followed Bertypdlidynamics. This
wasconsistent with previous studies on flows passing over variablerbathgs with less frictional
influence. Since the subtidal model only consédéhe contribution of friction, Coriolis, and pressure
gradient, the exact hydrodynamics causing the flow to follow Berrgpi dynamics@uld notbe
determined.

On the othehand, the south transectdasteeper bottom slope of 08dnda bathymetry that delineated
achannel. Frictional effects could therefore extend over the entire water column walsiekpected in
innershelves where both the surface and bottom boyridgers overlap. As a result, the south transect
was dominated by friction, and the maximum flow was located over the deepest part of tHsectioss
(x/B=~0.3 to 0.7). Also, the modeled principal axis contours were parallel to the bathymetry thtoughou
the section. This behavior has been seen elsewhere with frictionally influenced flow.

The tidal andsubtidal analytical model solutions support one another and highlight the influence eof ridge
swale bathymetry on tidal and subtidal hydrodynamics, sindlavhat is observed in shallewater

systemslt was clear that dredging modifications to a swale or ridge should modify the hydrodynamics by
influencing frictional and inertial effects that determine where the strongest flows develop, and where
subsequet erosional processes appear.
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Figure 21. Bathymetric map of Cape Canaveral with the location of the two ADCP transaatgeyed
between 24 September 2013 an@9 June 216.

The red dotted line in the inset map shows the location of the study area relative to Floridte. main figure, hie thick black
linesrepresent the patk of the two transecs. The striped area is the borrow area (@3{) of Canaveral Shoal Il (EESIBA
was the area where dredging was permitté&lots A) and)show the bathymetry of the nortiransectand south transect
respectively.
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Figure 22. Schematic representation of the model reference frame for the south transect bathyioetr

profile.
B wagthe crosssectional width H was water depth, and the arrows show the akshglf and acrosshelf directions. The same
reference framewvasused for the north transect
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M2 Along-shelf Amplitude (m/s) - Observation

North Transect (Fall 2013)
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Figure2-4. Acomparison between thebservation (top) andidal model (bottom) amplitudes for the
north transect duringfall 2013.
Left panels: thick black line at the bottom represents bathymetry. Contours ofmeainsquared error (lower right panel)

shows the best combination &fandA; values, where/ = sectional average tidalirrent amplitude and\; = vertical eddy
viscosity.
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Figure 25. Acomparison between thebservation (top) andidal model (bottom) amplitudes for the
south transect duringspring2015.
Notation as in Figure-2.
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M2 Along-shelf Amplitude (m/s) - Observation

South Transect (Summer 2015)
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Figure 26. A comparison between thebservation (top) andidal model (bottom) amplitudes for the
south transect duringgummer2015.
Notation as in Figure-2.
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Figure2-7. A comparison between th@bservation (top) andidal model (bottom) amplitudes for the
south transect duringspring2016.

Notation as in Figure-2.
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Subtidal Along-shelf Flow (m/s) - Observation

North Transect (Fall 2013)
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Figure 28. A comparison between thebservation (top) andsubtidal model(bottom) velocities for
the north transect duringfall 2013.

The black line at the bottom represenbathymetry, while the black contour represents the location of the strongest currents.
Variables are given in Section 2.2.2.3.4.

Subtidal Along-shelf Flow (m/s) - Observation

North Transect (Summer 2014)
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Figure 29. A comparison between thebservation (top) andsubtidal model(bottom) velocities for
the north transect durhg summer2014.
Notation as in Figure-3.

29



Subtidal Along-shelf Flow (m/s) - Observation
North Transect (Spring 2015)
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Figure2-10. A comparison between thebservation (top) andsubtidal model(bottom) velocities for
the north transect duringspring2015.
Notation as in Figure-8.

Subtidal Along-shelf Flow (m/s) - Observation
South Transect (Summer 2013)
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Figure 211. A comparison between thebservation (top) andsubtidal model(bottom) velocities for
the south transect duringsummer2013.
Notation as in Figure-8.
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Subtidal Along-shelf Flow (m/s) - Observation

0.3
South Transect (Winter 2014)
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Figure 212. A comparison between thebservation (top) andsubtidal model(bottom) velocities for
the south transect duringvinter 2014.
Notation as in Figure-2.
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Figure 213. A comparison between thebservation (top) andsubtidal model(bottom) velocities for
the south transect duringspring2015
Notation & in Figure B.
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Subtidal Along-shelf Flow (m/s) - Observation
South Transect (Summer 2016)
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Figure 214. A comparison between thebservation (top) andsubtidal model(bottom) velocities for
the south transect duringgummer2016.
Notation as in Figure-2.

32



2.3 Subinertial Hydrodynamics Over Ridge-swale Bathymetry Around a
Cape

2.3.1 Introduction

Previous studies performed on inner, mid, and outer shaldesated thathe acrosshelf momentum
balancewvas prelominantly geostrophiAllen and Kundu 1978; Noble et al. 1983; Lee et al. 1984, 1989;
Brown et al. 1985; Thompson and Pud86; Brown et al. 1987; Lentz et al. 1999; Li and Weisberg
1999a; 1999b; Shearman and Lentz 2003; Liu and Weisberg 2005; Fewings and Lentevhili&Qhe
alongshelf momentumvasexpected to be more frictional, the pressure gragiasmainly balancedy
surface and bottom stresgeentz et al. 1999; Li and Weisberg 1999b; Liu and Weisberg 2005; Fewings
and Lentz 2010; Lentz and Fewings 2012)

Innershelf morphology and hydrodynamics can be modified by c&sases and their associated shoals

are characterized by complex bathymetry, as they represent a sudden change in the coastline orientation
(Kumar et al. 20133nd water depttKline et al. (2012performed a study to gain a better understanding

on the interaction of the ridgavale bathymetry off Cape Canaveral in Florida, particularly with the
incoming deepwater waves and their role in redistributing the wave energygand across the shore.
However, the effect of such bathymetry on the subtidal/subinertial circulation processes remains
unexplored(Kumar et al. 2013)The objective of this studyasto determine the subinertial

hydrodynamics off a cape with a ridgeake bathymetry thavaslocated in an inner shelf by a) using
statistical techniques to assess the response of the subinertial flow to different forcings and b) calculating
the momentum balance along and across the Swiuse ridges transform the dynafie.,

momentum balance) relevance of wind waves via wave stresses, it is essential to determine the
contribution of wave stresses to existing conditions on the shelf (c.f., Equation 21). Dredging operations
that alter ridges would also affect the impafctvaves on the hydrodynamics and their consequence on
erosion.

2.3.2 Methods
2.3.2.1 Study Area

This studyfocused on CSIBA (the borrow area of Canaveral Shoals Il), Shoal E directly east of CSlI,
and Chester Shoal (FigurelB), as described previously in Sectio.2. Tidal conditions in this region
were summarized previously in Section 2.2.2, and temperature and salinity interactions relative to the
Florida Current were summarized previously in Section 2.2.4.

2.3.2.2 Data Collection

We deployedADCPsat Shoal E and Chest8hoalto determine the subinertial hydrodynanmiéshe
ridge-swale bathymetry. Two sites were at each side of Chester Shoal (named Chester swale west and
Chester swale easespectively andanother two werat each side of Shoal E (nam@&hdoal Eswale

west andShoal Eswale eastrespectively), for a total of four sit@Sigure 215). The ADCP at Shoal E

swale west was located in the borrow area of Canaveral Shoal, ICSIFBA) (Figure 215). Data were
collected duringpring2014 for 31 days, between 6 May and 6 June 2014. The battmmted ADCPs
recorded water bottom temperature, pressure, current profiles, and wave heights and direction. More
details on the locations of the ADCP moorings and the data sampling schenrewidesdpn Table 21.

Hydrographic data were collected from seasonal cruises befale2013 andsummer2016 using

Castaway and Sea Bird 19 PI0$D profilers. Three CTD casts were taken along two transects seaward.
The location of these transects relevim the ADCP moorings is shown in Figurd2. Records of the

hourly winds for the period of the deployment were collected from the National Oceanic and Atmospheric
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Admi ni s { N&®A ANatasData Buoy Cent¢ NDBC) station 41009, locateat 28.52° N and

80.18° W (lata available dittp://www.ndbc.noaa.go)/The station is approximately 25 km east of Bull

Shoal over a water depth of ~45(Rigure 215). Hourly sedevel records afTrident Pier were collected

from the NOAAOGs Nat i on aata atadabladittpsS/ependdpece t i dal gaug
ops.nos.noaa.ggvat station TRDF1 (ID# 87604), located at Canaveral Port inlet (28.42° N, 80.59°

W). The daily mean transport of théorida Currenvas measured by NOAAG6s Atl an
and Meteorological Laboratorgdta available atww.aoml.noaa.gov/phod/floridacurrentsing a

submarine cable spanning from West Palm Beach, Flaadaight Mile Rock, Bahama$igure 215). It

is located ~200 km southeast of Cape Canaveral, Florida. Bettiymata for the region were obtained

from NOAAG6s National Geophysical Data Center (NGD
(data available &ittps://ngdc.noaa.gov/mgg/coastal/crm.Html

2.3.2.3 Data Analysis
2.3.2.3.1 Filtering

Low-frequency time series were obtained by filtering the measured observations witloar 30wpass
Lanczos filter to remove the oscillations associated with tidal métionl2 hr)and inertial oscillations
(of ~25 hi). Time series at different depthsly describe the variance at subtidal and subinertial periods.

2.3.2.3.2 Concatenated Hilbert Empirical Orthogonal Function (CHEOF)

CHEOF was used to obtain the dominant modes of the subinertial currents at the four locations along with
their spatial and temporatructures. The alorgnd acrosshelf velocity components at the four

locations were concatenated into one matrix to see how they ietdwattt each other. The real part of

the complex time seriegasthe original observatigrand the imaginary pawasphase shifted bYy/2.

The principal modes of covariatieveredetermined by finding the eigenvalues and eigenvectors of the
complex cevariance matriXEmery and Thomson 1998FHEOF was used instead of the Concatenated
Realvector Empirical Orthogondtunction (CREOF) because CHEOF has a better phase. Concatenated
Complex Empirical Orthogonal Function (CCEOF) was not used in this study because it does not
preserve the vector nature and therefore may have direction ambiguity in the eigensiikiathatis et

al. 1998)

2.3.2.3.3 Wavelet Analysis

Unlike the spectral analysis, the wavelet analysis is very helpful for analyzing nonstationary tima series
which the amplitudes and phases may be changing in time or(§raeey and Thomson 1998)avelet
transformwascalculated athe following(Grinsted et al. 2004)

@ i B o[ & & — (19)

where the wavelet transform of a time serigs €= 1, ... ,0) with uniform time steps avasdefined as

the convolution ofv with the scaled and normalized wavelet i . In Equation 19} stands for

Morlet waveletj stands for the scale, andstands for time index. Wavelet coherence can determine the
periods at which two time seri€s and Y) have high common power, whether theyecoherent at

those periods, and their phd&xinsted et al. 2004Wavelet Coherenc&/ i , wascalculated athe
following (Grinsted et al. 2004)

Y i (20)
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where™Ywas asmoothing operator in time and frequengy, andw werethe wavelet®f each time

seriespw  wasthe cross wavelet, thetergs { S, 0 { S,and i S represergdthe

power, and wasused to convert to energy densitjie wavelet coherence had values between 0 and

1, with its direction representing the pha&eows pointing to the right90° clockwise from the top)

mean that X and Yverein 0° phase. Arrows pointing to the |€270° clockwise from the topjnean that

X and Ywereout-of-phaseby 180. Arrows pointing downwar@.80° clockwise from the topnean X

wasl eading Y by 90 , whil ewaslraadvisn g oX nkky nQg0 u.p Wasidn g
analysis techniques to compdhne time series of the most dominant mode of CHEOF with different

forcings helg usto understand their relationship and how they interact with one another.

2.3.2.3.4 Depth-averaged Along-Shelf Momentum Balance

The deptkaveraged alonghelf momentum balance wadatdated to determine the dominant forces
driving the alongshelf subinertial currents around the nearshore bathymetric features. The egaation
as follows(Lentz and Fewings 2012)

— Y= o— QY Y o — — (21)

wherew wasthe depthaveragedilongshelf current, Ywasthe acrosshelf current]Y? j1 @

wT T wwerethe alongshelf nonlinear advection term® ¢ i "Q&é wasthe Coriolis frequency,
wast he Eart hoés ang wasthe latiude( @ ] 7Y owasthe acroeshelf Stokes drift
velocity, gwasthe acceleration due to gravitywasthe sedevel,"Q! 4! wwasthe alongshelf
barotropicpressure gradient, wasthe alongshelf wind stressf wasthe alongshelf bottom stress,
" wasa reference seawater denshyyasthe undisturbed water deptly, and"Y wereradiation
stresses due to incident wavés, wasthealongshelf bottom stress due to waves, and the overbar
represergdepthaverages for the current velocity terms

Only the barotropic pressure gradient was considered in the momentum balance since the hydrographic
data showed a small change in densitthinithe area of study. The®nsiderationustified the
assumption of a homogenous water column and neglecting the baroclinic component.

The acrosshelf Stokes drift velocity was estimated using linear wave th&bokes 1847; Mei 1983;
Xu and Bowen 1994; Fewings et al. 2008; Lentz et al. 2008; Fewings and Lentz 2010; Lentz and Fewings
2012)

2% & e+ (22)

where’O wasthe significant wave height, wasthe angular wave frequenc@wasthe wavenumbery
wasthe vertical coordinate with  1tat the mean water surface, ardwasthe direction the waves
werepropagating, measured auarclockwise from theositivex-direction, so—  1tfor waves
propagating onshorgonguetHiggins and Stewart 1964; Mei 1983; Lentz and Fewings 2012)

The alongshelf surface stress was estimated &nnith (1988)
T "W (23)

where” wasthe density of air (1.23 kgAnaccording to the International Standard Atmospherelas
the wind velocityw wasthe alongshelf velocity componenandd wasthe airwater drag coefficient

considered to bp&ap 1 whensF < 11 nis and calculated asi8@ w T8t @5p op 1T forp p =f
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¢ um/s(Large and Pond 1981Bottom stress was calculated using the quadratic drag fofredaet al.
1984; Geyer et al. 2000; Liu and Weisberg 2005; Fewings and Lentz 2010)

I SR (24)

wheres4 "Y o was the bottom velocity vector afid was the nondimensional bottom drag
coefficient, generallg®op 1 for sandy bottoms (Lee et al. 1984; Vallevinson et al. 2003, 2015; Liu
and Weisberg 2005; Satddonreal and Valld_evinson 2009)

The radiation stresses were estimated using linear wave theory as {tlémgsietHiggins and Stewart
1964; Lentz and Fewgs 2012)

Y O—1i Q& p - (25)
Y O— ®Oé— p - (26)
Y O O—Qé+i Qe (27)
whereO " 0O fp @vasthe wave energyQ e "0 wasthe rootmeansquare wave heighb

wasthe wave group \tecity, andc wasthe phase speed of the wavERBe gradients were estimated using
a finite difference approximation between locatioftse alongshelf bottom stress due to the waves was
estimated as followd_onguetHiggins 1953; Xu and Bowen 1994; Lentz et al. 2008)

T ——— Tai Q&r 1Ta p®é@arQ Q i('Q¢ — (28)

wherg 1 7¢6 ,0 wasthe vertical eddy viscosity used to represent the turbulent Reynolds stresses,
anda "Q awasthe height above the bottom.

2.3.2.3.5 Depth-averaged Across-Shelf Momentum Balance

The depthaveraged acrosshelf momentum balance was calculated to dete the dominant forces
driving the acrosshelf subinertial currents around the nearshore bathymetric features. The equation was
as follows(Lentz and Fewings 2012)

— Y— 60— Q0 6 - — = — —  — (29)

where YT ™1 @ ™Y1 wwerethe acrosshelf nonlinear advection termd, wasthe alongshelf
Stokes drift velocity;Q! {7 @wasthe acrosshelf pressure gradierit, wasthe acrosshelf surface

stress due to the windbk, wasthe acrosshelf bottom stress, arfd  wasthe acrosshelf bottom

stress due to the waves. The alshglf Stokes drift velocity was estimated using linear wave theory
(Stokes 1847; Meid983; Xu and Bowen 1994; Fewings et al. 2008; Lentz et al. 2008; Fewings and Lentz
2010; Lentz and Fewings 2012)

A OE+ (30)

The acrosshelf surface stress was estimate®mausth (1988)

W, " 6 S (31)
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wherew wasthe acrosshelf velocity component.

The acrosshelf bottom stress was calculated using the quadratic dra@iésvet al. 1984; Geyer et al.
2000; Liu and Weisberg 2005; Fewings and Lentz 2010)

W, "8 spySY (32)

The acrosshelfnearbottom stress generated by waves was estimated as f¢fovesd Bowen 1994;
Lentz et al. 2008)

T — T4l Q&T Ta poEérQ Q o é—+ (33)
2.3.2.3.6 Geostrophic Balance

The influence of thé=lorida Currenbn sea level can be quantified using the following geostrophic
balance equation between Coriolis acceleration and the barotropic pressure gradient:

@ ‘O O (34)

wherew wastheFlorida Currentransport (m/s)w -wasthe difference in sea level acresiself,w awvas
the change in location acreskelf,— wasthe sea level at the location of therida Current , and
- wasthe coastal sea level obtained from the tidal gauge located at TridenbPier .

Equation 34 shows a direct correlation betweerFtbada Currentand sedevel slope. As th&lorida

Currentgets stronger, the Coriolis force becomes strongeerefore, the sesurface slope has to

increase in order to keep a balance of forces. In other words, the sea level at the locatiBloodithe
Currenthas to increase, while the sea level at the coast has to decrease to maintain a geostrophic balance.
In contrast, as thElorida Currengets weaker, the Coriolis force becomes weaker as well. Consequently,

the seasurface slope has to decrease and the sea level at the coast has to increase.

2.3.2.3.7 Ekman Dynamics

In deep wateranEkman spiral is developed dteethe Coriolis effect. The wind moves the surface water
45° east of the wind ithenorthern hemisphere duettte Coriolis effect. Likewise, deeper layers of
water molecules are dragged and deflected by the Coriolis effect. Each deeper layer movéisasiower
the layer above it creatiraspiral effect. As a result, net water transport is generated 90° from the wind
(Ekman 1905)The depth othe Ekman layer, along whican Ekman spiral effect is noted, can be
calculated as follow/(Valle-Levinson et al2003; ValleLevinson 2008)

¥
o — (35)

The shallowness of water in inner shelves relative to the surface and bottom boundary layer thicknesses
allows those boundaries to fill the entire water colffewings and Lentz 2010y hus, inneshelves are

often described as the regions where the saréend bottom boundary layers over{fapntz 1995; Lentz

and Fewings 2012)r where the surface and bottom Ekman layers ovélisgnd Weisberg 1999b)

Therefore, the water depth at the locationthefdeployments (9 m to 14 m) on each side of the shoals

may nothaverequirad as strong wind stress to influence the subinertial flow, itbit dllow the

complete formation of the Ekman spiral. Using an analytical model to predict the vertical eddy viscosity
(0 ) in the region(Huijts et al. 20062009, 2011)the values were in the range of 1X16 2x10' m?s.
Therefore, the Ekman depth in the region accordiriggteation 1 Avasbetween 5.4 m and 78 m. The
average deptitvas~42 m, whichwasmuch larger than the water depth in the study areat(®i% m).
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As a result, the currents in the regioareexpected to be highly influenced by the wiAdso, the wind
driven currents that deflect due to Coriolis effects have to be balanced by-thefaea slope to
maintain a geostrophic balance.

2.3.3 Results
2.3.3.1 Subinertial Parameters

Crossshelf currentsveremuch smaller than the aloself currents due to bathymetry (Figurdé@. A
clear pattermvasnoted between the depéiveraged subinertial alorgielf currents and the aloshelf
wind (Figure 216). The flow wastraveling in the same direction of the alestgelf wind. As wind
travekdnorthward, the sea level at the coast deckaseontrastas the wind traveld southward, the
sea level at the coast increds€histrend wasassociated with Ekman dgmic and geostrophic balance,
which was explained previously #ection2.3.2.3.7Due to the irphase relationship between the
subinertial flow and alonghelf wind, an inverse relationshiasnoted between the alorgpelf current
and the sea level #ie coast. Also, an inverse relationshigsnoted between thelorida Currentindthe
sea level at the coast. A Florida Currenincreasd, the sea level at the coast decrdaaad vice
versa. Thigrend wasassociated witkhe geostrophic balance, which was explaine&éntion2.3.2.3.6.
It wasalso noted in Figure-26 that the northward alorghelf wind enhanakthe Florida Currentwhile
the southward alonghelf wind weakeadthe Florida Current

2.3.3.2 CHEOF and Wavelet Coherence

CHEOF was used to determine the temporal and spatial principal modes of the subinertial flow measured
in the four locations of the study area. The CHEOF results were mainly influenced by thetalong

current due to bathymetry. In FigurelZ, the tempral variability of CHEOF Mode 1 accounted for a

higher percentage of the total variance (95.25%). The spatial variability associated with CHEOF Mode 1
was positive and unidirectional throughout the duration of the deployment. Wavelet analysis techniques
were then used between the principal mode of the subinertial flow (CHEOF Mode 1) and the subintertial
forcings to determine the periods and phase at whichwbescoherent.

As previously noted in Figure-6, the results of the wavelet coherence anafffsigires 218 to 220)
showedhigh coherency between CHEOF Mode 1, the alsimgf wind, the sea level at the coast, and the
Florida CurrentIn Figure 218, CHEOF Mode Washighly coherent and iphase with thé&lorida
Currentand the alonghelf wind.It wasalso highly coherent, but cof- phasewith the sea level at the
coast. At the same periods of highpihase coherency between ferida Currenand CHEOF Mode 1
(at periods of #8 days; Figure -28), high outof-phase coherenayasobserved bateen thd-lorida
Currentand the sea level at the coast (FigwEd2 Similarly, the alonghelf wind hal high in-phase
coherency with CHEOF Mode 1 (Figurel8) at the same periods itchaigh outof-phase coherency
with the sea level at the coast (atipds of 4 8 days; Figure A9). Also, theFlorida Currenhad high in
phase coherency with the aleslgelf wind (Figure 20) at the same periods itchhigh outof-phase
coherency with the sea level at the coast (at perib8lsldys; Figure 49).

2.3.3.3 Along-Shelf Momentum Balance

The depthaveraged alonghelf momentum balance was calculated to determine the dominant forces
driving the alongshelf subinertial current around the shoals. Time series of-gleglgmomentum

balance during spring conditions gm@vided in Figure 21. Results shows that the alestgelf

momentum balance was mainly frictiorfptessure gradient balanced by bottom stress). However, other
forces in the momentum balaneeresimilar in magnitude andoald still be influential on thalong

shelf hydrodynamics.
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2.3.3.4 Across-Shelf Momentum Balance

The deptkaveraged acrosshelf momentum balance was calculated to determine the dominant forces
driving the acrosshelf subinertial current around the shoals. Time series of the &tr@§snometum
balance during spring conditions is provided in Figug22Results show that the aleshelf momentum
balancewasmainly geostrophic (pressure gradient balanced by Coriolis). Since the-sleetfss
momentum balance&asclearly geostrophic while thdang-shelf momentum balanagasmainly

frictional, these trendsuggestdthat thedynamics in theegionweresemigeostrophic.

2.3.3.5 Using Standard Deviation to Compare the Momentum Terms

The standard deviation can be used to compare the size of the fluctuation of each momentiuee tetrm
al. 1984; Liu and Weisberg 2005; Fewings and Lentz 2010; Lentz and Fewings”R0dr@jer standard
deviation means larger variability and therefor@atgbuting force throughout the duration of the
deployment. A summary of the results for the depteraged momentum balance (aloagd across
shelf) using the standard deviation is provided in Fige28.Z hese esults clarify andupportthe

findings obtained with alongand acrosshelf momentum balances that the regi@ssemigeostrophic
during thisdeployment.

2.3.4 Discussion

The influence of the capassociated shoals on the subinertial curreaisvery clear in Figures-26 and

2-17. High coherencyetween the alonghelf wind and the subinertial flow have been seen before by
Lee et al(1984, 1989Wwhen studying the Soutitlantic Bight (SAB) and the South Carolishelf

during winter conditionsMitchum and Sturges (1983)so found high coherency among the currents, sea
level, and alonghelf wind while studying the West Florida Shelf in winter. fikarshore bathymetry
wasforcing the flow to travel primarily alonghelf. Also, the alonghelfwind hal a clear influencen

the subinertial flow direction (Figus@-16 and 218). Thisinfluence wasxpected in inner shelves,

where the surface and bottom Ekman layers overlap. As a result, the influence of thehelbngnd can

fill the entire water column and the subii@rflow travels in the same direction of the alestrelf wind.

TheFlorida Currentvasalso influenced by the alorghelf wind (Figure 20). When both th€lorida
Currentand alongshelf windweretraveling in the same direction, tRérida Currenstrength increase
and vice versa (Figure24).

As theFlorida Currenincreasd, the Coriolis force increadas well. As a result, the ssarface slope
offshore increaskto keep a geostrophic balance. At the same time, the northwardsdlelfigvind
cawsd the flow nearshore to deflect offshore due to Coriolis influence. This Coriolis influedd¢e ba
balanced with a sea surface to keep the system balanced. Thavessufiositive acrosshelf sea
surface slope that dvethe flow northward (Figur@-24). On the other hand, as tRerida Current
decreass, the Coriolis influence decreakand the seaurface slope offshore relako keep a
geostrophic balance. At the same time, the southward-alel§wind causgthe nearshore flow to
deflect tovards the coast due to Coriolis influence. This Coriolis influevesbalanced with a sea
surface slope to keep the system balanced. The wemsdt negative nearshore sgarface slope that
drovethe nearshore flow southward and a positive but moregelaishore seaurface slope that dve
the offshore flow northward (Figure24).

Two exceptions to the process explained previowsiyenoted in days 133 and 138 (Figurd&).

Comparing day 133 with 145, both had southward akivejf wind of ~3.5 n¥. However, the southward
alongshelf wind caused a reduction in tRerida Currentransport of ~0.6 Sv in day 133 and a reduction
in Florida Currentransport of ~3 Sv in day 145. Consequently, the sea level at the coast increased to
0.01m in day133, while it increased to 0.04 m in day 145. Therefore, the corresponding nearshore sea
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surface slope in day 133 caused a reduction in the northward subinertial flow strength but did not change
the flow direction. On the other hand, the correspondingsheee sesurface slope in day 145 caused

the subinertial flow to travel southward. In day 138, a decrease in the strength of the southward along
shelf wind caused an increase in Eterida Currentransport. As a result, the sea level at the coast
decreaed and the corresponding nearshoresseface slope caused a reduction in the southward

subinertial flow strength but did not change the flow direction.

The results from the acresbkelf momentum balance in Figure22 and 223 strengthen the conclusion
derived from the wavelet coherence analysis about the important role of geostrophic balance in driving
the flow around the ridges.Wasvery clear that the acroshelf momentum balance was dominated by
Coriolis and the pressure gradient throughoutimation of the deployment during spring conditions.
This resulwasconsistent with previous studies performed in inner, mid, and outer si@liesand

Kundu 1978; Noble et al. 1983; Lee et al. 1984, 1989; Brown et al. 1985, 1987; Thompson and Pugh
1985; Lentz et al. 1999; Li and Weisberg 1999a; 1999b; Shearman and Lentz 2003; Liu and Weisberg
2005; Fewings and Lentz 201@n the other hand, the alespelf momentum balance, as shown in
Figures 221 and 223, was mainly frictional (the pressure gradiealanced by bottom stress), as found

in previous studies on inner sheh{eentz et al. 1999; Li and Weisberg 1999b; Liu and Weisberg 2005;
Fewings and Lentz 2010; Lentz and Fewings 20H8yvever, other terms in the aloself momentum
balanceweresimilar in magnitude andauld still have an influence on the alosgelf hydrodynamics.

This makes the alorghelf momentum balance more complicated by including terms that are usually
found to be influential in surfzone, inner shelves, or-gtidlves. It ao suggesidthat the regiomwas
semigeostrophic.

2.3.4.1 Implications for Dredging

It was evident that waves associated with ridges can play a dynamic and morphodynamic role in a region
of swaleridge bathymetry. Modifications to ridges or swales by dredgoud also alter the wave

regime through transformation processes such as infragravity distortions, refractions, diffractions,
reflections and shoaling (see Section 2.4). Potential enhancement of these processes by dredging would
likely increase the dynamrelevance of windvaves with consequential exacerbation of erosion.

2.3.5 Conclusion

The bathymetry in the inner shelf adjacent to Cape Canavasalonsidered complex due to its series of
shoals and shoreblique ridges. The flow over this bathymetry mainlyvetbalongshelf. As the along
shelf wind and th&lorida Currentravekdin the same direction, tHelorida Currentransport increase

As a result, a positive acreshelf seasurface slope develep, dragging inneshelf water in the same
direction ofthe western boundary current. This motion sugghsat an acrosshelf geostrophic balance
wasdriving the subinertial flow. On the other hand, as the akimadf wind and th&lorida Currentvere

in opposite directios) theFlorida Currentiecreasg. Consequently, the positive offshore seaface

slope relaxd to keep a geostrophic balance, which dedthe offshore flow in the same direction as the
Florida CurrentAt the same time, the southward alestgelf wind creatéa negative neansre sea
surface slope that drggdthe nearshore flow in the same direction as the adtvedf wind. The across
shelf momentum balance result steaithat the subinertial flowasdominated by the pressure gradient
and Coriolis (geostrophic balance). Thesultwas consistent with the result obtained from the wavelet
coherence analysis. Similar to previous studies on inner shelves, thesh@hgmomentum balanceas
mainly frictional (pressure gradient balanced by bottom stress); however, othewtzassnilar in
magnitude and nategligible.Modifications to ridges or swales by dredging aiealdalter the wave
regime through transformation processes. Potential enhancement of these processes by dredging would
likely increase the dynamic relevancensnd-waves with consequential augmentation of
morphodynamic evolution.
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Figure 215. Bathymetric map of Cape Canaveaata showing the locations of theour ADCP

moorings duringspringconditions between6 May and6 Jure 2014,

Moorings atChesterShoal were in the westwale(green dot) and in the eastvale(blue dot); moorings at Shoal E were in the
west swale (cyan dpand in east swale (red dot). Striped area is the borrow areaB2$bf Canaveral Shoal Il (CSIl). The
NOAA water level station at the Trident Pier is given by the magentd tesolidblacklinesshow the location of the two
transects along whichylrographic data were collectg@ection 2.2)The red solid line in the inset map of Florida shows the
location ofa profile along which the rate of the Florida Current transport was measuréetsubmarine cables.
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Figure 216. The subiertial parameters during spring conditions arourghoals associated witicape Canaveral and False Cape.
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Figure 217. Results of CHEOF durisyring2014conditions.

The spatial variability of Mode 1 acresiself (solid line) and alorshelf (dashed line) for each location as follows: A) Chester
swale west, B) Chester swale eastSBal Ewale west, and PShoal Ewale eastandE)the temporal variability of CHEOF
Mode 1 (solid black). The spatial structure of CHEOF Medssfositive and unidirectional throughout the deployment.
Therefore, positive temporal variability of CHEOF Mode 1 means thattivenvihstraveling northward, while negative
temporal variability of CHEOF Mode 1 means that the fi@straveling southward.
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Figure 218.Wavelet coherences results between CHEOF Mode 1 and different forcings dsjirirgg
2014.

Left panel: CHEOF 1Agsalong-shelf wind, B) thé-lorida Current transportand Cyoastal ea level at Trident Pier. The red and
blue contours represent high arldw coherency, respectively. The bold black contour represents a 95% confidence level. The
enclosed areas within the cone of influence represent significant coherenereagshaded areas outside the cone of
influencewere below the significance leveligRt panel: Temporal variability of CHEOF Mode 1 (solid black line) together with
environmental forcings (dashed/colored lines).
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Figure 219. Wavelet coherence results between the sea level at Trident Pier and the adtredf wind
and theFlorida Currenduring spring2014.

Left panel: Notation as for FigurelB. Right panel: Temporal variability of the sea level at Trident Pier (solid magenta line)
together withthe alongshelf wind (gray dashed line) and the Florida Current (purple dashed line).
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Fgure 220. Wavelet coherence results between tltdorida Currentand the alongshelf wind during
spring2014.

Left panelNotation as for Figure-28. Right panel: Temporal variabilityalbngshelf wind(gray dashedine) together withthe
Florida Currat (purple dashed line).
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Figure 221. Time series of the alonghelf momentum balance duringpring2015.
A) Local acceleration— ; B)advective acceleratiof’Y— ®—); C) Coriolis acceleratio@YID) Stoke<oriolis'QY ; E)sum of lefthand side F)surface stress— ; G) bottom
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Figure 222. Time series of the acroshelf momentum balance duringpring2014.

A) Local acceleration-; B) Advective acceleratiolyY— ¢— C) Coriolis acceleration"@y; D) Stokes Coriolis"@ ; E) Sum of lefhand side F) Surface stress—;
G)Bottom stress— ; H) Gradient of the radiation stress eEamponent inthe y-direction

——— J) Bottom stress due to waves— ; K) Pressure gradient"Q—; and L) Sum of the rigitand sidefor ShoaE Swale West (cyan), Shoal E Swale East (red), Chester

Swale West (green), and Chester Swale East (blue)
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Figure 223. The standard deviation for each term of tldong-shelf and acrosshelf momentum balance during spring conditions.

Shoals include@hester Swale West (green dot), Chester Swale East (blue dot), Shoal E Swale West (cyan dot), and Shoal E Swale.Basst@adgfir Local Acceleration,
0 Ostands for Advective Acceleratiom stands for CorioliS) éstands forStokes CorioliSY “stands for Surface Stress, ¥tands for Bottom Stres¥)'Y “Ystands for Gradient of
Radiation Stres®¥ ,"OYY stands for Gradient of Radiation Stré¥s, "O'YY stands for Gradient of Radiation Stré¥s, 6 "Ystands for Bottom Stress Due to Wayasd PG
stands for pressure gradient
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Figure 224. Schematiadiagram of the subinertial circulation in the inner shelf adjacent to Cape
Canaveral, FL.

® stands for alongshelf wind,&> stands for the Florida Current transpogh, Stands for alonghelf currentw -stands for

the slope in seaurfaceelevation,— stands for equilibrium (flat) surface elevatioffstands for depth, the cross means that the
direction of propaation was northward, and the dot means that the direction of propagation was southward. The diagram is
for illustration purposes and not to scale.
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Table 21. Details of the ADCPs at the four mooring positions dursging2014.

Shoal E

Feature Chester Shoal Chester Shoal (=CSHBA) Shoal E
Location Swale West Swale East Swale West Swale East
Latitude, 28°N 33.01 32.64' 23.99' 23.64'
Longitude, 80°W 28.95' 27.80' 26.33' 25.42'
Instrument RDI Workhorse RDI Workhorse | Nortek Aquadopp | Nortek AWAC
Depth (m) 9 12 14 13
Start date (GMT) 6-May-14 6-May-14 6-May-14 6-May-14
Start time 15:30:00 14:10:00 20:10:00 18:42:00
End date 6-Junl4 6-Junl4 6-Junl4d 6-Junlsd
End time 15:10:00 14:00:00 19:40:00 18:51:00
Total time span (days) 31 31 31 31
Waves: Burst interval (minutes) 120 - 60 60
Waves: Samples per burst 2,400 - 2,400 2,400
Waves: Sampling rate (Hz) 2 - 2 2
Currents: Blankindistance (m) 11 11 0.2 0.4
Currents: Interval (minutes) 10 10 30 24
Currents: Number of cells (bins) 30 25 40 40
Currents: Cell size (m) 0.5 0.5 0.5 0.5
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2.4 Generation of Infragravity Waves by Asymmetric Shoaling and
Dissipation of Short-wave Groups Over Cape-related Shoals

2.4.1 Introduction

Innershelf morphology controls the scattering and dissipation of waves within the incident band.
Nearshoreonditions and morphodynamics depend upon such transformations as they dictate the amount
of energy available to transport sediment, pollutants, nutrients, and org¢Risdnguez et al. 1995;

Hoefel and Elgar 2003; Clark et al. 2011; Schratzberger armbirde 2014 and many others)

Furthermore, the lonterm evolution of sandy shorelines is determined by spatial gradients ghtmmeg
sediment transpofKomar 1971; Ashton and Murray 2006; Kaergaard and Fredsoe, 21i8h are

highly dependent upon coitigated innershelf bathymetryBender and Dean 2003; Limber et al. 2017

and references therein)

Short gravity waves (SGWs, frequencies 0.05 to 0.3 Hz or periods from 3 to 20 s) are modeled as rays of
frequencydispersive sinusoidal waves that consenreirtbnergy flux and follow Siiks law of refraction

during propagation over straight and parallel depth contours. SGW height increases, while celerity and
wavelength decreasas wave rays shoal and converge due to refraction by ambient currents ara$ chang

in water depti{Mei et al. 2005 section 3.3; Cavaleri et al. 2007 sectipoorsistent with observations of

ray divergence over submarine canyons and convergence at cuspate f¢estanbBavidsorArnott

2010 section 5.3.2)

Although this approachrpvides the bulk spatial distribution of wave energy, its main assumption of
negligible nonlinearity does not hold near the shoreline. In the nearshore, frequency disp&psion
diminishes while amplitude dispersionnonlinearity ('Q increases, whelileis the wavenumbeiQis

the water depth, andis the waveform amplitud@Vhitham 1999 section 13.11I)his competition

between frequency dispersion and nonlinearity can be represented by the Ursell number, given (in terms
of wave statistics) by

Yi | — - (36)

where olic Tet andO wasthe SGW significant heighftUrsell 1953; Doering and Bowen
1986)(see AppendiceB andC for details). In deep watelyiL 0 p and frequency dispersion

dominates over nonlinearity. Over the inner shelf, whére O p , weaklynonlinear conditions prevail
and the accurate modeling of nearshore morphodynamics require the inclusion of nonlinear processes
typically well-identifiedfor Yil 0 p in the surf zon€Young and Eldeberky 1998Fhesenonlinear
processes include thtffraction at causticdiffraction caused by oblique wave incident&t may

occur over complicated bathymefe.g., Kirby and Dalrymple 1983; Yoo and ©@l@hor 1988)seaswell
breaking(e.g., Elgar and Guza 1985; Filipot et al. 20 H0)dLGW generation and transformati¢a.g.,

Elgar et al. 1992; Herbers et al. 1994)

The theory and application &lGWs (frequencies from 2 to 50 mHz, or 20 to 500 s, a¢derred to as
infragravity waves) have generated considerable scientific interest during the last 60 years. From early
studies that found correlations betweenseeall and oscillations at frequencies in the lower portion of

the gravity bandi(e., surf beatsyMunk 1949; Tucker 1950%ubsequent contributions corroborated that
LGWs play an important role in nearshore morphodynamics. Theoretical developments, as well as field
and laboratory experimentsave demonstrated the relevance of LGWSs tansewt transport in surf and
swash zonefGuza and Thornton 1982; Aagaard and Greenwood 2008; Alsina et al. 2016 and others)
beach cusp formation via nearshtnapped edge wavés.g., Bowen and Guza 1978; Guza and Thornton
1982; Coco et al. 2003nstallities in longshore current$-eddersen 2014yvavebreaking(Clark et al.

2012) waterlevel variations in harbor®@owers 1977; Bellotti and Franco 2011; Didernandez et al.
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2015) and coastal erosion during stor(@uza and Thornton 1982; van Thie Wries et al. 2008;
Roelvink et al. 2009; Young et al. 2012)

Considering only irrotational motions, nearshore LGWs result from the combination of free and forced
waves(Okihiro et al. 1992; Rijnsdorp et al. 2015 and othd¥ejced LGWsi(e., surf beatsare

oscillations bound to wave groups due to nonlinear, difference interactions in triadsofeflesaves
(Herbers et al. 1994yVithin a group of dispersive SGWSs exists a spatial variability in wave heights and
therefore perioghveraged stresses reld to wave orbital velocitiesv@ve radiation stressgél.onguet

Higgins and Stewart 1964%or horizontal bottoms and wave groups that are long compared to the water
depth, the spatial gradient in radiation stresses generates a spatigltyg wavesel o wn, or fisur f
beato with a mass transport opposed to the wave group propagatinguetHiggins and Stewart 1962)

In addition, on sloping bottoms the difference in water depth within the group induces a spatially
oscillatory forced wave and a dynamsigtup,i.e., free LGWSs that propagate both in the direction of

wave groups and the opposite direct{Baldock 2006; Zou 2011Jorced infragravity waves are

typically small in deep water with amplitudésp 1 & but can be larger in the surf and swashes

with amplitudes ranging p m & to0 p& (e.g., Ruessink 1998)

In addition to forced motions, free LGWSs that follow the shalleater dispersion relat@ 71 7l

‘(M) wherg s the radian frequencl,is the wavenumber, ari@is the acceleration due to gravithave

been found to be either locally or remotgbnerated. Remote sources refer to shoreline reflections across
the ocearfHerbers et al. 1995) ocal sources include reflections from nearbgrsfines, the

aforementioned dynamic sep produced by the shoaling of wave gro(iei and Benmoussa 1984, Liu
1989; Zou 2011)and the timevarying breaking of short waves within groy@ymonds et al. 1982;

Schéffer 1993)The dominance of breakingver shoalingnduced generation of LGWS, or vice versa,

has been suggested to depend upon-stere characteristics and on the ratio of bottom steepness to
surf-beat wavelength. It has been suggested that shoaling dominates when short waves reach shallow
water before breaking, ¢fQ  “ ¥p mBreakinginduced LGWSs dominate if short waves break before
shallowwater (resonant) conditioriBaldock 2006)The shoalingoreaking LGW generation has been
represented by the combination of two parameters: (1)-slawe steepnessO 0 , where

0 is the shorwave wavelength, anilr e pr esent s fiat breaking conditio
importance of the bottom slope on the wave group propagation given by the normalized bed slope

I Q7 "(X) where'Q is the bottom slope, and  the radian frequency of the
infragravity wave(Battjes et al. 2004)The surfbeat similarity parameter , was then proposed
to account for the shoalifgreaking dichotomy adaldock 2012)

: T - (37)

Large (small) values of have been associatadth the dominance of the breaking (shoaling)
mechanism at a particular locati(eg., Contardo and Symonds 2013¢re,however, we opt to use the
Ursell parameter instead ofO 70  j to represent the shertave shoaling in (see the
Discussion).

Bathymetry exerts control on infragravity motions via variations in water d€pthdttom slope™Q),

and bottom curvaturé( ), andalsoinfluences the level of energy transfer between thesaedl and the
surf-beat frequencie(e.g., Janssen et al. 2006 Equation.Ahis phenomenon has been extensively
studied(Hasselmann 1962; Elgar et al. 1993; Herbers et al. 1994, 2000; de Bakker et al. 2016 and others)
and found to depend on bottom sedimentary mat@ratesFreyermuthand Hsu 2014and overall

profile shap&Battjes et al. 2004; Henderson et al. 2006; Thomson et al. 2006; Zou 2011; de Bakker et al.
2016)
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In addition, bottom morphology influences free LGWs variabilitytxaégping,partial reflections, and
shortwave bieaking. Passivenargin, wide continental shelves can trap free LGM&rbers et al. 1995)
whereas submarine canyons can partiaflect incoming infragravity wavgdhomson et al. 2005,
2007) In turn,shortwave breaking dominates LGW variabilayfringing reef lagoongPomeroy et al.
2012) However, at locations characterized by complicated ishelf bathymetry near to higurvature
shorelines, like capeelated shoals near cuspate forelafedg., Davis et al. 1993; McNinch and Luettich
2000; Kumar et al. 2013}he variability of LGWSs has not been explored. The presence of capes and
associated shoals at settings of relatively high socioeconomic impotdncay and Ashton 2013 and
references thereimighlight the need for understanding iruditGW hydrodynamics, which likely
influence the londerm evolution of adjacent shorelingdcNinch and Luettich 2000; Thompson et al.
2015)

Our overall goal was to combine fietbserved pressure and velocity data with wave theory to analyze
the effect d caperelated shoals on LGW variabilitiWe hypothesize that LGWSs are affected by the
complex bathymetry offshore of cuspate forelands through three mechahjstnsaling and dissipation

of short and long waveg) partial reflection, an@) trapping. The latter two mechanisms are connected as
the reflection may lead to standing wave formation between the shoal ridge and the turniftdymtiey

et al. 1981; Sheremet et al. 2005; Rijnsdorp et al. 204ddated, eperelated shoals may affect free

LGWs via partial reflection in analogy to the potentiall problem in quantum mechanics. In this
mechanism, the electron motion through a region of change in potential requires the incident momentum
to be divided intoeflected and transmitted wav@ohm 1989 section 11.7Analytical solutions for
long-wave propagation over shoals include ridges represented as rectangular deii@sl. 2005

section 4.4)trapezoidal sectiond.in and Liu 2005)and steps with auilinear slopegLiu et al. 2013)

These solutions assume mass and momentum conservations for linear waves and highly idealized 2D
profiles. Moreover, a higher order solution is available for the general case efvalvergroup shoaling

over more completopography that includes additional forced and free LGM& and Benmoussa

1984; Zou 2011)

We further argue that short wave breaking may generate free LGW via thestiyireg breakpoint
procesgSchéffer 1993)We also speculate that shattached shals (with water depths ~10 m found

15 km offshore) may prevent most of the wave energy from reaching the shoreline and that-the high
curvaturecoastline (cape and false cape) might reflect and trap free LGWSs in a manner similar to convex
mirrors. Howevera detailed analysis of the aforementioned concgptbeyond the scope of our
experiments andhouldbe considered for future studies.

2.4.2 Methods
2.4.2.1 Study Area

Canaverabhoals occupy depths between 5 and 25 m offshore of Cape Canaveral, on the Atlantic coast o
Florida, whereas shoftached Southeast and CheStavals appear as offshore extensions of Cape
Canaveral and False Cape, respectively (Figt#tB)2Isolated shoals are separated from the
aforementioned attached shoals by shallow basins that arma d2@p. The isolated shoal examined in

this studywasShoal E located ~3 km from Southe&&toal (Field and Duane 1974; Thompson et al.

2015) Previous studies in this regig@Isen Associates 2018pd similar locationgMcNinch and

Luettich 2000; Thieleet al. 2013found that shoals can migrate at raiep 1t 7U Gand might

experience active reworking by oceanographic processes, such as tidal rectification and associated
residual flow(Signell and Geyer 1991; Geyer 1993; Berthot and Pattiaratchi 2006) wind-related

flows, and surface gravity wav@elcNinch and Luettich 2000; Kumar et al. 201@pnaverabhoals are
thought to be a nearshore sediment sink, a hypothesis supported by ooids found at shoals and adjacent
beachegField and Duane 1974)
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Water leveldn the southeastern US#e dominated by sediurnal(0 and"Y), and diurnal§ ) tidal
constituentsAround Cape Canaverapring tidal ranges are ~1 m and neap ranges are ~0.4 m. Wave
climate exhibits seasonal variability. During summer months (June to August) the wave field is mildly
energetic, withiO ™ & and”Y i, propagating from the ea$¥d( w m),Jwhile duing winter
and spring (October to April) Nor'easter activity tends to domifi@te ( ¢ a,”Y p 1) with waves
coming from the nortmortheast® ¢ mahdO ¢ o Ji(Kline 2013) Seasonality in wave climate
also includes tropical stodmurricaneactivity during summer and early fall (June through November).
During hurricanes, wave conditionsthé shoals can reach valu€s @oa and’Y p 1.

Infragravity frequencies ranged from 5 to 50 mHz (or 20 to 200 s), comparable to other Ialatigns
the US Atlantic CoadiHerbers et al. 1994and LGWSs significant wave heights ranged from 0.02 to
0.2m.

2.4.2.2 Data Collection and Processing

Observations of water velocity and ndeattom pressure were obtained from upwiaiaking ADCPsat

the inner anauter swales on eitheide of Shoal E (Figure-25). Field experiments were conducted
duringfall 2013,spring2014, andall 2014.0Only one ADCP deployed ifall 2013 recorded data prior to

the dredging event iwinter 2013 14/spring 2014Pressure and velocity data were recorded in bursts of
1,200; 2,048; 2,400; or 3,600 measuremants sampling frequency of 2 Hz. Pressure was measured ~1
m above the bed, whil@ave orbital velocities were obtained at one depth, between 3 and 7 m above the
bed(see Paniagua et al. 2017 for details in experimentalpet

Data processing included the screening for anomalous values in time when instruments were not
submerged, whespikes occurred, and when there were low correlations among velocities measured by
different transducer&Goring and Nikora 2002; RD Instruments 2Q13iven the water depths and wave
characteristics (typicalljYi 1), observed deviations from lineaave theory were considered

negligible(Elgar et al. 2005)To quantify wave parameters and analyze the LGW energy variability,

power spectra with frequency resolutid®@&Q 1a O her eafter referr e@@Qas Al ow
PaO( nhi ghi orneds)o lwetr e cal cul ated for pneansdsandde bur st
trended. Because sampling frequencies were instrument specific, we assembled b@istiimie

spans and assumed stationarity over each of those intervals. To redudgbthph®nomenon, we tapered

(with a Hann function) and 7-overlapped data windows of  pht ¢ andc¢ ¢t T @lements to

calculate the lowand highresolution spectra, respectivélphomson and Emery 2014 section 5.459e

Table 22 for additionaldetils about the spectral calculation.

2.4.2.3 Long-Gravity Energy Fluxes

Seaward and landward cresisoal LGW energy fluxes were estimated from time series of prassure

velocity®  6h) , whered andb were the Easiest and NorttSouth velocity components,

respectively. Crossand alongshoal velocities were calculated as the projectiomptofa coordinate

system aligned with the angle of the shoal dkes ~22° of azimuth As such, velocities irhe shoal

coordinate system were defined®s “Yw , with "Yand® being the alongand crossshoal velocities,

respectively. Assuming croshoal propagation only, the energy fluxes Qat each | odéati on (|
bei ng | an diwared wanattulaieddrem thke momentum balance in shallow waténeas

following (Sheremet et al. 2002)

N —6¢ Q -6¢ ¢ -6¢& Q (38)

~

whered ¢ "Q corresponddto the coincident spectrumthe real part of the crospectrum between
time seriesvandw(e.g., Thomson and Emery 2014 section 5.@E)k energy fluxesO were then
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guantified as the integral sum of "Q within the longgravity band (0.5 50 mHz). From seawaadd
landwardoriented LGW energy fluxes, the cresisoal reflection coefficienty , was calculated as

Y — (39)

This symbology for the reflection coefficiefit,, waschosen to be consistent witheremeet al. (2002)
and should not be confused with the coefficient of determinationp be used later in thehapter

2.4.3 Results
2.4.3.1 Spectral Analysis and LGW Variability

The spectrograms (the time series ofd@golution spectra) and the significant wave hisigbr the
shortgravity band;O , are given in Figure-26. The spectral density values (irf/idz) represent the
variance at different frequencies. Most of this varigineg relatively bigger oscillationsvere measured

at frequencies between 50 and 300 mHz, or 3 to 20 s. When waves were relatively large within this band,
approximately corresponding to whéh p® | , oscillations were correspondingly more prominent
at frequencies below 50 mHz (cf. Figur@& A andB around dates 5 and 14 November of 2013). The
inverse of this relationship was also found; during events ien 1@ variances within the LGW
band (around 10 mHz) were approximatelyt I 7( Usee Figure 26 C and D at 25 May, or E and F
at 30 Cctobe)). Moreover, during instances when oscillations were negligible at frequencies ~10 mHz,
LGW variance at 3 mHz asrelatively high. These observations suggest the partition of forced and free
LGWs found elsewherg.g., Herbers et al. 1994, 1995)

To analyze the dependence of LGWs on SGWs and obtain an approximate distribution of forced and free
LGWs, we calculated the coefficients of determination between the time series of spectral densities (in
m?/Hz) at each frequency within the LGW band and th#\S@easwell) variance¢ (Okihiro and

Guza 1995)Overall, ~50% of the variance at LGWSs frequencies between ~5 mHz (200 s) and 50 mHz

(20 s) was explained by the variability@f;  at the 99% confidence level (Figure2, A for the

innerswale, and B for the outer swale). For example, at frequencies lower than ~5 mHz (or periods higher
than 200 s), ~10% of LGW variance variability was explained by variatiaisgin . Duringfall 2013

at the outer swaJéO  explained nearly 75%f LGW variability (red line inFigure 227 B), in contrast

to 60% explained at the inner swale (Figw272A).

Figures22 7 C and D il |l ustr at er esheel uteiann & psepce crtar a )f.r oThh e
computed by averaging in time the sjpalkcdensities at each frequency for all higisolution spectra (cf.

Figure 226). The infragravity band was therefore defined between 1 and 50 mHz (or 20 to 1,000 s) by the
valley in mean spectral density in the sg&ell band, defined between 50 and 8@8z, or 3 to 20 s (cf.

all panels in Figure-26, and Figures-27 C, inner swale, and27 D, outer swale). This frequency band

separation agrees with studies carried along the U.S. North AtGodit(e.g., Herbers et al. 1994)

2.4.3.2 Infragravity Energy Fluxes Between Swales

To test the hypothesis that the caipkated shoal exerts control on the spatial evolution of the infragravity
waves, we compared cresBoal seaward O ) and landwardlirected {0 ) LGW energy fluxes at inner

and outer swales &hoal E (Figure 28). Overall, three spatial variabilities were identified. In
comparison to outer swale fluxes, we obsdiaeger fluxes at the inner swale durifadj 2013 (Figure 2

28 A and B), nearly comparable fluxes at the inner swale daprigg2014 (Figure 28 C and D), and
smaller fluxes at the inner swale duriiad) 2014 (Figure 228 E and F). Differences in fluxes suggekst

that the source (or sink) of LGW energy between the swales may be related-twasteoshoaling and
breaking over ta shoal.
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As supported by coefficients of determination between fluxes at inner and outer swales, approximately
5%, 2%, and 14% of variability of both seawahd landwarelirected fluxes™© ) at the inner swale

were explained byO variations at the dar swale durindall 2013,spring2014, andall 2014,

respectively. These determination coefficients suggekat LGW fluxes at the inner swale were
independent from LGW fluxes at the outer swaled variability was likely related to processes ocogrri

over Shoal E. In addition, ~50% of variability in LGW energy fluxes or less was explained by changes in
‘'O during all experiments (Table®. These levels of determination betw&n and LGW energy

fluxes suggestda background of free irdgravity oscillationgHerbers et al. 1994)

In addition, we quantified the creshoal bulk LGW reflection coefficientsY() at inner and outer swales
of Shoal E (Figure -29). Mean reflection coefficients at the outer swale were not equal to those at th
inner swale at the 99% of statistical confidence. Tablesdmmarizes the results from the inference
analyses tdY means between swalé€g. values were typically larger at the outer swale during all
experiments (see Appendixfor details in the stadtical analysis).

Figure 229 illustratesO - and"Y- sorted values 6 and’O  versusYi. In generallY  pwhen

v pmm  Yi v pTm and’Y i.Y ranged from 0.4to 3fSlY p 1 and followed wave
propagation with respect to the shdReflection coefficients were less than 1 when waves came from
0 X JO p vflazimuth(i.e, landward direction across shpakhereasy  p were associated to
¢ 1T XJO o oyflazimuth (e, seawaredirected waves). Opposite tendencie¥irvalues between
fall 2013 andall 2014 for'Yi ¢ p T may be explained as an artifact of the orientation chosen for
"O as seaward an® as landward (cf. Figures29 A and E). When waves witfi v prt  came
from¢ 1 X JO o o )ldringfall 2014, values ofY were typically larger than 1. This tendency
suggesrd™O 'O, as expected in the deemter zongSheremet et al. 200 owever, if the
incomingoutgoing rolesvereinterchangedi.e., "O represents seaward fluxe80 directionswere
reversed according to wave propagation over the shoal Whenuv p 1 duringfall 2014 values of

'Y  pand the shoal may be located in the shoaling zone as in dalti@§13. In general, values of
suggesthat fluxes directed opposite to the shwdve propagation were smaller than fluxes in the
direction of the seawell for™Yi v p 1t . In addition, values 6D  werex p 1T @ for relatively
frequencydispersive wavesY vi andYi p 1 )and0 pa for relatively weaklynonlinear

waves TYi T®).
2.4.4 Discussion

We hypothesizaithat the complex bathymetry related to cuspate forelands affects LGWs via shoaling,
dissipation, reflection, and trapping. Differenceddnbetween swales and high¥r values atheouter
swale of Shoal E suggestthe presence of a source (sink) edward (landward) croshoal LGW

energy flux. Seasonality may play a role in LGW variability since observations duringathoth
experiments followed similar trends and differed frepningresults.

2.4.4.1 Shoaling and Breaking of SGWs over Cape-related Shoals

Shoaling and breaking of wave groupas onemechanism thatould generatd GWs over capeelated
shoals. Infragravity waves can be produced over shoals by the amplification of the dynaupic set
generated due to depdifferences within a shosaves grougMei and Benmoussa 198#at are
enhanced over sloping bottoifizaldock 2006)by the timevarying shortwave breaking at LGW
frequenciegSchaffer 1993)and via extra energy transfers from-saeell (Beji and Battjes 1993)
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2.4.4.1.1 Shoaling of Short-Wave Groups

The variability of Y with "Yiresembld the dependency of wave biphase, asymmetry, and skewness on
"Yi (Doering and Bowen 1993nd suggestthat’y O 1@ were related to weakiyonlinear waves

with relativelyimportant triad interactions among the spectral peak and its harnfgoissg and

Eldeberky 1998)Parameterizations of the skewn&gs , asymmetny0 , and biphase  were given

in terms of Yi asthe following (Doering and Bowen 1995 Egs. 4tfough 4.11)

Voo t@d 17g ATl OwnJendAl-E (40)
) ™ d i OEleonlondAl-E (41)

and
f wnJwndAT-E (42)

These parameters represent the relative importance of triad interactions in the formaujgehafrmonics
which are related to velocity and acceleration skewness and brébkiefgl and Elgar 2003Yable 25
shows values of skewness, asymmetry, and biphase for the maximum vueuwing each experiment.
These values suggest thaf gswas~0.1, SGWs remaad frequencydispersiveand asymmetry and
skewnessverenegligible.

However, over Shoal E proper& v a, withO ¢®a,’Y pm,andYi T, the
parameterization reseltlin values'Y @ 10 T xand p u. JThis biphase refers to
supeharmonicaotlockedto the main spectral peak. Asymmetry and skewness diffemntzero may
indicate relativly more energy transfers to the LGWSs, as expected in shallower water over $hlugrE
and Guza 1985Moreover, during hurricane¥) @a,Y pd,andYi <)Y ™ @

0 T Ypand ¢ 1 During storms, seawell over Shoal E ridge may beha@mparatively
more amplitude dispersive.

Considering the relation between landwaadd £awardoriented infragravity energy fluxes, Figure3@
shows the reflection coefficients measured during each experiment in the context of studies performed in
gentlysloping beaches. Valud p may indicate negligible dissipation and trapping (as edges)
between the reflector and the measurement location. Valuesp (Y  p) suggest either the
generation of seawar@landward) oriented LGWSs, or the dissipation of landwafgeaware) oriented
LGWs. In gentlysloping beaches (Figure3D A), values-0.5werefound in the shoaling region when
onshoreoriented LGW energy flux increasashile variations in offshorgirected fluxwere orders of
magnitude smallgfSheremet et al. 2002\t Cape Canavera&hoals, valuesf’Y 1@ duringfall 2013
(Figure 229 A, and red star and bar in Figur8@ B) suggest the shoaling of shave groups close to
the breaking location whef® wasmaximum. Value®fY pfor¢ 1 x JO 0 o )ddringfall 2014
corresponded tY 1@ in the opposite direatn and suggest, in terms of shorivave shoaling,
conditions similar tahe fall2013 experiment.

2.4.4.1.2 Dichotomy Between Shoaling and Breaking in LGW Generation

The discernment between shoaling and breaking in LGWSs generation has been represented by the surf
beat similarity parametey, . This parametewvasdefined as the product of the stdat length

relative to the bottom slope and the sheaive steepnegBattjes et al. 2004; Baldock 201 Byreaking

induced surbeatwasthought to dominat when, waslarge(i.e., for steep short waves and steep
beach slopgswhereas low shosvave steepness and mild beach slopes pradiroall values of
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, during which the shoaling mechanism dominates. In other worddpthaance depends upon
whether shortvave groups propagate in shallow water before breaking or not. If not, the breaking
mechanism dominat¢€ontardo and Symonds 2013)

Given water depths found tite swales (~13 m) and the ridge (~5 m) of Shoal E, wegse that both
mechanisms generate free LGWs. Under the assumption of freqiispeysive 6¥ QL p and

infinitesimal wavesd® IIL p), shallowwater conditions are achieved wHel0 18t ywith0  ¢“ 7.

For the case of a sinusoidal wave train Vidh ™ & and”Y i propagating over constant water
depths of 13 meif'Q 18t twavelengtd  x 4t (Q 7 ¢ '©F, w Il 18 pand PO 1 XIn this
casetheshallowwater limitwastheoreticallyfound atQ Tt & . These calculations support the idea that
short waves found at the shoals of Cape Canaveral do not propagate in shallow water over the shoals.
However, what happens whéif'Qis notL p? In such a case, shallemater conditions should be

evduated by means of complete parameterizat{oas "Yi).

Wave steepness jn (60 llor "OF0) determines whethegravity waves propagate as shallow water
waves only whewif" QL p. When this condition does not hotitktermining wave behaviavould require
the comparison between amplitude and frequeliggersion as it is represented ¥y (Ursell 1953).
Waves behave as in shallow water (or tend to be ampliispersive) whefYi p. In published results
that usé and, (Battjes et al. 2004; Baldock 2012; Contardo and Symonds 2iJi@was
considered negligibleand frequencylispersion was assumed to capture SGWSs behavior. Actually,
frequencydispersion plays a more prominent role than wave steepness irstilegdrameterization as
can be seen in a modified version 6f.

Vi —— - (43)

We suggest that, if used, the should includ€Yi to avoid ambiguities in the shoalibgeaking

discernment in LGWSs generation. We tentatively propose a modifiethsatfsimilarity parameter
asthe following:

; I M o— o — - (44)

Similar to, , large values aof indicate breaking dominance in LGW generation. For energetic
conditions at Shoal E ridgé ¢®a,’Y pr1i,andQ vad),, T3t pand,

18t L These values correspatito shoaling dminance(Baldock 2012)For extreme values found at

Shoal E ridge during hurrican€®( ©a,Y pdg,andQ vad),, 81 cand,

T @The surfbeat similarity parameter suggests shoaling mechanism dominates over bieaking.
contrast, the LGW similarity suggests shaeve breaking dominates. The inclusionif( ¢ during
hurricanes) in allows for the consideration of waves that are not steep but behave as amplitude
dispersive given water depths ovdrwal E ridge.

However, it is worth offering a word of caution: although individuafw,andr each may be

regarded to have a physical basis, and, are not supported by a physical formalism. They
appear as combination$ parameters that exhibit similar numeric tendencies according te ahdrt
long-wave conditions. This behavior does not imply that the terms are physically connected. Therefore,
the discernment of mechanisms involved in LGWs generation over shoald bedadsed on a complete
picture of the phenomenon. This endeavor may be attained by using dense instrum(ergatiderbers

et al. 1994 section nd extending analytical solutions of wave scattering in infragravity wave
generation tdhreedimensionge.g., Zou 2011and secondary wave variabilifg.g., Belibassakis et al.
2011)
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2.4.4.1.3 Variable Forcing Due to Short-wave Scattering over Shoal E

A complete picture of seswell transformations over shoals should consider both wave field scattering
and dissipation. Anwaeeaefractom diffiagtion, ane refleati@entdeoandDeanr t
2003) whichlikely exert control on the lonrterm maintenance of cuspate forelatidmber et al. 2017)
The partial reflection of LGWSs by complicated bathymetry has been theorized for several idealized
profiles(Liu et al. 2013 and references therainyl has been confirmed at submarine cangbnsmson

et al. 2005, 2007Pver capeelated shoals, LGW reflection may be analogous to the transmission of a
stream of electrons through an attractive, square well potéBtiam 1989; Mei et al. 20053nd

analytical solutions for smooth topographiesénbeen already proposétbu 2011; Liu et al. 2012)

In two dimensions, the scattering of sharave groups over shoals may generate LGWSs via three
mechanisms: depth variations induce seeonttr forced LGWSs, changes in leagwve volume flux, and
spatial gradients in stresses related to wave orbital velogitidmtion stressgqcf. Zou 2011 section 5)
These mechanisms depend upon topographic characteristics: water depth, slope, and curvature. Figure 2
25 D showghe Shoal E profile, whichvasnot symmetric. Outer slopes and curvatwesesteeper and
negative, respectively, whereas inner slopes and curvataremilder and positive. These geometrical
characteristics likely produdeasymmetries in LGW generation and might explain differences in fluxes
between swales. Low coefficients of determination betvileees of the same orientation at two swales
(cf. Figure 228) suggest fluxewereunrelated to one anothend energyasadded/lost over Shoal E by
the aforementioned processes thiatenot dependent on fluxes variability. Further analysis would be
required to refine these ideés.g., Thomson et al. 2005 supplementary information)

2.4.4.2 Net Spatial Gradients in Energy Fluxes: Implications for the Long-term
Maintenance of Capes

Figure 231 shows the time series of the bulk infragravity source téNasidthe net gradient in LGW
energy fluxesy'O  TYm(see Appendik for details), including the wavelet coherence (WTC) between
these time series. Duririgll 2013 (Figure 21 A and B) values of Yoscillated around zero, while net
fluxesY'O ¥Yowere mostly positive. Large oscillations ¥were associated 860 FY® mmost of
the time, with some notable exceptions (see FigtB# B between 1 and 16 days of period).

Landward propagation also occurred durspging2014. However, values ofandY'O  TYowere only
coherent for ~2 days ned2 May2014 (cf. Figure2-31 D between 1 and 3 days of period). The lack of
coherence suggests changes in LGW energy fluxes did not depend upemasteoitansformation over
Shoal E. The inverse effect 80 ¥Yowas calculated fofall 2014 data givethatshortwave
propagation was dominantly seaward across Shoal E.

In general, these results suggest Shoal E exerted control on LGW variability by increasing the net energy
fl ux at t he (ifeptuhteg osiwagloe slwoaclaet ed fAaft emawe® t he shoal
propagation. Consider the net croshioal flux,”O , whichreadsas follows(Sheremet et al. 2002)

O O O (45)

Larger net fluxes at the outgoing swale imply either the dissipati@ of the enhancement @ due o
shortwave propagationver Shoal E. The enhancement option would be supported by an increase in the
proportion of free LGWs at the inner swale by sivasive shoaling (and possible breaking) duringfétie

2013 experiment (cf. Figure27 A and B).

In synthesis, we speculateatttaperelated shoals initiate the energy transfer from SGWs to LGWs
further offshore compared to a typicgéntly sloping beach physiography (Figur&2 A). This LGW
forcing implies that shonvave breakers near cuspate coastlines migrate furtherrershithe surfzone
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narrows. Also, free LGWSs should be reflected from the shoreline in patterns similar to convex mirrors (cf.
Figure 232 BandWhitham 1999 Figure 7.93nd both incoming and outgoing LGWs would be

dissipated by the showdtached shoal (cf. FigureZb D). Over time scales of years to centuries, these
mechanisms may exert control on the maintenance of cuspate forelands. In addition to-dinglieigh
instability (Ashton and Murray 2006; Limber et al. 20,l@)minimization in transport capacity at the cape

tip provides an additional source for gradients in longshore sediment transport. Short waves may force
infragravity motions via triad interactions (shiogl) and breaking over isolated and shat@&ached

shoals. These mechanisms illustrate how the energy from thegshwaity band transfers to LGW energy.
Therefore, infragravity and tidal motions, and interactions among them, ought to dominate water
circulation over capeelated shoals.

2.4.4.3 Potential Trapping of LGWs: Methodological Limitations

The main limitation in our methods relates to assuming gisal propagation, which simplifies the
physics but may hold only when SGWs propagate in directions dgesrpendicular to the Shoal E axis
(pxJO pvugrd T X JO 0 0¥ Alongshoal reflection coefficientse., those quantified using
alongshoal velocitiesY, varied in the same manner as crsilssal’Y values. Reflection coefficients were
larger at he outer swale durinigll 2013, not different duringpring2014, and smaller adlhe outer swale
duringfall 2014. These results suggesthat common processegreaffecting both crossand along
shoal energy fluxe#A summary of the statistical inferem analysiss given inTable 26.

The sparsity of locations of measurements over the shoals pt@ridecomplete picture of the LGWSs
variability over the shoal. Our experiments did not consider adbiogl changes, likely governed by
trapped edge wavemd partial reflections in several directiqiskart 1951; Huntley et al. 1981;
Thomson et al. 2007; Rijnsdorp et al. 2015 and oth€edlies of Y  p suggestdthat the dissipation of
energy during weaklyponlinear conditions may be attributed in parthese phenomena. Future research
should focus on analyzing cresnd alongshoal LGWs dynamics with field data derived from arrays of
instrumentgHerbers et al. 1994; Sheremet et al. 2005)

2.4.4.4 Implications of Dredging

Because we have limited data undexgredging conditions, we can only speculate on the implications of
these results. Wawelated energy fluxes at SGW and LGW change seasonally and from swale to swale.
Comparisons of prdredging to aftedredging conditions at the site of the one moovittt) data suggest
changes that can be grouped into three categories: 1) susceptibility for wave transformation caused by
subinertial watetevel variability; 2) infragravity (LGW) wave forcing by short waves (SGW); and

3) generation and dissipation of LGWVer ridges. With respect {&), susceptibility for wave
transformations decreased after dredging. In referen@,tthere was decreased forcing of SGW after
dredging and an increased proportion of free LGW. Relaté)tthere was decreased generaand
increased generation of LGW after dredging.

Therefore, any alterations to the sea bed through dredging, either to ridge or to swale, will necessarily
produce alterations to wavelated energy fluxes and the amount of erosional LGW energy thheseac
the shore. These alterations will have effects on morphodynamic equilibrium and on erosional and
depositional horizons. Dredging consequences could potentially be further addressed with process
oriented numerical simulations.

2.4.5 Conclusions

We compared L8/ energy fluxes between inner and outer swales of Shoal E, offshore Cape Canaveral,
to confirm that shoals exert control on infragravity wave variability. Three regimes were observed: larger
fluxes attheinner swale, same order of magnitude in fluxes,larger fluxes atheouter swale. Larger
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differences were observed durifadi 2013 andall 2014 seasons, despite being reversed in direction.
This reversal was explained by seawaritnted shortvave propagation durinfgll 2014. Larger fluxes
at Mowtg® swales were explained by two mechani sms:
shoaling and breaking of short waves, and (2) partial reflection and trapping of free LGWSs. In general,
these mechanisms suggest shaavve energy may be transferted.GWs at isolated and sheattached
shoals and prevented from reaching the cape and adjacent shorelines. This transformation should
influence the londerm maintenance of cape morphology. However, the complete LGW motion structure
was not resolved, whiclikely includes trapped edge waves and partiafiected motions in different
directions.

Our findings and limitations highlight the need to further study LGWSs dynamics overedatesl shoals
and how they influence the overall morphodynamics near cuspataends. Dredging alterations to ridge
or swale were grouped into three categoriescasm with shortvave transformations into infragravity
waves. Bed alterations will necessarily modify the amount of infragravity wave (LGW) energy that
reaches the coastline and, hence, the morphodynamic changes at the shore.
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Figure 225. Location oADCPa&t Shoal E.
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Figure2-26. Spectrograms show unsteady variance at the long gravity (infragravity) band (frequencies below 50 mHz, or abos Rhe)

and outer swales of Shoal E

Upper panels correspond to experiments at the inner svedil8hoal Ewhereas lower panelsorrespondo the outer swaleof Shoal EExperiments were conducted durife!

2013 (A and Bypring2014 (C and D), arfdllH n mn 6 9 | y Rres@litiort 93 IOKO NI &1 & O f Odz lwinBdwedF7R% derlRpPei,MiBly RSRZ | | yy i
attenuation-corrected pressure values measured durirgd®ir intervals. Red, green, and blue lines correspond to SGW significant h&ghtgcf. AppendixC), forfall 2013,

spring2014, andall 2014, respectively.
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Figure 227. (A and B) Coefficients of determination betwesignificant wave height of short waves
([ ; 4 andtime series of infragravity spectral densities at each frequeney, and(C and D)

mean spectra .

Coefficients of determinatiosuggest that seasswell typically explained ~50% of LGW variability between ~6 mHz (~166 s) and
50 mHz (20 s), and ~10% below ~6 mHz (above 1B&ishgfall 2013 (red lines) the difference between the outer (~0.75) and
inner swale (~0.62) suggestsincrease irthe free LGWSs proportion with respect to forced LGWs at the inner swale. This
difference was inverse durirfgll 2014 (blue lines) and may suppahe previousdea since shonvavespropagated seaward

across Shoal E. Mean spectra suggest two LGWandis as shown by drops in mean spectral density at ~50 mHz and ~6 mHz,
which correspond to the two groups with different correlations with . Red, green, and blue lines represéalt 2013,
spring2014, andall 2014 experiments, respectively.
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Figure2-28. Time series plots of seawarénd landwarddirected, crossshoallong gravity waveenergy fluxes for inner and outer swaled
Shoal E.

Panels A, C, and E correspondéawarddirected (O ) crossshoal LGW energy fluxeshereas B, D, and F shdandwarddirected {O ) crossshoal LGW energy fluxes for the
inner swale (orange and turquoise lines) and outer swale (red andibes® of Shoal E, which suggested loss (gain) of seaieadivard) oriented fluxDuringfall 2013 (A and
B) andfall 2014 (E and Fioth fluxes decreased in the direction of SGW propagation and swegytst Shoal E was in the shoaling zone closthéosurfzone. Duringpring
2014 both fluxes had similar values at the two swales, which sugdesiat Shoal E was in the mighoaling zonelnstruments registered a variable shoaling zone width.
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Figure2-29. Reflection coefﬁcients| versus Ursell parametersy wsorted by peak periods{|_ and peak directionsr_, relative to shoal

orientation (in azimuth)

Resultsndicated Shoal E was in the shoaling zone when waves were higher and Begerally, shortvavespropagated aross Shoal E in the landward direction durfialg

2013 (A and B) amgpring2014 (C and D), and in the seaward direction dufati014 (E and F). Fori
while'Y  poccurred whenp x JO
ranged from¢ p 1T top® p 1T M.
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the transition from shoaling to surf zone.

(A) Typical spatial variability i® as found in field studieSO was negligible in deep watehen increased ithe shoaling zone
due to energy transfers to long frequencies via triad interactions up to the point of-gleont breaking, wherég® was
maximum."O  "O at the shoreline due to reflection, decreasseaward due to nearshore trappingnd thenwas nearly
constant over deep water. (B) Reflection coefficigitackline) vary in space according to the relation in fluxes: nearly
constant and larger than-th-deep water, decreasing in the shoaling zone, increasing in the surfzone. @saghow the limit
of scatter in data from which the figure was originally created. Underlying figure was modified from Sherem@@a3|their
Figures3d and §. Red star and bar, green diamond and bar, and blue circle and bar reprasantér 1 SE)yeflection
coefficients forfall 2013,spring2014, andall 2014 experiments, respectively.
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Figure2-31. Time series (A, C, and E) and wavelet coherence spectra (B, D, and F) between the averaged bulk soud{;eatm‘rthe mean

spatial gradient in nelL.GWenergy flux between swales

57=| . _7}7. suggest differences in fluxes were linked to triad interactions and bottom friction aidsliperiods between 2 and 16 dayd.op panels) Light green lines and left Y
axes correspond to¥ while dark green lines and rightaXes show values 8fO ¥¥c Filled circles and hollow diamonds represent moments at which waves propagated
almost perpendicularly to Shoal E in the landward and seaward directions, respectively. B66itiicvalues suggest a net landward gain in LGW energy flux tiMega
(positive)"Yalues indicate the leggain) of LGW due to triad interactions and bottom friction. (Bottom panels) Wavelet coherence levels and phase®¥ngg¥stvalues
led"Yby w T1td p | TEdiiringfall 2013 andspring2014), and¥led 'O ¥Ymby approximately w ri(fall 2014). If the phaswas calculated using the inverse multiples of

YO TYamvalues,.e., accounting for an opposite propagation across Shoal E, phase variability among experiments would be relatively simiant@leskepresent the level
of statistical confidence at the 95%. Red arrows show the phase between time series, while slezdeddicate the area of influence of edge effects (see Appénfiix

details about the wavelet coherence analysis).
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Figure2-32. Wave energy distribution near capes may be decisively influenced by shoaling and dissipation over shoals.
(A) Landwarebriented, shortwave rays refract and transfer energylt&Wswhich diminishes transport capacity at the cape tip. Latter reduction further enhances spatial
gradients in longshore sediment transport at the shoreline. (B) Incoming LGWs energy is reflectpdeanddn different directions from Shoal E and the shoreline, with

subsequent nearshore and shoal trapping as edge waves.
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Table 22. Parameters of spectral calculations for each experimahShoal E

' Number of Number of DOFs DOEs
Experiment Swale elements elements (Low resolution) | (High resolution)
(Burst) (3-hr package) 9
Fall 2013 Inner 1,20C 3,600 36 20
Fall 2013 Outer 2,048 12,288 180 84
Spring 2014 Inner 2,400 7,200 100 36
Spring 2014 Outer 2,400 7,200 100 36
Fall 2014 Inner 21,600 21,600 324 148
Fall 2014 Outer 2,407 7,200 100 36

Notes: 20ne burst at 2 Hz measured every hdurst at 2 Hz measured every 32 ntbata continuously measured at 2 Hz.

DOFsdegrees of freedonfThomson and Emery 2014 section 5.4.6).

Table 23. Coefficients of determination betweeshort-gravity significant wave heighty(y . Jand

long gravity waveenergy fluxes at Shoal E.

Experiment Swale > i H > I
Fall 2013 Inner 0.58 0.27
Fall 2013 Outer 0.56 0.52
Spring 2014 Inner 0.43 0.33
Spring 2014 Outer 0.21 0.19
Fall 2014 Inner 0.59 0.54
Fall 2014 Outer 0.22 0.26

Notes:Coefficients of determinatiori ( H
"O . Correlation coefficients | were positive and significant at the 99% of statistical confidence for all experiments (Bendat

and Piersol 2010 section 4.6.1)fragravity waves that were not correlated ©

6SNBE O2yaAiRSNEBR

suggest that ~50% or lesslagEWvariability was explained by variations in

GFNBSeY SaA

trapped near the shoal, oedky waves reflected from the shoreline and the shoal. In such case, the percentage of free waves

would be p i

p T.TT

78



Table 24. Statistical inference of crosshoalreflection coefficientvalues at outer (eastern) and inner
(western) swales of Shod.

Experiment Swale N Mean STD | 2 P-value
Fall 2013 Outer 1,046 0.96 0.12 | 8.8 | <0.001
Fall 2013 Inner 566 0.90 0.14 - -
Spring 2014 Outer 247 0.99 0.04 | 7.3 | <0.001
Spring 2014 Inner 247 0.96 0.05 - -
Fall 2014 Outer 611 1.02 0.06 | 2.4 | (0.009y
Fall2014 Inner 885 1.00 0.31 - -

Notes:

Larger reflection coefficient(9| ) were found at the outer location N = number of samples; STD = standidation; Pvalues
in brackets indicate values not significantly different at the 99% levabfidence

aAt the 99% of statistical confidence with g ¢® see Devore and Berk (2012, section 1,®Rysitiveg-values
indicated largefY valuesat the outer swale¢'Y values did not differ at 99%, but differed at 95% level of confidence.

Table2-5. Values of biphaseskewnessand asymmetrycorrespondent to the maximum values in
Ursell parameters over Shoal E.

Ursell .
Experiment parameter B|L)hase Slz-ﬁwness AS{T ey
(maX.? ? o0 oo D@
Fall 2013 0.12 B pT 0.23 ox pTm
Spring 2014 0.07 pPH pm 0.08 & pm
Fall 2014 0.25 T ¢ 0.43 T T
Note:

= »suggesshort gravity wavebehaved as frequenegiispersive waves during all experiments over the swales of Shoal E.
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Table 26. Statistical inference oflong-shoalreflection coefficientsvalues at outer (eastern) and inner
(western) swales of Shoal E.

Experiment Swale N Mean STD 2 P-value
Fall 2013 Outer 1,046 1.09 0.14 7.9 <0.001
Fall 2013 Inner 566 1.04 0.14 - -
Spring 2014 Outer 247 1.00 0.04 1.96 (0.03)
Spring 2014 Inner 247 1.00 0.05 - -
Fall 2014 Outer 611 1.02 0.07 | -11.9 <0.001
Fall 2014 Inner 885 116 0.3 - -

Notes:

Larger reflection coefficient8Y ) were found at the outer locatioth N = number of samples; STD = standard devipBaalues
in brackets indicate values not significantly different at the 99% level of confidence.

aAt the 99% of statistical cdidence withd g ¢® see Devore and Berk (2012 section 10PPositived-values
indicates largetY values at the outer swale.
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2.5 Tidal Distortions Associated with Extreme Flows Over Cape-related
Shoals

2.5.1 |Introduction

Tides influence capeelated shoalsmorphodynamics via direct transp@erthot and Pattiaratchi 2006)
residual flowgMcNinch and Luettich 2000and secondary circulatiq@eyer 1993)Tidal flows have
beenthe subject of extensive study durittge last two centuries due to their role in water, sediment, and
nutrient exchange in estuarige Provost 2001)Recent applications include power extractibieill et al.
2014) ecomorphological evolutioriStark et al. 2017)and morphodynamic studié&uo et al. 2014)n
which tidal distortions play an essential role. Tidal distortias beem welkknown phenomenon sintiee
late 1800sand has been extensively studied via theoretical developiffeigdrichs and Aubrey 198&nd
observationgStanev etl. 2015) Nevertheless, the rolef tidal distortiondn particulate transport over
caperelated shoals is not well understood.

This study focuses on the inrghelf hydrodynamics during the passage of Hurricane Matthew, which

traveled northward in 20168ang the east coast of Florida, passing by the shoals of Cape Canaveral. We
focus on extraordinarily distorted tidal waves re
generated current, whose speed ranged from 1to 2.7 m/s attheinnasgwalea cape rel ated s
E). This connection adds to the paradigm of overtides formation by demonstrating how indirect, extreme
atmospheric forcing over the inner shelf can produce tidal distortions.

2.5.2 Methods
2.5.2.1 Field Observations and Data Analysis

Barametric pressure, wind velocity and direction, and water levels were measthie®l&AA Trident

Pier station near Cape Canaveral (Figufieb Water motiongprofiles of velocity and pressurejere
measured at the bottom of the inneate of Shoal EZ8° 23.998'N, 80° 26.337"YWFigure 225) using a

Nortek Acoustic Waves and Currents (AWARIPCP. Thel-MHz instrument ha recording range of

~30 mand pointed upwardts position was near the slope brelidectly off ofthe ridge that is

considered as thep of Shoal Ein ~13 m depth. The instrument was active fli@drBeptember 2016 at

15:36 GMT to4 November 2016 at 15:54 GMT on a frame at a mean depth of 12 m. Data were collected
in 0.5m cells as 60 sec averages of velocity (at each cell) and presparated by 3 miNertically

averaged velocitie®, 0 hwere calculated a8 0 - 6 o ‘Q dwhered corresponddto the

vertical distance from the instrument to the first measurementicelasthe vertical distance to the
furthest measurement cedl, ot wasthe velocity at each time step for each aiid'Q dwasthe cell
size,andd & & . Velocitydirections at the surface and bottom,0 and o, were calculated as
| 6 AOA®6AMLI o , wheredwasa vertical distance from the instrument, andisdicesi
andacorresponddto the neasurface and nedsottom cell positios, respectively.

Water levelsi(e., converted and demeaned pressure values) reconstructegsing harmonic analysis
by means of least square fit for different constituents depending on the period a@lydegzh 2011)

The reconstruction skill was evaluated using the root mean squaré¥er'6¥'O —-B  ® wp

and the goodness of fip0 'O B of wp B of @ ,whered referedto the number of
elements in the time serias,corresponddto the elementin the time seriesp; wasthe &lement of

the series reconstructed using harmonic analysisgfand B @ (Devore and B 2012) Echo
intensity anomaliesS@were calculated @® Ud  "0ohd  ®a , whereQard  p 1t | QY YO,
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where'Y "Y"ii® wasthe time series of profiles of received signal strength indicator values (given in
counts from the ADCPgnd® —B  "Oifd (Valle-Levinson et al. 2014)

The level of asymmetric effects by the river presemeserepresented by the Fourier trégrsnation of
the frictional termag@s asthe following(Parker 1984; 2007)

® -6 —AOAGEIT- — ¢ p — (46)

and
® -0 AOAGET-—v ¢— p — (47)

and
@ —Oo6 p ¢— — p — (48)

where6 corresponddto the subtidal flow (river) speed and to the maximum tidal flow speed.
2.5.3 Results

As measured by the NOAA meteorological station at Trident Pier (Port Canaveral, Floridag, from
October atl8:00 hrto 8 October at 12:0@r, baromeric pressure decreased from ~101 to ~100 kPa in
~12 hr, then dropped dramatically from ~100 to ~97 kPa in r;Amhd finally increased to ~101 kPa in
~29 Ir (Figure 233). This valley in pressure coincided with an increase in wind speeds from s 20
(gusting up to 30 m/s), and a counteckwiseshift in wind direction from ~20°, coming fromorth
northeastto ~210°, coming from the southwest. Theind direction remainedt~220° duringhe
subsequent 21rh

Water levels above mean ldaw wate (MLLW) showed an offset of ~0.4 m from the predicted water
levels(Figure 233). This offset was enhanced before the pressure valley due to relatively strong
distortions in the high tide, which lasted ~6 Then, water levels went to low tide in ~8 Wwhich under
regular conditions takes ~@.This variability was also measured by our instrument at the siedf
(Figure 234).

The variability of bottom pressureirroredthe change in water levels at Trident Pier, in which the
distortions were evidemuring the two high tides immediately before and after a peak in vertically
averaged water velociti€gigure 234). The magnitudes of verticalpveraged velocities followed the
variation in barometric pressure and wind speed. Sastwardvelocities vaied from ~0.2 m/s to ~1
m/s in 15 hand then increased to ~2.7 m/s in +2Aiter the valley in pressure, velocities veered
counteclockwisefrom southwestward to northeastward directed inr~anld attained 1 m/s. Lastly,
velocities diminished to ~0 min ~20 h.

The differences between measured and reconstructed water levels were positive whessivord the
north-northeast (from 0° to 25°) betwe6rOctober at 12:00r and7 October at 10:00r, and negative
when windwasfrom the southwest (from 180° to 270° uiDctober at 12:00r) (Figure 234).
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Theanomalously highvinds and currents, as well as the offset in the mean watey deverated
asymmetries in bottom friction. These asymmetries produced tidal waedidiss via decreasing the
group celerity and attenuating ttidal waveamplitude. Tidal distortions can be represented by the
generation of superharmonics (overtides) and interactions among harmonics (compound tides). Even
harmonics, e.gM4 and M, form due to changes in mean water levdlichmake bottom friction
asymmetric with respect to tidal sta@e., attenuation is smaller for larger depths during high)tide
Similarly, Ms and odd harmonics arise from the addition of a mean current velatitghaugmented or
diminished friction depending upahetidal stagdavored bythe curren{Parker 2007)Water levels
were reconstructed using the principal lunar semidiurnakblr diurnal K, and shallowvater
(overtides) tidal constituents and compound tides paMi K; (i.e., M3, M4, 2MKs, Ms, 3MK7, and M)
(Goodness of FRGOH = 76.7%,root mean square errffRMSE| = 0.15 m, Tabl@-7). The amplitudes
of superharmonics wetarger for the reconstruction of the tidal cycle during the hurricane and
corresponded to MMe, Mg, M1, M1z, STis, and Ss constituents (GOF = 99.8%, RMSE = 0.01 m,
Table2-8).

2.5.4 Discussion
2.5.4.1 Unusual Atmospheric Forcing

Hurricane Matthewesulted in~USD6billion in damagescaused 43 deaths, and increased the likelihood
ofvectorbor ne virusesd outbr eaks (Ghu2016tRice 2006nAhmedanZl0 m/ s
Memish 2017)

The hurricangelated, riveilike current along the inner shelf presented here had similar speeds to the
peak surface speed of the Gulf Stream, ~2(b®@aman et al. 1989and twice the hurricarieduced
current speed previously found at the Florida irgheif, ~0.95 m/¢Smith 1982).

The differences between measured and reconstructed water levels could be attributed either to the settling
of our instrumentds f r ameiepfromtpwelling darihgssouthwestivand E k ma n
wind to downwding for the northeastward wind). Given the hurricane path, offset in water level was

unlikely to have been created by storm surge. This argument was supported by the differences between
nearsurface and nedrottom velocity directions, | . These dferences suggest Ekman layer

formation during some instances. If the difference was negative, it suggests the development of an Ekman
surfacefriction layer by the winetriven current. If positive, it may indicate the presence of an inverse
bottomriction layer. If close to zero, surface and botittion layers overlappe(Pedlosky 1987)

Three situations were identified: (1) oscillations of amplitudes ~40° at ~1 cycle/hr (possibly caused by
overtides) between 5 October at 15:00 hr to 7 October.@0 08; (2) oscillations close to zero from 7
October at 06:00 hr to 8 October at 12:00 hr (unidirectional -tiyer flow); and (3) highly variable
oscillations between 8 October at 12:00 hr and 9 October at 06:00 hr.|Notige ~ mTtwhen wind
velocities were >5 m/d.g., situation 2). Variability in water velocities with depth (Figur84) showed
unidirectional flow during the time span considered. Echo intensity anoni@igispwed an increase in
acoustic signal return during the intense wirgdpecially at the surface. This increas@mas probably
related to bubbles or whitecapping at the surface.

Instances when tidal motions were slightly distorted resembled conditions found at-tlmtomated,
well-mixed estuaries characterized-byf'Q x 1@ (where— was the main tidal harmonic amplitude and
"Qthe water depthand tidal velocities ~0.5 m(&riedrichs and Madsen 1992hese conditions may be

found during calm periods over Canaveral Shoals that typically exhibitp &, Q p a (so— ¥Q

T3t |y and tidal velocities ~0.2 m/s. During Hurricane Matthew, conditions instead resemb}eoixeel|
estuaries with a large river discharge. Theoretical treatments for frictionally dominated estuaries support
that the ratio of the mean flow (river) spe®d to the maximum current speed of the main tidal harmonic,
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