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Abstract

When we perceive or measure a pattern in nature, we immediately want to
understand what causes that pattern to form: Is there a template thatdistat
expression, some consistent structure that effectively predetermineapleeosh
sequence? Or does the pattern emerge spontaneously from a single formatiesal proc
fundamental set of interactions, each step iteratively informing and infhgeti@ next?
This dissertation explores pattern and process in the context of shoreline change. Sand
coastlines are extraordinarily dynamic systems, yet despite theimtg@diy infinite
variables and coupled parameters, we observe within them coherent patterns. What are
the physical processes driving shoreline change, and over what spatial pachtem
scales are they manifest? Can we attribute observed patterns of showiatige tha
particular process? If forces driving the littoral system change, hew/ttie shoreline
respond? Testing theory with field data using novel analytical techniquesgkéos
understand more closely why some areas of sandy coastlines erode andouttetes
why some areas experience extreme, rapid, spatially localized chvalmitgeadjacent
areas remain relatively unchanged for decades—intriguing questionseiakoalevance
wherever human coastal infrastructure exists.

To measure shoreline change we must first measure shoreline position. We use a
contour of constant elevation at approximately sea level along 50—-80 km of coast,
constituting a plan-view representation of shoreline position at a singlemhomntane.

When shoreline position is surveyed again a week, month, year, or decade later, shoreline



change is simply the difference in shoreline position between the new survéyeand t
original. Between any two plan-view surveys, some areas of the shorelihawvel
accreted seaward and other areas will have eroded landward. For ahyfecasist we
can generate a record of cross-shore position change in the alongsécirerdiA
wealth of important coastal studies have focused on relatively local sEaties and
short time scales, typically weeks to months—concentrating, for example on t
sediment cycling onshore and offshore that occurs during storms. Our work, by
comparison, takes a plan-view, large-scale perspective of shoreline dmatige scales
of years to decades, over which ephemeral changes tend to average out.

Additional motivation behind this dissertation is the conceptual design that
complexityis the most advantageous analytical lens through which to investigate
landscape chang#lurray et al, 2008]. Complexity theory comes to earth science from
the nonlinear dynamics community, and offers a quantitative means by whiclupypet
dynamic behavior, self-organization, and emergent patterns can ariserfipi®, si
nonlinear, coupled interactions. Application of complexity theory to earth scence i
noteworthy because prevailing explanations for many examples of landscage obst
on the premise that geologic templates or frameworks—elements inhepeaexisting
in the system—impose and control the changes we see. More and more researchers are
finding dynamic landscapes rife with self-organized patterns at diffecaletss—
especially coastal systems, in ripples, bed forms, rip channels, sand bars, grahal re

shoreline expressioMurray et al.,2008].



In the following three chapters we examine a complexity-based hypotbetis
evolution of sandy shorelines. Recent novel numerical shoreline-evolution modeling
demonstrates that over long time scales, gradients in alongshore sedamsuadrr
driven by deep-water incident waves can produce self-organized, emegjarggen
spatial scales from sand waves to large-scale c&sdsdn et al 2001;Ashton and
Murray, 2006a]. The hypothesis holds that deep-water waves approaching shore from
high (>45°) or low (<45°) relative angles drive transport gradients acrossiplan-
shoreline perturbations that cause those perturbations to grow or smooth away,
respectively. A high-angle wave regime leads to self-organization arrgem @atterns,
but for the northern North Carolina Outer Banks, our area of case study, we measure a
predominantly low-angle wave climate for at least the last two decademigtit
therefore expect any record of shoreline change to show a smoothing sigathieire
than a self-organized pattern, so to test the model hypothesis we loakeipatave
correlation between shoreline-position change and plan-view shoreline curvature (the
second derivative of shoreline position). Seaward bumps have positive curvature and
landward bays negative curvature; because a predominantly low-angehvaate
tends to smooth a shoreline, erosion (negative position change) will focus at the bump
crests (positive curvature), and as the sand from the bumps gets redistributsdaakmng
accretion (positive position change) will fill in the bays (negative cureat

In Chapter 1llazarus and Murray2007] we report that over the last decade, at

multi-km scales along the barrier islands, convex-seaward promontories tersiedd
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and concave-seaward embayments accrete—a negative correlation betwdareshore
position change and plan-view shoreline curvature consistent with the smoothatg effe

of alongshore-transport gradients driven by a low-angle wave climate.r§uaifter a

decade or more of smoothing, do plan-view bumps in the shoreline still persist? Given

our hypothesis, if wave-driven gradients in alongshore sediment flux are the only
mechanism affecting shoreline change, any plan-view curvature alo@yitbeBanks

should have smoothed away long ago. What other aspects of the nearshore system might
demand consideration?

In Chapter 21[azarus et al.in review] we pursue the influence of geologic
framework on shoreline morphology: bathymetric structures in the nearshorthabne
affect breaking wave patterns and, in turn, shoreline position. One geologic-framewo
component of the Outer Banks is a network of backfilled, relict fluvial chann¢ldatea
to sea-level low-stand in the Pleistocene. Substrate in the paleochannels tends t
comprise a coarser grain size than the substrate the channels Maiseckt al.[2006]
offer a theoretical explanation for how different shoreface lithologiesffact shoreline
change: plan-view bumps in the shoreline develop where channels outcrop because the
coarse channel substrate is substantial enough to remain in the high-enemynesvir
of the nearshore system; bays form in the neighboring areas of fine sedimilet thats
channels because, once excavated, the fines are too small to settle dgatariouient
zone. Under a predominantly low-angle wave regime, sediment from the bumps gets

swept laterally into the bays, reaching a steady-state morphology anddimiaining
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the subtle plan-view curvature of the shoreline through time. Invoking that madel, w
point to a possible spatial correlation between measured large-scale, plashoreline
curvature and outcrops of relict fluvial channels in the lower shoreface. We propose tha
patterns in long-term shoreline change on the Outer Banks result from a coupled
relationship between sediment transport and geologic framework: (a) theqeresel
locations of paleochannels may (b) control the areas of persistent multaken-s

shoreline convexity that (c) in turn drive decadal-term shoreline-position chgride b
affecting gradients in wave-driven alongshore sediment transport.

Given the range of spatial and temporal scales of shoreline change we record—
and the need for a more robust quantitative means by which to isolate patterngyef chan
potentially related to wave-driven gradients in alongshore sediment flux—pteZtsa
we turn to the analytical method of wavelet analysis, a mathematicalgeehtamalogous
to Fourier decomposition that uses scaled filter transforms to calculaéd gagiability
over a range of spatial frequenci€sbbens et a[2002] used wavelet analysis to show
that shoreline change could be described by a power law—a result we foundngtrigui
because power laws are typically assumed to imply the dominance ofeasiess or
interaction operating at all scales of a system. Might wave-driven gtadealongshore
sediment flux be that single, dominant process? We independently reproduae),confi
and expand upon the resultsTiebbens et a[2002], showing that a power law can in
fact describe shoreline change at alongshore scales spanning three orceysitfda

(from 5 m to several kms). But in a paired numerical-modeling experiment in which w
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vary the obliquity of incident deep-water waves to drive shoreline changeeweable
to reproduce the coherently grouped power laws evident in the data. We argue that the
simple presence of the power law does not necessarily indicate a singhaciopnocess
at work; our model results support the evidentiary conclusion that the power law is not an
obvious function of wave-driven alongshore sediment transport alone. Small- to large-
scale beach changes can result from a variety of cross-shore and alengshor
hydrodynamic processes. The shoreline-change signal we quantify is |jxelgiuect of
both (a) the universally-applicable process of wave-driven gradients in aloegshor
sediment flux and (b) a spatially localized geologic template—and, perhappasant,
interactions between the two.

Our tests of theory with field observations are middle steps in pattern-toroces
attribution; they fit into a larger body of coastal morphodynamic researcim ttaie
may enable shoreline-change prediction. Present hydrodynamic modstil &ve
limited in spatial and temporal scope to accommodate the extended scaleshdavge
morphological changes occur, but more integrated quantitative models linking
bathymetry, wave fields, and geologic substrate are underway and whiesmiurse of

future coastal questions.



Dedication

To my parents, Vickery Cleaves and Paul Lazarus; to my advisor, Brad Murray;
to Peter Haff, Lincoln Pratson, Jesse McNinch, Jeff List, and Andrew Adbt@ebbie
Gooch, Beatriz Martin, Debbie Colpitts, and Mary Anne Perez; to the Divisionrthf Ea
and Ocean Science faculty, emeriti, and students, whose counsel and support has buoyed
me throughout this undertaking; to Mark Strudley, Tommy Gerber, Dan Kahn, Lindsay
Chutas, Ryan Littlewood, and Patrick Limber for their examples, canrégasi@idarity,
and advice; to David Dethier, Bud Wobus, and Paul Karabinos; to Elizabeth Kolbert for
her articles "The Climate of Man—~Parts I, II, and IlI"; to Jon and Cintdpl&ford, Mary
Fulton, Paul Tortorella, and Rob Follansbee; to the Brundiges, the Brennans, and the
Dawsons; and to Thomas Brennan, Alida Payson, and Seth Henshaw for all that they

have inspired.



Contents

Y 011 = Tod SRR v
LIS OF TADIES ...ttt e e e e e e e e bbbt e e e e e e e e e e as Xiii

LISE OF FIQUIES ...t e e e e e e e e e et e e e e e e bbb e e e e e e e e aaaeees Xiv
F o LoV L= (o =T 0 =T o | £ XVii

1. Process Signatures in Regional Patterns of Shoreline Change on Annualdal Deca

TIME SCAIES ...t e et e e e e e e e e e e e e e e 1
00 R 1 (0o [ 8Tt i o] o PP TP PP PP PP PPPPPPPPPP 2
1.2 METNOTS. ...ttt e e e s 5
1.3 RESUILS ...ttt e e e e e e e e e e e e e e e 9
1.4 DISCUSSION ..ceeeeiiiiee e e e ettt e e e s ettt e e e e et e e e e e e et e e e e s b e et e e e e e e s nr e e e e e e e naans 11

2. A Possible Explanation for Regional Patterns of Shoreline Change (Northénn Nor

Carolina Outer BanKS, USA) ....ooiiiiii ittt e e e e e et s s e e e e e e e e e e eeeeennennns 15
P2 N [ g (o To {3 Tox 1o o H PP PP PPPPPPPPPPPN 15
pZ 8 = - Lo 1o | (o 10 o 1SR 16
2.3 MEINOAS. ...t e e 20
2.4 RESUIES ..o 21
2.5 DISCUSSION ...ttt e et e e e e e e e e e e e e e e e bbbt e s e et et et e e e e e e aeeeeaeeas 27

2.5.1 An Amendment to Previous Modeling Comparisons ..........ccccovvvveevvvvvvnnnnnnnnn. 27
2.5.2 Paleo-channel Positions and Shoreline Curvature .............ccccvviiiiiieiiiiiiieeneeenn. 28
2.5.3 Our Coupled-System HYPOthESIS........ccoviveiiiiiiicieee e 29
2.5.4 New Findings in Hydrodynamic Modeling .............ccoooiiiiiiiiiiiiiiiieeeeeeee 32
2.5.5 A Collegial Call t0 ACLION ......uuueiiiieie e 34

Xi



3. Power Laws and Processes in Shoreline Change............cciiiiiiiii e 36

I I [ g1 (oo [FTox 1o o H TP PP PPPPPPPPPPP PPN 36
.2 MEENOUS. ...t 39
BB RESUILS ..t as 41
3.3 L POWET LAWS ....euiiiiiiiiiccccciiee e 41
3.3.2 Dimensionless Instability INAeX............ccoiiiiiiiiiii s 42
3.3.3 MOAEI RESUILS ...ttt 42
3.4 DiscusSION and CONCIUSIONS ......cviiiiiiiiiaieeeiee e e e e e e e e e 45
3.5 Appendix: Analytical Methods ...........oovviiiiiiiiece e 50
3.5.1 Shoreling @XtraCtion .............eeeeeiiiiiiiiieie e e e 50
3.5.2 NUMETICAl MOEI ... 51
3.5.3 Wave Energy and Stability INAEX .........uuuuuiiiiiiiiiiieieeeeii e 51
3.5.4 WaVvelet ANAIYSIS ....cocii it a e e e e e e raaraaa 52
REIBIEINCES ...t e e e e e e e e e e e e e e e e e e 54
2 T 0 Te ] =1 o 0 /2R 60

Xii



List of Tables

Table 1: Bank-to-bank locations of northern North Carolina Outer Banks paleoethann
[Rice et al. 1998;Boss et al.2002; andBrowder and McNinch2006] and bar-and-

trough complexesJchupp et al.2006] relative to the Virginia/North Carolina state line

(in km). "Swatch" column corresponds to pattern distinctions used in Figure 5.............. 26

Table 2: A comparative list of values (a metric for fractal roughness) arfd R
calculations for power fits to data shown in Figure 10. Regressions are based-on least
squares fitting applied to scales 5—2000 M. ........coeviiiiiiiiiiii e e e 44

Xiii



List of Figures

Figure 1: A lidar-derived DEM of the northern North Carolina Outer Banks, in (a)
orthogonal and (b) oblique view. Note that even an apparently straight segment of
shoreline (a) has subtle curvature evident in (D). ..........uuiiiiiiiiii e 4

Figure 2: (a) Plots of shoreline position, labeled with general locations of Cariks B

towns, (b) 1996 shoreline curvature, (c) difference in shoreline position from 1996 to

2005, and (d) the cross-correlation between curvature and position differencatedlcul

for a 500 m smoothing window. In Figure 2d, the correlation peak at zero lag is outside

the bounds of the 95% confidence interval, meaning the correlation between curvature
and POoSItioN ChANQE IS TODUST. .......veiiiiiiiee e e e e e e e e e eeeees 7

Figure 3: Plots same as in Figure 2, but calculated for a 2000 m smoothing window. Note
that at this larger spatial scale for the 1996—2005 comparison, the correlatitiesdef
in Figure 3d is greater than in FIQUre 2d. ... 8

Figure 4: Plot showing curvature-to-position-change correlation casftcversus

window size for a range of year-to-year comparisons. At annual scaledatorr

magnitudes reach a maximum around 500 m; at near-decadal extents, the ot=efficie

reach a maximum between 1000-3000 m. The correlation between curvature and
shoreline-position change may be a signal of alongshore sediment-transp a$gspce
stronger correlations at decadal and kilometer scales suggests that@emgther than
cross-shore processes tend to dominate shoreline change over longer time emervals
larger spatial extents. Where lines are gray, correlation does notekee25%

CONTIAENCE INTEIVAL ... e e e e e e et e et e e e e e e e e eaaas 10

Figure 5: Plots of (a) northern Outer Banks shoreline position (north at lefiyegio the
Virginia/North Carolina state line (town of Duck is approximately betwaea 40-45,

Kitty Hawk between kms 50-55, Kill Devil Hills between kms 55-60, and Nags Head
between kms 65-70); (b) 1996 (black) and 2005 (red) shoreline curvature; (c) difference
in shoreline curvature 1996—2005 shown in (b); and (d) difference in shoreline position
from 1996—-2005. Calculations in (b), (c), and (d) are filtered with a 5000 m smoothing
window. Patterned swatches mark the approximate alongshore extents aflizalaeels

and nearshore bar complexes pulled from best data available in current étd&Rateret

al. [1998] (wavy lines), a paleo-channel survey offshore of DBoss et al[2002] (gray
dots), comprising three paleo-channels and the edge of a possible fourth cioattmet
Duck (gray dots with a vertical dashed linBypwder and McNincifi2006] (cross-

hatched lines); an8chupp et al[2006, Figure 2] (horizontal lines), corresponding to
what the authors describe as "the presence of shore-oblique bars and trough&g Note t
decrease in positive-curvature peaks in (c) near Duck (km 40), Kill Delsl (Kih 58),

and Nags Head (km 77). Our overlay of reported paleo-channel locations reveals

Xiv



substantial disagreement among nearshore surveys. (See accompabyent) for the
estimated spans of the respective channels and bar fields.)........cccccoooeeiiiiiiiiiee, 18

Figure 6: Plot of six lidar-derived calculations of shoreline curvatureufeegs between

1996 (bold black) and 2005 (bold red), filtered with a 5000 m smoothing window.
Prominent peaks of positive shoreline curvature occur near Duck (km 40), Kill Devil

Hills (km 58), and Nags Head (km 77). Over the near decadal period that the surveys
span, the peaks exhibit an overall decrease in curvature indicative of locallgdocus

erosion and a trend toward shoreline smoothing consistent with expected diffusional
effects of the low-angle wave climate hindcast for the region. The 1998 and 198gssur

were flown following major hurricane events (Hurricanes Bonnie, and HoascBennis

and Floyd, respectively), which may account for localized exaggerationsrin thei

SHOIEIINE SNAPES. ... e e 22

Figure 7: Plots of shoreline curvature calculated from 1996 (black) and 2005 (red)

surveys and filtered with (a) 2000 m and (b) 5000 m smoothing windows. The

comparison reveals high variability in shoreline behavior at spatial sqakes~1-2 km,

but the predominance of a pattern of reduced curvature at scales graateb #m (Fig.

6) for near-decadal tiIME SCAIES. ........uuiiiiiiie e e e e e 23

Figure 8: Plots of (a) shoreline position near Kitty Hawk and Kill Devil H{l3

shoreline curvature from 1996 (black) and 2005 (red), (c) difference in shorelinempositi
between 1996 and 2005; note that (b) and (c) were filtered through a 5000 m smoothing
window. Registered to the same alongshore scale as (a), (b), and (c), ssh@pand

(e) show the anomalous bar-and-tough complex that dominates the shorefacetrsthy

at Kill Devil Hills (d), and a cross-section of the nearshore paleo-chanmel(#)e Both
schematics are aftdéfcNinch[2004, Figures 8 and 13]. Our hypothesis regarding

physical controls on shoreline evolution integrates the five elements depicted.... 25

Figure 9: Map of study area ("NOBX" denotes the Northern Outer Banks)okveace
lidar surveys from 1996, 1997, 2005, and 2008 to measure shoreline change. ................ 40

Figure 10: (a) Log-log plot of average shoreline-change variance versustalomngcale
(5-5000 m), calculated using a continuous wavelet transform. The data trends can be
described by a power law in which the scaling exponent is a measure ofrivagtahess

(Table 1). Letters "N" and "P" denote shoreline-change comparisons fibiotitteern

Outer Banks and Pea Island, respectively; Pea Island variance trendarg@eds)

consistently greater than those for the Northern Outer Banks (blues) dDastsein both

(a) and (b) are power-law fits for N9608% 1.86) and P9608 (= 2.52) across scales 5—

2000 m. In (b), superimposed on the longest-term shoreline comparisons shown in (a) are
different coastal morphodynamic processes at the typical spatied sicay affect. ...... 43

XV



Figure 11: Plot of average variance of shoreline change versus alongsheferscal

simulated shorelines (model output), calculated using a continuous wavelet transfor
Shoreline initial conditions were generated from stochastic Brown noise aedtsdkio

two different diffusive wave climates, one stable (blue) and the other on the verge of
instability (red). Though the modeled trends can be described by a power rhlptiass

in Fig. 2, fractal roughness depends on the initial variability of the shoreling and i
apparently independent of wave ClIMate.............cceiiiiiiiiiiiiiiiiceeees e 46

Figure 12: Plot of 1996—-2008 shoreline-change wavelet coefficients for the full

alongshore extents of (A) the Northern Outer Banks and (B) Pea Island. The high
variability (proximal light and dark zones) at scales*tigtween kms 50—60 of the

Northern Outer Banks is coincident with a paleochannel and shore-oblique bar complex

in the nearshore zone at Kitty Hawk; significant variability at equivatales between

kms 15-20 and 35-45 of Pea Island may be related to hardbottom shoals offshore of
Rodanthe and Avon, reSpPectiVely. ... 49

XVi



Acknowledgements

For Chapter 1, | thank the Joint Airborne Lidar Bathymetry TechnicalCent
Expertise (JALBTCX, Kiln, Mississippi), the U.S. Army Corps of Engisegystem-

Wide Water Resource Program, the USGS Center for Coastal Geologytégtbbre,
Florida), and the National Science Foundation (grant EAR 04-44792) for funding the
research; and further thanks to Jordan Slott, Laura Fauver, Peter Howd, Jennifer
Wozencraft, and Tommy Gerber for their critical insights and discussion.

For Chapter 2, | thank the JALBTCX, the USACE System-Wide Water Resource
Program, the USGS Center for Coastal Geology, the Geologic Society oicAime
Quaternary Geology and Geomorphology Division, and the NSF (grant EAR 04-44792)
for enabling and funding the research; and further thanks to Laura FaueeriBwd,
Jennifer Wozencratft, Jeff Lillycrop, Jordan Slott, Dylan McNamara, Mesbkknch,

Ryan Littlewood, and Andrew DiMatteo for their various contributions.

For Chapter 3, many thanks to the NSF (grant EAR-04-44792) for funding the

research, to the JALBTCX for their technical support, and to Patrick Limbter, IR&ff,

Dylan McNamara, and Caesar Payson for their help and consideration.

XVii



1. Process Signatures in Regional Patterns of Shdiree Change
on Annual to Decadal Time Scales

This chapter originally appeared as "Lazarus, E. D., and A. B. Murray (2007),
Process signatures in regional patterns of shoreline change on annual to deeadal t
scalesGeophys. Res. Let84, L19402, doi:10.1029/2007GL031047." Reproduced by
permission of the American Geophysical Union.

Gradients in wave-driven alongshore sediment transport influence the
morphologies of sediment-covered coastlines on a range of spatial and tesoplas)|
affecting accretion and erosion patterns relevant to human development. Recent
theoretical findings predict that a correlation between shoreline changhaetire
curvature results from patterns of alongshore sediment flux; the sign (positive or
negative) of that correlation depends on whether high- or low-angle waves teahtima
wave climate. Using lidar surveys of the northern North Carolina coast fror-200%
to document shoreline change and quantify alongshore patterns of erosion and deposition,
we isolate these signals diagnostic of alongshore-transport processasayses show
a persistent, significant negative correlation between shoreline-positioneciuathg
shoreline curvature consistent with a low-angle-dominated incident wiavegelover the
last decade. Across a range of scales, convex-seaward promontoriesodade e
landward, while concave-seaward bays have aggraded seaward, resulting inla gradua

diffusion of alongshore morphological features.



1.1 Introduction

The relative strengths of the morphological processes that shape seaboard
shorelines are typically difficult to quantify. In the last decade, the advaimemote-
sensing technologies such as lidar (Light Detection and Ranging) has enaldextédey
high-resolution, three-dimensional views of the littoral zone that offer astensmeans
by which to analyze changes in shoreline morpholéggh[and White 1998;Irish and
Lillycrop, 1999;List and Farris 1999;Brock et al, 2002;Stockdon et al2002;Tebbens
et al, 2002;Woolard and Colby2002;White and Wang2003;Mitasova et al.2005].

Changes in shoreline shape provide clues about the forces that cause them. Recent
theoretical, modeling, and data-analysis work indicates that on sedinvemédo
coastlines, gradients in wave-driven alongshore sediment flux affect sh@aetnetion
and erosion patterns on a range of spatid-1@ km) and temporal (month to 19r)
scales, even on reasonably straight shorelines with subtle promontories anthentbay
[Ashton and Murray2006a;Ashton and Murray2006b;Valvo et al, 2006]. Where
shoreline curvature is convex seaward, such as at a promontory or plan-view bump, deep
water waves approaching shore from highly oblique angles (>~45°) set up a convergent
flux in alongshore sediment transport that causes the bump to accrete and grow; when
deep-water waves approach convex-seaward shoreline features from angiéer
(<~45°), they generate a divergent alongshore sediment-transport flux thest caus
promontories to erodéghton et al.2001;Ashton et al.2003;Falqués 2003;Ashton
and Murray 2006a]. A wave climate dominated by high-angle waves is therefore an

antidiffusive regime that tends to exaggerate plan-view shoreline feahite a low-



angle or diffusive wave climate tends to smooth themAstton and Murray2006a].

For a given time span, if gradients in alongshore transport cause shorefige,da
correlation between shoreline curvature and shoreline change should resultsigith a
(positive or negative) that depends on whether high- or low-angle waves dominated the
wave climate during that period.

The degree to which cross-shore or alongshore transport drives shoreline change
likely depends on the time and spatial scales over which change is measurésl; signa
indicative of alongshore transport are only apparent when they dominate the higher-
frequency, more localized sediment cycling of cross-shore transport gEecem the
storm time scale of days to weeks, sand stripped from the beach is depositdubire offs
bars that migrate landward with post-storm fair-weather swells, caittieagét change
to shoreline featured.ist and Ferris 1999]. If the effects of alongshore sediment fluxes
become evident, at what scales in shoreline patterns does this occur? PreWyses aha
shoreline change along the North Carolina Outer Banks suggest that shorefatereur
need not be pronounced for corresponding gradients in alongshore sediment transport to
be effective Ashton et al.2003;Valvo et al, 2006]. Here we directly test this prediction,
calculating and comparing shoreline change and curvature using annual Negssfra
long, continuous stretch of barrier island on northern flank of Cape Hatteras, North

Carolina (Fig. 1).
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Figure 1: A lidar-derived DEM of the northern North Carolina Outer Bank s,
in (a) orthogonal and (b) oblique view. Note that even an apparently straight

segment of shoreline (a) has subtle curvature evident in (b).




1.2 Methods

We define areas convex (concave) seaward in plan view as having positive
(negative) curvature. Shoreline position retreating landward is definedaitvee
change; where the shoreline aggrades seaward is positive change.

For our measurements we extracted shorelines from U.S. Geological Sutvey a
U.S. Army Corps of Engineers lidar surveys of the northern North Carolina Outer Banks
collected in 1996, 1997, 1998, 1999, and 2005. Lidar instruments are flown in a small
plane at low altitude (~1500 m) and sweep a laser pulse over the land below; a neceive
the plane records the reflected laser return and processing softwatatésithe returns
into a high-resolution topographic map of the survey area. (An excellensédaor
history and specifications summary is available through the NOAA Coastat&s
Center, atvww.csc.noaa.ggvLidar is indispensable in low-lying topography such as
coastal plains because the laser equipment can measure ground elevatitra tbwi
cm [Brock et al, 2002;Woolard and Colby2002;Sallenger et aJ.2003].

From the lidar DEMs we selected the 1 m elevation contour, as opposed to the
zero or regional tide-adjusted contowdber et al.2005;Tebbens et §12002], to
represent the shoreline, minimizing wave-crest interference. (Thdieledata are
registered to the 1988 North American Vertical Datum.) We also cropped our suezey
to reasonably exclude beach-restoration and hard-structure emplacement ah#ra nor
extent near False Cape, Virginia, and any tidal-inlet influences gb®@talet, North
Carolina, to the south-pnster and Dolan1996]. We are thus able to focus our analyses

on the morphological effects of wave forcing over 85 km of continuous coastline.



Rendering the shoreline as an array of planar coordinates, we subtracted
the linear trend of the shoreline's original spatial orientation so thatthgsabre
direction corresponds to tlxeaxis and cross-shore ydFigs. 2a, 3a). The shoreline data
points are spaced 5 m apart, an interval dictated by the horizontal accuracldzfrthe
instrument Brock et al, 2002;Woolard and Colby2002; J. Wozencraft (USACE),
personal correspondence, 2006]. At such a small spacing, however, high-frequency
undulations in shoreline position swamp more subtle, lower-frequency patterns. To
isolate alongshore undulations up to the scale of several kilometers, we applied afseri
sequentially larger smoothing windows that function as low-pass signa.filter
comparing shorelines from two different years, for each window size lmdatad the

curvature of the shorelines, where curvatuieg defined as
d’y
dx®

ﬂ 2
dx

N w

andx andy are alongshore and cross-shore position in meters, respectively (Figs. 2b, 3b).
By linearly detrending each windowed shoreline segment before calculatwvegreduce
dy/dxto zero and thus simplify curvature to the second derivative of the shoreline. We
then found the difference in shoreline position between the surveys by subtracting the
earlier positions from the later (Figs. 2c, 3c), and cross-correlated thgecimeshoreline
position with the curvature results (Figs. 2d, 3d), following the techniques and correlat

functions described iBmery and Thompsda004].
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Figure 2: (a) Plots of shoreline position, labeled with general locatioros
Outer Banks towns, (b) 1996 shoreline curvature, (c) difference in shdiee
position from 1996 to 2005, and (d) the cross-correlation between curvature
and position difference, calculated for a 500 m smoothing window. In Fige
2d, the correlation peak at zero lag is outside the bounds of the 95%
confidence interval, meaning the correlation between curvature and pogin
change is robust.
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Figure 3: Plots same as in Figure 2, but calculated for a 2000 m smoothing
window. Note that at this larger spatial scale for the 1996-2005 comparison,
the correlation coefficient in Figure 3d is greater than in Figure 2d.



1.3 Results

We find a persistent, robust negative correlation between shoreline caraatur
shoreline-position change for 1-10 yr time scales and spatial scales fre80000m.
The negative correlation suggests that areas of positive curvature (ceavex-s
promontories) tend to exhibit negative change in shoreline position (erosion landward)
and vice versa. The result is an overall diffusive smoothing of shoreline features.

Figure 4 shows that correlations are strongest over long time interveds lange
spatial ranges, on the order of kilometers for the decadal extent of thealad@nual
time intervals the correlation reaches a maximum at smaller smoetimdgw sizes
(=500 m); for longer time intervals (8-9 yr) the correlation reaches a maxahlarger
smoothing windows (1000—-3000 m). As the size of the smoothing window increases, the
number of independent data points in the series decreases; the number of independent
data points is so small beyond the correlation-coefficient maximum thatlibecuient
correlation coefficients at zero lag do not exceed the 95% confidence interval. (The
confidence interval we employ is the extent to which we can reject the null hyipothes
that there is no relationship between shoreline curvature and shoreline-position)change

As the smoothing window increases, undulations with an increasing alongshore
wavelength are identified (e.g. Fig. 2b compared to Fig. 3b), and the amplitudeeof thos
undulations remains approximately constant throughout the range of smoothing windows.
This analysis confirms that the alongshore features in our study area do ndtaxhibi
dominant spatial wavelength, a finding consistent with previous wavelesanaty

shoreline change in the same regidbaljbens and NelspB000;Tebbens et §12002].
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Figure 4: Plot showing curvature-to-position-change correlation coeftients
versus window size for a range of year-to-year comparisons. At annual
scales, correlation magnitudes reach a maximum around 500 m; at near-
decadal extents, the coefficients reach a maximum between 1000-3000 m.
The correlation between curvature and shoreline-position change may be a
signal of alongshore sediment-transp ort processes; stronger correlatis at
decadal and kilometer scales suggests that alongshore rather than cross-
shore processes tend to dominate shoreline change over longer time s
and larger spatial extents. Where lines are gray, correlation does not exceed
the 95% confidence interval.



1.4 Discussion

As a signature of alongshore sediment-transport processes, the cormekafind
between curvature and shoreline-position change, though significant at annual-and sub
kilometer scales, is strongest at decadal and kilometer scales,tsugtiest alongshore
transport processes tend to dominate shoreline change over longer time iataivals
larger spatial extents while cross-shore processes presumably ahotateologic
variation on shorter and smaller scales.

The spatio-temporal relationship evident in the negative correlation is also
consistent with the analytically predicted time scale for diffusion, in whicé i$
proportional to the square of the length scRleldinare-Consider€l956;Ashton and
Murray, 2006a]. With the negative correlations over annual time intervals strongest at
spatial scales inside a kilometer and over decadal intervals at 2—3 km, thez small
alongshore features exhibit change on shorter time scales than do the ldauges .fea

A negative correlation between shoreline curvature and shoreline-positiayechan
for the barrier-island coast between False Cape, Virginia, and NagsNtetd,

Carolina, dovetails with recent wave-hindcasting analysis for the northeen Bartks
documenting a predominantly a low-angle incident wave climate over thevtas
decades, and with the argument that the shadowing effects of large-scale cépas, suc
those of the Carolinas, tend to create and maintain low-angle wave climalesron t
flanks [Ashton and Murray2006b]. Cape tips, which extend tens of kilometers offshore,
shelter cape flanks from some of the antidiffusive influence of high-areytesyalong

the flanks, steady forcing from a low-angle-dominated wave climate k@vg enough



time scales) will cause alongshore perturbations at all wavelengthfusedithe
resulting process signal therefore should be the same at all spatig) asdting as cape
tips are not included. The negative correlation also supports numerical-modélilitg) res
suggesting that shoreline change over 20 years consists largely dihghsihape
diffusion [Ashton et al.2003].

Though the correlation coefficients are small, a simple comparison experiment
reinforces their validity. A complicating factor in comparing curvaamd position
change is that a bounded, noisy system produces an inherent negative correlation.
Consider a set of randomized points sequestered between an upper and lower bound: if
allowed to migrate over some time interval, points already situated neaatges
cannot cross the boundary and therefore have a high probability of moving toward the
interior of the envelope. The points nearest the bounds create areas of high gswature
their probabilistic migration away from the boundaries reduces curvaturetangpse
negative correlation between curvature and position change comparable to diffusion.
Isolating signals diagnostic of alongshore transport processes thus reterestiating
those signals from a correlation attributable to noise. We generated two raadomi
datasets and processed them with the same steps and algorithms applieddo-the li
derived shorelines. An unsmoothed randomized bounded dataset has a correlation
coefficient of 0.5; with any smoothing, the correlation drops to zero.

A bounded system, if an inappropriate analogy for a true shoreline, is at least a
stringent null hypothesis. More complicating is that alongshore translatieatafés

with a well-defined wavelength does give a negative correlation betweeatunerand



shoreline change: Correlation magnitude increases as translation appro#fches ha
wavelength, producing a maximum correlation at zero-lag in a crosdatimmeanalysis
(as we observe at scales within 2 km), making process signals difficuliteiediiate.

The diffusive influence of a low-angle wave climate for at least twod#eschegs
the question why any bumps in the shoreline still persist (Fig. 1). Theimmdsta
existence outstrips an argument for simple diffusion, but may stem from heieitezge
in underlying shoreface lithologyrjggs et al 1995, 1996€leary et al, 1999;McNinch
et al, 2001;Honeycutt and Krant2003;McNinch 2004]. Integrated alongshore
sediment-transport and geologic framework modelingalvo et al.(2006) offers
evidence for the adjustment and persistence of lithology-related alongstwar@npories
and embayments in low-angle wave climate regimes, and predicts thaatoonsel
between curvature and shoreline-position change can switch from negativeite posit
decadal time scales as the net diffusivity of the wave climate flestadout a mean.
Given a steady wave climate and homogeneous shoreface substrate, our cesgailts w
have predictive application for long-term shoreline change. However, variafility i
annual- to decadal-scale North Atlantic climate, in concert with litholbgica
heterogeneity, complicates predictions of future shoreline position.

Coastal change is one of the few circumstances in which geologic and political
timelines intersect, and with mounting evidence for potential changes m fsemuency
and severity in the future, ocean-side communities are facing increadiffigiylt
management dilemmas (eSJott et al, 2006). Investigation of shoreline evolution and

eventual predictive capacity is therefore of immediate importance to lamagers at all



governmental levels making decisions about coastal public domain, beach restoration,

and erosion response.



2. A Possible Explanation for Regional Patterns dbhoreline
Change (Northern North Carolina Outer Banks, USA)

This chapter is the result of a collaborative project with two other authors: Brad
Murray (Duke University) and Jeffery List (USGS at Woods Hole).

We identify a possible spatial correlation between specific subtle pdan-vi
shoreline bumps and the locations of fluvial paleo-channels underlying the shorefa
along the northern Outer Banks of North Carolina, USA. Combining a review of
published work with new shoreline-change analyses, we hypothesize that thecgeolog
framework of paleo-channels may control the areas of multi-km-scalelisieor
convexity that in turn drive decadal-term changes in shoreline morphologyeloyiradf
gradients in wave-driven alongshore sediment transport. Though our hypothesis stems
from best-available paleo-channel observations, we find disparities in taguligein

need of conclusive reconciliation by the nearshore geoscience community.

2.1 Introduction

Why shorelines accrete in some places and erode in others is of immediate
importance to coastal communities where developed property overlaps theddtea
The sandy barrier-island system of the North Carolina Outer Banks is adttdi@acality
for case study: a wealth of literature exists on the underlying gedtagiework,
derived from core stratigraphy, sediment grab-samples, seismic pyrafie side-scan
sonar (se&loslow and Herorf1994],Riggs et al[1995],Boss et al[2002], McNinch
[2004], Browder and McNinch2006], andViselis and McNinch2006] for extensive

summaries); and a catalog of high-precision shoreline measuremeotdecewith aerial



photography, airborne topographic-mapping lidar, and vehicle-mounted GPS units to
document shoreline-change variability, extends back a decade orlnsbret pl, 2006;
Moore, 2000;Stockdon et al2002;Schupp et a].2006;Lazarus and Murray2007].

That body of previous work, however, focused on nearshore documentation or
correlated geologic features and morphologic variability, without offeainnifying,
process-based explanation for the large-scale morphodynamic behavior ofstlinecoa
We seek to knit geologic data, field measurements of shoreline position askanear
bedforms, and analyses of recent theoretical shoreline models into an idtegrate
hypothesis to explain regional patterns of shoreline change over a range ¢bspiatia

temporal scales.

2.2 Background

Extensive surveys of bathymetry, sedimentary composition, and sub-bottom
structure in the nearshore and back-barrier sounds of the coastal-plain province from
southeastern Virginia to Cape Hatteras, North Carolina, and more localizegissto the
south between Cape Lookout and Cape Fear, North Carolina, have revealed that beneath
a patchy veneer of Holocene sand, truncating the Quaternary stratantipaise the
regional shoreface, is a network of Pleistocene paleo-fluvial channeksathdilled with
Pleistocene and Holocene sediments when rising sea level, following Wisegedow
stands, inundated the coastal floodplafto§low and Heron1994;Riggs et al. 1995;

Boss et a].2002]. Lenses of fluvially-rounded gravel typically line the bottom of the
paleo-channels, overtopped by bedded sequences of muddy estuarine sediments. The

gravels appear in seismic lines as a sharp reflection sulddiich 2004]; when



viewed in cross-section, the gravels define trapezoidal fluvial-channel ggdmrmader
than 13 km at the widesBpss et al.2002], but typically on the order of 2a.0* m [Rice
et al, 1998;McNinch 2004;Browder and McNinch2006].

Comprehensive surveys Byggs et al[1995] andBoss et al[2002]
identify four major branches of the paleo-Roanoke/Albemarle fluvial system tha
intersect the modern shoreface near the towns of Duck, Kitty Hawk, Kill Délg| Bind
Nags Head, North Carolina, north of Oregon Inlet (FigR&ge et al[1998] also map
paleo-channels near Duck in careful detail. Recent bathymetric andcsamatyses of
Duck, Kill Devil Hills, and Nags Head have established a robust spatial ¢mnnela
between paleo-channels >500 m wide and the presence of shore-oblique, neatdbore fie
of unconsolidated sandbars 200-1000 m wide and ~1 km long that persist over multi-
annual time scale®$/[cNinch 2004;Miselis and McNinch2006;Browder and McNinch
2006]. Other studies have linked the same nearshore bars to reversible sharsiore-er
hotspots and shoreline change over similar time scaistsgnd Farris 1999;List et al,
2006;Schupp et al.2006;List et al, in press].

While cross-shore sediment-transport processes typical of storm ewents ar
responsible for little net shoreline changesf and Farris 1999], there is building
evidence that gradients in wave-forced alongshore sediment flux, which is a function of
the relative angle between shoreline orientation and incident waves, may drive
cumulative shoreline change over time scales longer than decades and spasial sc
greater than kmsAshton et al.2001;Ashton and Murray2006a, 2006H;azarus and

Murray, 2007].
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Figure 5: Plots of (a) northern Outer Banks shoreline position (northat left)
relative to the Virginia/North Carolina state line (town of Duck is

approximately between kms 40-45, Kitty Hawk between kms 50-55, Kill

Devil Hills between kms 55-60, and Nags Head between kms 65-70); (b) 1996
(black) and 2005 (red) shoreline curvature; (c) difference in shorele

curvature 1996-2005 shown in (b); and (d) difference in shoreline position
from 1996—-2005. Calculations in (b), (c), and (d) are filtered with a 5000 m
smoothing window. Patterned swatches mark the approximate alongshore
extents of paleo-channels and nearshore bar complexes pulled from bestalat
available in current literature: Rice et al[1998] (wavy lines), a paleo-channel
survey offshore of Duck;Boss et al[2002] (gray dots), comprising three
paleo-channels and the edge of a possible fourth channel north of Duakdy
dots with a vertical dashed line);Browder and McNinch[2006] (cross-hatched
lines); and Schupp et al[2006, Figure 2] (horizontal lines), corresponding to
what the authors describe as "the presence of shore-oblique bars and
troughs.” Note the decrease in positive-curvature peaks in (c) near Dugkm
40), Kill Devil Hills (km 58), and Nags Head (km 77). Our overlay of

reported paleo-channel locations reveals substantial disagreement angp
nearshore surveys. (See accompanying Table 1 for the estimated spans of the
respective channels and bar fields.)



Flux of sediment alongshore is maximized when the angle of incident deap-wate
waves relative to the shoreline is ~4Bshton et al.2001]. For a plan-view bump in the
shoreline, deep-water waves approaching shore from angles greater thamafig¢<l5
set up a convergent (divergent) alongshore sediment flux on the convex-seaward crest
(note that this does not imply a directional convergence) that causes the bumptéo accre
(erode); under a wave-climate dominated by high-angle (low-angle) waaasview
coastline shape is antidiffusive (diffusivéshton et al.2001;Falqués 2003;Ashton
and Murray 2006a].

Lazarus and Murray2007] report that along the North Carolina seaboard north
of Oregon Inlet, over the last decade and at large spatial scales, convaxdsea
promontories have eroded landward while concave-seaward embayments have tended to
accrete; they identify a negative correlation between shoreline curestdirghoreline-
position change consistent with the smoothing effects of alongshore-translients
that result from a low-angle wave climate. But the authors pose the questioim Wigy
inherently diffusional setting of a cape flarkshton and Murray2006b] and given at
least a decade of apparent smoothing, do plan-view bumps in the shoreline persist? They
suggest the answer relates to heterogeneities in the shoreface suHstratwve unite
new shoreline-curvature analyses with paleo-channel data to posit a fraseds-
explanation for persistent patterns of shoreline change evident along the nortlegrn Out

Banks, but applicable to other localities as widtbfieycutt and Krant2003].



2.3 Methods

Shoreline measurements for our curvature analyses come from five lidayssurve
of the northern Outer Banks flown between 1996-2005, converted into high-resolution
digital elevation models (DEMs). To extract a representative shoretimedididar DEM,
we sampled the 1 m topographic contour (at 5 m grid spacing and vertical accuracy to
within ~15 cm, registered to the 1988 North American Vertical Datum), an elevagion hi
enough to minimize wave interferendeagarus and Murray2007]. (For lidar-sensor
descriptions and specifications, visit the NOAA Coastal Services Center at
www.csc.noaa.gov.) We selected long, continuous reaches of shoreline free nétiarde
structures such as groins or seawalls, and crop our field area ~5 km short of Oretgon Inl
in order to focus our analyses on the morphological effects of shoreline-curvature-
affected transport gradientsdnster and Dolan1996;Lazarus and Murray2007].

We calculate shoreline curvature according to the method describadarus
and Murray[2007], removing the linear trend of the shoreline's spatial orientation and
finding the second derivative of the shoreline vector. "End-point” shoreline change is
found as the difference between shoreline position surveyed on two dates. We also apply
a series of Hanning-function smoothing windows over sequentially larger suaties$ to
resolve low-wavenumber patterns in the closely-spaced data. Finally, we defas
convex (concave) seaward in plan view as having positive (negative) curvatdieate
shoreline retreat is defined as negative change, and seaward shah&dineeas positive

change lLazarus and Murray2007].



2.4 Results

Multi-km-scale plan-view bumps in the shoreline near km markers 40, 58, and 77
(south, relative to Virginia/North Carolina state line) appear well-ddfimear the general
locations of paleo-channels identified in the underlying substrate (Figs. 5.aktd!E)se
prominent curvature peaks we find a demonstrable near-decadal-scale decrease i
curvature and corresponding negative change in shoreline position beginning at
alongshore scales of ~5 km (Figs. 5, 6 and 7); as smoothing windows approach 10 km
spans, the filtering algorithm erases and distorts too much of the naturalrshpegtern
and we reach the spatial limit of our survey extent.

In Fig. 5, the positive-curvature bump near Duck (km 40) coincides with the
identification of paleo-channel networks in the local shorefadeity et al[1998] and
sits between a smaller channel and a speculated branch to the north docunteogsd in
et al.[2002].Boss et al[2002] also find a paleo-channel offshore of Nags Head (km 70),
which visually corresponds to a small area of positive curvature Bereger and
McNinch[2006], however, place that same paleo-channel branch a few km3whtipp
et al.[2006] map the presence of shore-oblique bar fields, noting that they tend to occur
adjacent to gravel outcrops. The shaded extent near km 77 denotes a bar field and
associated gravel substrate but not necessarily a paleo-channelettad iseters of
shoreline change there may express the dynamics of Oregon Inlet, whielwkeshan
5 km to the south; at the very least, the proximity of the inlet prevents us from at¢ribut

the change to a particular process.



Figure 6: Plot of six lidar-derived calculations of shoreline curvature ér
surveys between 1996 (bold black) and 2005 (bold red), filtered with a 5000
m smoothing window. Prominent peaks of positive shoreline curvature oac
near Duck (km 40), Kill Devil Hills (km 58), and Nags Head (km 77). Over
the near decadal period that the surveys span, the peaks exhibit an overall
decrease in curvature indicative of locally focused erosion and a trend
toward shoreline smoothing consistent with expected diffusional &ftts of the
low-angle wave climate hindcast for the region. The 1998 and 1999 surveys
were flown following major hurricane events (Hurricanes Bonnie, and
Hurricanes Dennis and Floyd, respectively), which may account for locakd
exaggerations in their shoreline shapes.



Figure 7: Plots of shoreline curvature calculated from 1996 (black) and 2005
(red) surveys and filtered with (a) 2000 m and (b) 5000 m smoothing
windows. The comparison reveals high variability in shoreline behavior at
spatial scales up to ~1-2 km, but the predominance of a pattern of reduced
curvature at scales greater than ~5 km (Fig. 6) for near-decadal time scales.



The greatest accord among paleo-channel surveys is offshore of Kitty Hawk and
Kill Devil Hills (kms 49-58), wherdRiggs et al[1995],Boss et al[2002],McNinch
[2004], andBrowder and McNincli2006] map a paleo-channel that extends ~7—8 km
alongshore. Furthermor8chupp et all2006] map a related series of bar fields over a
broader, inclusive span of nearly 15 km (Fig. 5 and Table 1). The margin of the major
paleo-channel terminates, however, just north of a change in shoreline orientation ne
the Kill Devil Hills South Pier (km 58), a subtle alongshore adjustment that oututeva
measurement brings into high relief (Figs. 5, 6, and 8). As we will discuss, the
concentrated, complicated patterns of shoreline curvature and position change
immediately south of the paleo-channel and bar fields (Fig. 5) are argakigdrto
those features, even if the curvature peak and shoreline-change signai$vbe are
spatially offset from the shoreface anomalies.

High variability typifies shoreline curvature measurements at ssaialier than
~1-2 km, up to the scale of nearshore bar complexes (Fig. 7). Figure 7a compares
shoreline curvatures for 1996 and 2005, smoothed with a 1 km window, plotted against
alongshore position. Note the apparent phase shifts in the small-scale undulations (order
10° m) between kms 50—60 near Kill Devil Hills. In Figure 7b, however, shoreline
curvature for the same alongshore section has been smoothed with a 5 km filter, and the
negative change in positive curvature between 1996 and 2005 is evident at the major
peaks near kms 40 and 58. We maintain that the link between spatial scale and change

signal is central to differentiating among the transport processeslkat@uar short



Figure 8: Plots of (a) shoreline position near Kitty Hawk and Kill Devil Hils,

(b) shoreline curvature from 1996 (black) and 2005 (red), (c) difference in
shoreline position between 1996 and 2005; note that (b) and (c) were filtered
through a 5000 m smoothing window. Registered to the same alongshore
scale as (a), (b), and (c), schematics (d) and (e) show the anomalous bar-and-
tough complex that dominates the shoreface bathymetry at Kill Devil Hi$

(d), and a cross-section of the nearshore paleo-channel there (e). Both
schematics are afteMcNinch [2004, Figures 8 and 13]. Our hypothesis
regarding physical controls on shoreline evolution integrates the five

elements depicted.



Table 1: Bank-to-bank locations of northern North Carolina Outer Banks
paleo-channels Rice et al, 1998;Boss et al.2002; andBrowder and McNinch
2006] and bar-and-trough complexes3chupp et al.2006] relative to the
Virginia/North Carolina state line (in km). "Swatch" column corresponds to

pattern distinctions used in Figure 5.

LOCATION
(Vicinity) Duck Kill Devil Nags
SWATCH | SOURCE Hills Head
(Figure 1) | (Reference)
=50 ¢ | Rice et al. [1998, Figure 2] 36-43 - -
%f
. ?-36;
Boss et al. [2002, Figure 4] 4945 49-56 68-72

Browder and McNinch [2006,
Figures 8, 9, and 12]

- 50-58 64—-68

69-70;

Schupp et al. [2006, Figure 2] - 46-60 71-73;
7678




scales, cross-shore sediment-transport patterns tend to swamp any shioaeliyes c
attributable to alongshore transport, but viewing shoreline change (for deasagis3 at
large spatial scales tends to filter the former signals and renderténeriate apparent

[Lazarus and Murray2007].

2.5 Discussion
2.5.1 An Amendment to Previous Modeling Comparisons

In the course of exploring our data, we compared individual shoreline surveys to a
six-year-mean shoreline and identified a problem with an argument posed in a previous
numerical-modeling investigation into long-term erosion hotspots on the northern Outer
Banks [Ashton et al.2003].Ashton et al[2003] calculate the difference between a 1980
shoreline survey and a mean 1999-2001 shoreline, then compare that result to the
difference between the 1980 shoreline and the output of a numerical simulationshat use
the 1980 survey as the initial condition and subjects the shoreline to a predominantly low-
angle wave climate (consistent with the hindcast wave-climate measutéée horthern
Outer Banks). The two difference calculations show an impressive match, suggast
overall smoothing of the shoreline, but is a result that belies the effects afjiager
Ashton et al[2003] compare a single shoreline to a mean shoreline, and mean shorelines
are inherently more smooth than the individual shorelines that comprise them. High-
frequency variations within each survey get amalgamated and reduced, so that a
shoreline-position-change comparison between any one shoreline and a mdareshore

will always produce a result suggestive of diffusion.



2.5.2 Paleo-channel Positions and Shoreline Curvature

There is no clear consensus in the literature on the bank-to-bank locations of the
paleo-channels (Fig. 5 and Table 1), and if personal communications aex furt
indication, little agreement among coastal scientists familiar WwéHi¢éld area. Exact
locations of northern Outer Banks paleo-channels are difficult to discern from the
published technical figures in which they appear. When paleo-channels that are
ostensibly the same, documented in different studies, are plotted atop eachigtfgr (F
their mismatched spans reveal puzzling disparities in the channels' reponigshake
extents.

ThoughBrowder and McNincfi2006] saw no paleo-channel in their side-scan
records offshore of DuclRice et al[1998] andBoss et al[2002] both document
channel structures in the Duck shoreface. Figure 5 shows a convex-seaward bump at
Duck within the approximate alongshore extent of where the Duck paleo-channel, if
present, presumably sits. The convex-seaward bump at Kill Devil Hills5Fig.
corresponds to an inflection point in the shoreline immediately south of the Kill Devil
Hills paleo-channel. In seismic surveys the paleo-channel appears to pasis ttenea
barrier island at an oblique angle to the shoreline, and the spatial lag bdteebarinel
and the shoreline-curvature bump is perhaps related to that non-orthogonal incident
geometry, combined with a moving shoreligelupp et al.2006]. Likewise, while
some argue that a large paleo-channel trunk extends offshore of NagRityesdet al.
1995;Boss et a].2002], others find that any channel evidences near Nags Head are close

to Oregon Inlet and comparatively min&chupp et al.2006]. Measurements of wave-



driven shoreline change so close to the inlet margin, which lies a few km south of our

survey extent, can be difficult to distinguish from normal fluctuations in inlet positi

2.5.3 Our Coupled-System Hypothesis

Browder and McNincli2006] establish a correlation between paleo-channels and
shore-oblique sandbar fields that coincide with gravel outcrops, and speculate that the
bathymetric anomalies of the bar fields alter incident wave energy inthatyaffect
shoreline behavioSchupp et al[2006] more directly correlate the same nearshore
sandbar fields and gravel outcrops with shoreline change, finding pronouncedriong-t
erosion onshore of the shore-oblique bars. Figure 7 suggests that over multi-km spatial
scales, the small-scale and rapidly changing shoreline patterns—pattnidqosable to
the complex hydrodynamics of nearshore bars—filter out to lay bare thmpaitéong-
term, large-scale shoreline changjagarus and Murray2007]. We offer that the linkage
between paleo-channels, bar fields and gravel outcrops, and long-term patterns of
shoreline change is the relationship between shoreline curvature and gradients in
alongshore sediment transport (Fig. 8).

If multi-kilometer-scale areas of curvature in the shoreline (Fig. 818 aapatial
correlation with relict river channels in the shoreface (Fig. 8e), whichstblgas may be
spatially correlated with systems of shore-oblique sandbars in the nearsbo8sl{Fwe
hypothesize that the presence of relatively coarse paleo-channehtajlibtough
interactions with patterns of alongshore sediment flux, holds the large-aozd¢uce of
the shoreline in place, allowing areas of positive curvature to persist desjpite a w

climate that tends to focus erosion at such promontories. Large-scalénghcuevature



could thus set up gradients in wave-driven alongshore sediment transport that over long
time and large spatial scales will tend to drive net shoreline change. Oveestuotal

and spatial scales, however, the high variability evident in shoreline-chatgmpat

likely results from complex hydrodynamic interactions with the nearstaoridids.

Recent analyses of shoreline change along the North Carolina Outer Banks have
suggested that even subtle curvature is enough for corresponding gradiemtgshaie
sediment transport to be effectingg]vo et al, 2006;Lazarus and Murray2007].

However, if the wave climate in this region tends to cause smoothing of thensoastl
over long time scaleg\shton and Murray2006b], why have the coastline bumps not
diffused away? The key may lie in alongshore variations in shoreface lithalagthdse
the paleo-channels introdudéalvo et al.[2006] present a numerical coupled geologic-
framework/alongshore-sediment-transport model that predicts that subtlenooies
will develop where a greater proportion of the sediment created by sleovegathering
is 1) coarse enough to stay in the nearshore system, and 2) more fine sedioséitt is |
the intervening embayments as a coastline retreats landward. The angfiitoele
undulations, and the associated curvatures, reaches a steady state whatsgradi
alongshore transport redistribute sediment from promontories to embaymeaygigs r
as fine sediment is lost from the embayments.

The steady-state amplitude of these shoreline undulations depends on the wave
climate, parameterized by an effective diffusivity that exprelssesrapidly sediment
tends to be redistributed. Fluctuations in effective diffusivity in this schethpraduce

fluctuations about the long-term steady-state amplitude of offset in whiddpevhen



erosion is accentuated along the promontories alternate with periods when the
embayments erode more rapidi¥a]vo et al, 2006].

Extending this model-generated hypothesis to the Outer Banks system, we might
expect areas of convex-seaward curvature to correspond to relatively sodeslying
material, such as that in paleo-channels (Fig. 5). We might also expastaishoreline
onshore of paleo-channels to be erosional hotspots for some number of years (while the
intervening embayments are hotspots at other times), persisting forahiltme scales
proportional to the squared length scales of the paleo-channels and inte Pleldesfe-
Consideré 1956;Ashton and Murray2006ajLazarus and Murray2007]. During times
in which the channel-related promontories are eroding relatively rapidlgeassgo
have been the case recently (Figs. 5 and 6), gravel deposits will tend to be exgsged, |
initiating a feedback the creates the shore-oblique bars and troughs and the ctnseque
shorter-term, smaller-scale erosion hot spBteyder and McNinch2006;Murray and
Thieler, 2004;Coco et al. 2007a and 200718chupp et a) 2006].

In the modeling oValvo et al.[2006], the fluctuations in the wave climate were
stochastic. However, recent observations indicate a systematic shiftercivaates
along the southeastern U.S. coastline, as tropical-storm-generated waves laegem
[Komar and Allan 2008]. Given the directions from which these waves tend to come
(nearly shore-normal to the overall coastline orientation, as hindcast frakd NOS
buoys off the Carolina coast; Dylan McNamara, pers. comm., 2008), this clihaatgez
related shift corresponds to an increase in the effective diffusivity ahengorthern

Outer Banks coastline. Our posited connections between alongshore lithological



variations, subtle alongshore undulations, and large-scale patterns of shorelgee chan
(Fig. 8) would by extension hold that promontories will continue to experience enhanced
erosion relative to the intervening embayments as long as the apparent trarmtl tow

increased hurricane intensity continuksiinar and Allan2008].

2.5.4 New Findings in Hydrodynamic Modeling

In a related paper currently in review for this jourhadt et al.(in review) find
that the fully hydrodynamic model Delft3D supports their hypothesis tharpsitf
shoreline change on the North Carolina coast result from alongshore transpodgwsoces
modified by bathymetric irregularities on the shoreface analogous to iheebhar-and-
though field offshore of Kitty Hawk. The authors report that the model output of evolved
shoreline morphology is consistent with the scales of field observations. Magreisvet
al. (in review) investigate the mechanistic processes by which plan-vaelisies tend
to remain smooth, despite the influences of nearshore bathymetric anomaieesl(i
note that our curvature measurements are very small, betwéeh(Pam™ in scale).
One-line shoreline-evolution models based on the range of available alondskore-f
equations predict a morphological instability under high-angle wave regimésch
perturbations to the plan-view shoreline tend to grashfon et a.2001;Ashton and
Murray, 2006a]. But with their more precise hydrodynamic calculatioiss et al.(in
review) describe the onset of a negative feedback between the radiassngsadient
and pressure gradient force (the mechanisms for alongshore sediment traingport)
limits and ultimately inhibits exaggerated shoreline response to nearsittloyenbtric

anomalies. They speculate that local variability in the long-term shoezliseon



observed in the vicinity of Kitty Hawk could be the result of a change in the incident
wave climate or in the configuration of the nearshore bar complex itself, beittiex
way the erosion pattern indicates the persistence of a bathymetric groonthé
shoreface over several decades.

Falques[2003] andList and Ashtori2007]further refine predictions by CERC-
eguation-based shoreline evolution models by identifying a possible minimum
alongshore scale for promontories to trigger the high-angle-wave sieoireditability.
List and Ashtorj2007] find that shoreline behavior at the promontories shifts from
erosional at the 4 km scale, below which a smooth shoreline is maintained, to
accretionary at the 8 km scale, in contrast with previous theoretical work@tbat
promontory growth is independent of scaaliton et al.2001].

Variability in shoreline position at relatively small spatial scaleslér ~2 km)
represented in Fig. 7 raises an interesting problem when trying to detedinghore
straightening by cross-correlating curvature with shorelineipasihangellazarus and
Murray, 2007]. In some areas shown in Fig. 7a, such as near km 55, km-scale undulations
seem to have translated alongshore, while other areas show less regulas thange
location and amplitude. In their analysis of shoreline curvature and shorelitierpos
change for 1996—-200kazarus and Murray2007] find a negative cross-correlation
coefficient at zero-lag that increases with smoothing-window size to amaaxof -0.5
at spatial scales ~3 km. But such a signal does not necessarily imply shemeioihing;
alongshore shifts of features with a well-defined wavelength also resakgative

correlations between curvature and shoreline change with a correlatiortudaghat



increases as the average translation approaches half a wavelengiphds89shift); such
behavior creates a maximum correlation at zero-lag in a cross-comedatlysis, as
Lazarus and Murray2007] observellazarus et al.2007]. At relatively small scales, the
correlation between shoreline curvature and shoreline-position change thus appears t
result more from effectively stochastic shifts in shoreline undulations, sutiose that
might arise from bar-controlled modifications of nearshore processes, than from
shoreline-curvature-related transport gradients.

List and Ashtorj2007] suggest that small-amplitude perturbations probably do
not grow under uniform, open-ocean conditions, but if promontories of the requisite scale
were already present as a result of geologic-framework conditions erctber
formation mechanism, then instability could control subsequent coastal evolution. The
presence of paleo-channels in the shoreface might be one such geologic flamewor
condition. The relevant alongshore scale of ~8 km fA@inton and Lisf2007] is also
independently approximately consistent with the data we present here (Fig8)7 amdl
with related work by.azarus and Murray2007] arguing that patterns attributable to

alongshore sediment processes are discernable at spatial scaiesthesn ~3-5 km.

2.5.5 A Collegial Call to Action

In order to rigorously test our hypothesis and calibrate model predictions
of large-scale shoreline evolution, the coastal science community needs i tieie
disposal accurate, definitive field measurements of high-resolution shebettdometry,
sub-bottom acoustic profiles, and hydrodynamic and transport parameters. Waere dat

that identify paleo-channels, lithologic outcrops, and large-scale bedfdds dieeady



exist, they need to be made available to the research community at largdygaublis
outright or reformatted from closed internal reports. We call upon nearshoaiechess
to rally around the northern North Carolina Outer Banks as a principal areador cas
study, perhaps in a collective undertaking analogous to a Critical Zonev@tosgr Data
collection and synthesis for the region is a goal within our collegial grasp, and such
collaborative, interdisciplinary efforts could well blaze the way foerfituned and more

robustly predictive models of shoreline response to anticipated changes in sysiam f



3. Power Laws and Processes in Shoreline Change

This chapter is the result of a collaborative project with four other authors:
Andrew Ashton (Woods Hole Oceanographic Institution), Brad Murray (Duke
University), Sarah Tebbens (Wright State University), and Stephen Burroughs
(University of Tampa).

This investigation of large-scale coastal behavior explores the previous finding
that shoreline change on a sandy coast is a self-affine signal, wheremgattchange
are scale-invariant. Applying wavelet analysis to multiple surveysareine-position
change along the North Carolina Outer Banks, we confirm that a powerdatwefit
average variance of shoreline change at alongshore scales spanning over twaf orders
magnitude (5—-2000 m) and that the fitted slopes vary in a consistent way between
different shoreline areas. A power law can imply the dominance of a singlspmce
interaction across a range of scales. The power law we find, however, does not
necessarily indicate a primary driver; the beach changes we makslyredsult from a
variety of distinct hydrodynamic and sediment-transport processes.&& pagdeling
experiment further suggests that the observed power law is not an obvious function of

wave-driven alongshore sediment transport alone.

3.1 Introduction

In coastal morphodynamics research, two broad questions have particular
consequence: Over what spatial and temporal scales does a pattern of cteardjeand

can we attribute that pattern to particular physical processes? Exgptarfat patterns of



shoreline erosion and accretion are relevant anywhere human infragtrexisis on
dynamic coasts. Using field data to quantify the scales at which dominageshascur,
and using models to infer the processes and forcing behind those changes, are steps
toward eventual prediction of storm impact and forecasting long-term landstapge.
The work we present here is a hypothesis-testing bridge between two recent,
independent studies that approached sandy shoreline-change phenomena in novel ways,
one theoretical4shton et al.2001], the other analytical €bbens et gl2002].Ashton et
al. [2001] introduced a numerical shoreline-evolution model that predicted wave-driven
gradients in alongshore sediment transport could produce self-organized, emergent
features on spatial scales from sand wavesrt)Go regional capes (ién). The
alongshore-transport gradients that drive large-scale shoreline chahgemodel are
strongly dependent on the angle between shoreline orientation and deep-water wave
crests. For plan-view perturbations on a nearly straight coastline, thatidtion
simplifies shoreline behavior to an effective diffusivity, the sign (positiveegative) of
which is largely a function of wave-incidence angle. As wave obliquity inesedse
effective diffusivity of the shoreline decreases, such that for large mm@dEngles
(>~45°), effective diffusivity becomes negative and alongshore shorelinglgmgrons
tend to grow. Even a coast dominated by diffusive, low-angle waves experiences a
seasonally integrated mix of waves that approach from high angles; arsghtinatiis
almost smooth will still have periods during which plan-view perturbatians ar
exaggerated and subsequently reorganized during the next period of smoashitog [

and Murray 2006a, 2006b].



The means by which small-scale shoreline perturbations*(m)@ffect larger-
scale change remain poorly understood. A possible window into those transiticesl stat
however, came with the resultTrebbens et a[2002] that shoreline-position change,
determined from alongshore surveys extending tens of kms, can be descriljsalzy a
law, for which the scaling exponent is a measure of the surveyed arealréraghness.

The authors applied wavelet analysis, a technique analogous to Fourier decomposition
particularly useful for nonstationary series, to a lidar-derived survey dcflsteochange
along the North Carolina Outer Banks between 1997-1998, and found that a power law
related the average variance of shoreline change to alongshore scales spaardeg a

of magnitude (1&-10° m). They speculated that the self-affine signal, in which the
pattern of beach change is apparently scale-invariant, might be a signatiiheiofa)
nonlinear feedbacks related to wave height or energy, or (b) a stochastiodifftecess
[Pelletier and Turcotte1999].

Thus motivated, we examine three linked questions: (1) Does wavelet analysis of
other shoreline-change surveys reproduce the self-affine signals shdelnbiens et al.
[2002]? (2) Can we characterize shoreline behaviors as the emergent refadtbatk
mechanisms within a complex, wave-driven system as descril#eshion et al[2001]
andAshton and Murray2006a, 2006b], and find fractal roughness negatively correlated
with effective diffusivity? Or (3), do the patterns of shoreline change appeasult

from simple stochastic diffusion?



3.2 Methods

Here we offer a brief outline of our investigatory method; we provide a dktaile
explanation of our steps in Section 3.5.

High-resolution topographic lidar surveys of the North Carolina Outer Banks
from 1996, 1997, 2005, and 2008 allow robust, quantitative measurements of shoreline
change [e.g.$tockdon et al2002]. We examined data for two continuous reaches of the
North Carolina coast: 80 km of the Northern Outer Banks, from the Virginia statli
north of Oregon Inlet; and 50 km of Pea Island, from south of Oregon Inlet to north of
Cape Hatteras (Fig. 9). We cropped our surveys ~5 km short of inlets and capes to bett
isolate the effects of wave-driven transport gradients in the shorelingechemal
[Fenster and Dolanl1996;Lazarus and Murray2007]. End-point shoreline change is the
difference between shoreline position surveyed on two dates.

We compared our change surveys to output from a one-line numerical model of
shoreline behavior that uses a continuity equation for alongshore sediment triregport
relates shoreline change to transport gradients forced by largezsaaténe curvature
interacting with different prevailing wave climates [eAgshton et al.2001;Ashton and
Murray, 2006a]. We generated simulated shorelines from different stochastic initial
conditions: white noise perturbations, brown noise perturbations, and straight shorelines
to which white-noise perturbations were iteratively introduced. To impose diffeeve
climates, deep-water wave angles were randomly selected fronediffegobability
distribution functions of incident wave directions. Wave height and period were held

constant throughout each simulation.



Figure 9: Map of study area ("NOBX" denotes the Northern Outer Banks).
We compare lidar surveys from 1996, 1997, 2005, and 2008 to measure
shoreline change.



To gain a representative measure of regional wave-climate, weatatt
dimensionless shoreline-instability indices for the coast north of Capeasatiecording
to the method described Ashton and Murray2006b]. The shoreline instability index
( ) stems from a sediment-transport diffusion equation in which the diffusivitg/s’),
varies with the relative angle between the shoreline and incident waves. idatiolof

for a given alongshore extent produces an index value for= 1) indicates an
entirely diffusive, low-angle wave climate; € -1) an entirely antidiffusive, high-angle
wave climate; and (= 0) a wave climate on the verge of instability.

Finally, we quantified shoreline-change variability using wavahéaysis [e.g.,
Tebbens et al2002]. Wavelets are scaled filter transforms that, when convolved with a
signal, return coefficients constituting a spatially localized meas.sigdl variability at
a given scale. (For excellent explanations of wavelets and their histopgrpes, and
applications, we recommertlbbard[1996] andNievergelt{1999].) We convolved
shoreline-change signals with a wavelet transform, squared the resokifiigients to
find signal variance, and then averaged over the length of the signal to find theeaverag

shoreline variance at each wavelet scale.

3.3 Results

3.3.1 Power Laws

We find that a power law in the ford  Cx, , whereV is variance of the

shoreline-change signdl, a fitting constantys the wavelet scaling parameter, ana



measure of fractal roughness, can describe the relationship betweerréye aagiance

of shoreline change at alongshore spatial scales spanning over two ordegniéide,

from approximately 5-2000 m (Fig. 10a). Thand Rvalues listed in Table 2 are

products of least-squares fitting for alongshore scales 5-2000 m. Averageeareands

for the Northern Outer Banks and Pea Island plot in two distinct groups, wélues for

the Northern Outer Banks ranging from 1.10-1.68 andlues for Pea Island comprising

a consistently higher range between 1.59-2.18; between each pair of sufeeyea

Island is higher than for the Northern Outer Banks. Surveys of shoreline changagpanni

the shortest durations (1-3 years) return the loweatues, and vice versa (Table 2).

3.3.2 Dimensionless Instability Index

For wave data between 1997-2005 (see Section 3.5), we calcwiiges of
0.31 and 0.22 for the Northern Outer Banks and Pea Island, respectively, values
consistent with those formulatedAshton and Murray2006b, Fig. 6]. By that metric,
Pea Island is closer to verging on instability 0) than are the Northern Outer Banks,
but values for both locations fall well within the "stable," diffusive domain of a low-

angle wave climate.

3.3.3 Model Results

As in the natural system, average variance of shoreline change in our simulations
relates to alongshore scale by a power law. The negative correlaticgebetvalues
and stability indices measured for the Northern Outer Banks (Itwgh ) and Pea

Island (high , low ) could be evidence that a slightly less stable wave climate is



Figure 10: (a) Log-log plot of average shoreline-change variance versus
alongshore scale (5-5000 m), calculated using a continuous wavelet
transform. The data trends can be described by a power law in which the
scaling exponent is a measure of fractal roughness (Table I). Letters "N" and
"P" denote shoreline-change comparisons for the Northern Outer Banks ah
Pea Island, respectively; Pea Island variance trends (reds) are corisistly
greater than those for the Northern Outer Banks (blues). Dashed lines i

both (a) and (b) are power-law fits for N9608 ( = 1.86) and P9608 (= 2.52)
across scales 5-2000 m. In (b), superimposed on the longest-term shoreline
comparisons shown in (a) are different coastal morphodynamic processats
the typical spatial scales they affect.



Table 2: A comparative list of values (a metric for fractal roughness) and
R? calculations for power fits to data shown in Figure 10. Regressions are
based on least-squares fitting applied to scales 5-2000 m.

Shoreline Change Northern Outer Banks Pea Island
(Dates)
1996-1997 =1.63; R=0.96 =2.11; R=0.98
1996-2005 =1.84; R=0.99 =2.19; R=0.99
1996-2008 =1.86; R=0.99 =2.52; R=0.99
1997-2005 =1.78; R=0.98 =2.20; R=0.99
1997-2008 =1.84; R=0.99 =2.50; R=0.99
2005-2008 =1.48; R=0.98 =2.02; R=0.96




affecting higher variability in shoreline change; all our simulations, howesteirned
results demonstrating that fractal roughness is independent of wave céretehose
simulations involving wave regimes verging on instability and dynamic intraguofi
stochastic perturbations. Figure 11 shows wavelet analyses of severanditirown-
noise shorelines subjected to two different predominantly diffusive wave etintaeir
values appear entirely dependent on the initial condition of the shoreline.

The experiment does indicate, however, that the shoreline-change signals we
measure in the natural system are not the result of (a) diffusion of an itiiatwoise
shoreline, (b) diffusion of a shoreline to which white-noise perturbations are irgduc
over time, or (c) diffusion of an initial brown-noise shoreline. The modeling ssipest
the consistent differences between Pea Island and the Northern Outer Banks are
related to a difference in wave climate between the two locations or eqeemge of

simple diffusion of a stochastic element.

3.4 Discussion and Conclusions

Using multiple independent shoreline surveys from two discontinuous areas of the
North Carolina coast, we successfully reproduce the power relationship between
shoreline-change variance and alongshore scale documefitelldans et a[2002],
with comparable values for Pea Island where our survey locations overlap with theirs.
The application of wavelet analysisTebbens et a[2002] determined a power law for
alongshore scales spanning two orders of magnitude, which our calculations dorgthe |
duration surveys expand to approximately three, from 5 m to nearly 5 km (Fig. 10b). The

low values for surveys spanning short durations (1-3 years) suggests that shoreline



Figure 11: Plot of average variance of shoreline change versus alongshore
scale for simulated shorelines (model output), calculated using a contious
wavelet transform. Shoreline initial conditions were generated from
stochastic Brown noise and subjected to two different diffusive wave
climates, one stable (blue) and the other on the verge of instability e
Though the modeled trends can be described by a power relationship, as in
Fig. 2, fractal roughness depends on the initial variability of the shoreline
and is apparently independent of wave climate.



change over shorter time scales tends to be of smaller overall magnitleléavgar-

scale changes in shoreline position aggregate over longer time scakad} aonsistent
with Lazarus and Murray2007]. The power laws also fit the data better (higher values
for R?) in each of the 11- and 12-year comparisons (Table 2), suggesting that given a
sufficiently long temporal record, the power law might extend to largérssCehe
comparisons we present here represent the best-available data; in fact, #0896
shoreline-change signal we generated constitutes the longest tesyveesl of lidar-
derived shoreline change documented to date.

Expression of the power law across such a broad spatial range raisegyamgntr
guestion regarding power laws and their interpretation with respect to thegg®ces
responsible for change. In many cases, the occurrence of power laws -egich iz f
patterns in nature likely reflects the scale-invariant dominance of one tyteraiction
[Murray, 2007]. Sediment transport in drainage basins, for example, controls the spatial
distribution of branched channels and tributaries [Eglletier, 1999]; fluvial-channel
avulsions [e.g.Jerolmack and Paola&2007], avalanches in anisotropic granular material
[e.q.,Frette et al, 1996], and the stick-slip dynamics of earthquakes [Eaylson and
Langer, 1989] are other examples of scale-invariance.

In contrast to these systems, despite the apparent scale invariance of sandy
shoreline change, beach-shaping processes are not the same across altalestidtig.
10b). At scales on the order of'1i, swash-zone feedbacks can give rise to patterns of
beach cusps [e.dVerner and Fink1993;Coco et al. 2003]; surf-zone currents

interacting with and reorganizing sandbars can affect beach changes atethef 46



m alongshore [e.gRuessink et gl2007]; wave propagation over larger-scale complex
nearshore bathymetric features, such as persistent shore-obliquedsahtsl been
associated with shoreline change on the order b cNinch 2004;Schupp et a).
2006;List and Ashton2007]; and recent work suggests that large-scale shoreline
curvature on the order of several kms may drive gradients in alongshore-sediment
transport that affect large-scale shoreline chahgedrus and Murray2007]. The power
law behavior of sandy shoreline change likely does not reflect the dominance of any
single process across the scales, suggesting that power laws shouldobet@te
cautiously [e.g.Murray, 2007].

Our shoreline-change data exhibit a power law, but our model results seem
inconsistent with the hypothesis that fractal roughness is a simple functi@vet
driven effective diffusivity. Why then does Pea Island exhibit a fractgmoess
consistently higher than that of the Northern Outer Banks? One reason may be
differences in bathymetric complexity on their respective shorefacegniiide of
shoreline change along the Northern Outer Banks is relatively small frovirghieia
state line down to a bend in the coastline near the towns of Kitty Hawk and Nags Head
(Figs. 9, 12a), where a paleochannel outcrops in the shoreface and a related field of
shore-oblique bars maintains itself in the nearshore 2doNihch 2004;Schupp et aJ.
2006;Coco et al. 2007a, 2007b]. The bar field constitutes a bathymetric anomaly that
alters currents and may affect dramatic beach changes over alongsieses¢8 m

[Schupp et al2006,List and Ashton2007]. Significant shoreline change orf-110° m



Figure 12: Plot of 1996—-2008 shoreline-change wavelet coefficients for the full
alongshore extents of (A) the Northern Outer Banks and (B) Pea Islandh&é
high variability (proximal light and dark zones) at scales >1&between kms
50-60 of the Northern Outer Banks is coincident with a paleochannel and
shore-oblique bar complex in the nearshore zone at Kitty Hawk; significant
variability at equivalent scales between kms 15-20 and 35-45 of Pea Island
may be related to hardbottom shoals offshore of Rodanthe and Avon,

respectively.



scales at Pea Island, however, occurs over a greater alongshore egteifl{};iwith

two focused areas of erosion onshore of hardbottom shoals near Rodanthe and Avon (Fig.
9) [Riggs et al.1995]. Furthermore, preliminary findings from new data-acquisition
techniques indicate other shore-oblique bar complexes morphologically similardgo thos
identified to the north are dispersed along Pea IslgiedN[nch 2007; J. McNinch,

personal communication]. The slopes of the power-law fits we find may therefore

guantify the relative influence of geologic framework on patterns of shorélareye.

3.5 Appendix: Analytical Methods
3.5.1 Shoreline extraction

To extract a shoreline from a lidar survey we followed the routine described in
Lazarus and Murray2007], converting a raw Cartesiaq ¢, 2 point-cloud to a digital
elevation model (DEM) using the Fledermaus 6.3.0e software suite @3p). For
spatial continuity, we gridded all surveys to 5 m spacing, registered them to the 1988
North American Vertical Datum, and projected them to the UTM NAD83 Zone 18N
ellipsoid. In ArcGIS 9 (b[ESR) we sampled the 1 m topographic contour, typically
accurate to ~15 cm in lidar measurements, and converted the shoreline vector to points.
All data sets were downloaded from the NOAA Coastal Services Centgital Boast
portal. (For specific information regarding lidar technology and data, visN@®A
Coastal Services Centervatvw.csc.noaa.goyThe 1997 lidar survey we use is not the

same as the 1997 survey analyzediebbens et a[2002].



3.5.2 Numerical Model

In quantifying wave climates, we folloAshton et al[2001] andAshton and
Murray [2006a], using a deep-water transformation of the CERC forr{laér and
Inman 1970;Komar, 1971;Rosati et al.2002] for alongshore sediment transpQx,
(m%s):

1 1 6

Q. KHgsT®cos(, )sin(, ) 1)
whereK is an empirical constartty is deep-water wave height, shoreline

orientation, and , the orientation of deep-water wave crests. The deep-water

transformation, detailed iAshton et al[2001], assumes refraction over shore-parallel

contours, that breaking waves are fully shallow-water waves, breaking isliseiptd,

1
and thatcos’( , ) 1. The model domain is plan-view, discretized in the alongshore

direction. Nearshore sediment is conserved.

3.5.3 Wave Energy and Stability Index

Our wave data come from the NOAA National Data Buoy Center (NBDC) Buoy
44014, located in 47.5 m of water 64 nautical miles east of Virginia Beach, Virgiga. T
buoy's data log offers an hourly record of significant wave height and directionoback t
1993. (Sedttp://www.ndbc.noaa.gov/station_page.php?statict3#for buoy

information and available data.)



To determine relative shoreline orientationsfor our survey areas, we measured
their respective strikes on a map projected in UTM; we found the Northern Outer Banks
strike N16°W and Pea Island N2°W.

Shoreline diffusivity, (m/s), can be considered in two parts, one a contribution
from wave height and the other a contribution from wave angle. We computed the

incident wave energ\E):

E TSHS® 2
whereT is wave period anHl is the significant hourly wave height recorded at the buoy.

We then multipliecE by the component of diffusivity related to relative wave ang)e (
2 6
cos(y ) gsin(o ) coS(, ) (3)

to produce a value forfor each wave value recorded over the desired time interval. By
summing over the number of data poimsand normalizing, we computed the

dimensionless instability index ).
I (4)

thus quantifying the relative balance between diffusion and antidiffusion.

3.5.4 Wavelet Analysis

We performed our wavelet analyses using the Wavelet Toolbox in Matldathéy

MathWorks, Ing. We convolved shoreline-change signals with a second-order



Daubechies waveletlf2) in a continuous wavelet transform (CWT)lla2 wavelet,
because of its relatively simple shape, is good at resolving low-frequenesnpatVe
also tried &Haar wavelet—the same as a first-order Daubechies—and our results were
not significantly different.

To mitigate edge effects in the coefficients, we reflected the signata times
and worked with the third multiple of the signal [eNievergelt 1999]. Variance at a
larger wavelet scales is artificially suppressed near the leadingétgeinitial signal
because of the wavelet's inherent shape. Reflecting the signal introducdlsasrsat
of artificial variance where the signal reverses. Because we usecttaga variance at
each wavelet scale and are not examining specific areas of isolatelinghcinange, the
impact of these edge effects is diminished.

Physically meaningful units of wavelet scale depend on the content of the signal
data. Here, because our shoreline-change signals are recorded in 5 m alongshore
increments, we multiplied the wavelet scaling parameter by 5 to gefeativef filter

width in meters.
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