ABSTRACT

WEAVER, KATHERINE JO. Impacts of Vegetation and Development on the Morphology
of Coastal Sand Dunessing Modern Geospatial Techniques: Jockey's Ridge Case. Study
(Under the direction of Dr. Helena Mitasova.)

Jockeyds Ri dg ¢ed &angtheeOutBraBanks, of NodhcCGarolina, is
home to thedrgest active sand dune on thestern coast of the United States. Several
LiDAR surveys and aerial photographs have provided high resolution data erddikigd
analysis of its complex evdion. Previous studies indicated that this large active dune
rapidly grewin the earlyl900s t01953 and steadiljost elevation from 2m to 25m between
1953-2001, while migating south at the rate of-@n a year. Recent airborne LIDAR
surveys(years2007 and 2008pllowedfor furtheranalysisand quantification ofthe duné s
evolution using feature and raster based metrics which verifiegbtitberly migration of the
duneas well aghe separation of the dune into fieealescediunespartially due tancreases
of vegetation and developmentAnalysis of heseelevationdata sets alsoeveaéd the
increase of dune peaks sir®@07,contrary to the overalbss of dune elevatiosince 1953
In additionto the geomorpic analysisof dune fieldevolutionusing digital elevation models
(years 1974 to 2008})ime series ofaerial photograph (years 1932 to 2009)as usedto
extractland cover and todetermine how vegetation amtkvelopmenthave affecteddune
evolution. It is hypothesized thah increaseof vegetation andlevelopmentas played a
pivotal role in thegeomorphicevolution bystabilizing the original sand source thaterfed
the dunecausingit to lose elevation andventuallystabilizewith the same volume afand
redistribued amongst the dwsthroughout the time serigdsand not being gained or lost in
the system) This study combines LIDAR, aerial ptagraphy, historical elevations atahd
cover data to further investigate the relasioip betweenincreases of vegetation and
development othe duné svolution.

In addition toJ o ¢ k e y 6daine Bvoldbg analysisthe feasibility of using the
Tangible Geospatial Modeling System (TanGeoMS)rgestigaing the impacs of changs



on dune topographyn floodingwas exploredaround the Joegky 6 s Ri dge St at e

TanGeoMS integrates a 3D laboratory laser scanner, a scaled pigsi@amodel, and a
projector with GRASS GISo0 createa tangibleterrain modeling environment Contours
extracted from a LiDARbased digital elevation moldeere used to construct a2800 scale
model of the dune. The modelas modified by hand and rescanned, allowing for the
creation of specifidandscapescenario simulations representing differé&arid management
and natural impacts such as sand relonadioforedune breache$ssRASS GIS was used to
deriveflooding parametersrom the modified model andhé results of flooding simulations
wereprojected over the 3D model providing feedback on the impact of the introthrcaic
changeon theflooding exentand guiding further exploration.

LIiDAR-based geospatial analysis and TanGeald$ providevaluable results that
coastal managers and researchers can use to aid mndarlanning, coastline protection,

and emergency response.
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1. GEOSPATIALANALYSI S OF THE EVOLUTI ON OF JOCKEY
DUNE

1.1 Introduction

The North Carolinabarrier islands a popular vacatiorand residential areaare
historically known fortheir relentlessatle with hurricanesand intense stormsnigrating
shorelines and high dunes that once permitted the Wright Brothers to successfully take flight
in 1903 (U.S. National Park Service, 201 $puth of thseduness a State Rrk thatis home
the largessanddune on theastern coast of the United States J o c k e.y 6 s Ri dge

Barrier islandsorm 15 % of t h e amdcanlbdfound ircadhddeited States
coastalareassuch asMississippi, Georgia, Alaska, Californiand Washington(NOAA
Coastal Services Canj. The Outer Banksf North Carolinaspan more than 175 miles
from southernVirginia to Cape Lookout (Stick 195&ndtheir evolutionis complex One
hypothesiss that theyevolvedduringthe last glaciationwhen sea level wasw; a coastal
shelf wa exposed andavas filled with sedimentfrom to the melting of glaciers during
Holocene sea levaise from fluvial processes These sediments weredistributedas a
result of sbrms wind, waves, tidesetc.forming the barrier islansl(Birkemeier et al.1984;
Feltner 1948Havholm et al.2004; State oNorth Carolina, 1976; Stick 19%8

J oc k ey § wcat®iindNpgs Heaid nestled between the Atlantic Ocean on the
east and the Roanoke Sound on the west. Since 1976, this area was protected tas a Nort
Carolina State Park, projected teceive about 500,000 visitors by 198§Btate of North
Caroling 1976). In 2010appoximately 1.5 million visitorclimbedJ o ¢ k e y érakinBi d g e
it the most visited park in North CaradinCoffman, personal commuoaton). J oc k ey 0 s
Ridge StatePark spand7tha and is home to a diverse variety of vegetation and wildlife
(The Friends of Joc20ld)y GistorsRare dilgjecto elploee tthés natuealr k
park year round(figure 1.1-1) by hiking, hang gliding, ke flying and sand boardin@he
Friends of Jock,9l§ Stateoi NbrgheCar8ind®d76e Par k



Jockeyds Ri dges of mck glanddunesoréinning aleng thiearrier
islandsand isabout four milesouth of theKill Devil Hill Dunes where the Wright Brothers
took flight.

Runyan and Dolan (2001)ypothesizethatJ oc k ey 0 s Ri dge was fc
redistributionof mid-Holocene dunes about B@ years ago Northeastprevailing winds
transported sand f r om ptebestoeatiodwimgea imetofgparseo ¢ k e y ¢
vegetation coverage.

Havholm et al. (2004¥uccessfullyreconstructd the evolutionphases ol o c k ey 0 s
Ridge starting in 768D, deemingthe dune about 1,246 years old. Havholm e(2004)
foundt hat J o gekhasyiddsrgoReithidee dune phases alternating betweerdacige
whenthe dunes lacked vegetation caageand period®f stabilizationwhenthe dunesvere
covered with vegetation The first stabilizatiopphaseoccurred by 1008D followed by an
active phase by 1268D, anotherstabilization phase by 1780 andthen progresed to an
active phase by 18HD (figure 1.1-2; Havholm et al 2004). On average a phase between
activeduneand stabiliationwas found to occuapproximatelyevery 250 years thusdding
us into a projectedegetated stabilized dupbase.

The recent geomorphic evolutiqi974 to 2001)of J o ¢ k e y 0 descrideddirg e
literature was complex characterized by dune deflation, southern migration, and
transformation frombarchanto parabdic dunes(Havholm et al. 2004 Judg et al., 2000
Mitasova et al.,200%; Pelletier et al., 2009Runyan and Dolan 20Q1State of North
Caroling 1976. Previous studies indicated ththt large active dune rapidigrew between
19001953 and then steadly lost elevation from 2m to 22m between 195-2004, while
migrating south at the rate ofn36m a year Mitasova et al., 20G. Judge et al.2000
describes the Jockeyds Ri dge dudestheMainiDme d as
which was the higest duneat that time, the Eastube that was noted as the second tallest
andfinally, the smallestSouth Dune that bounedthe southern part of the park prior to 2003
(Judge eal., 2000). Mitasova et alQ05) further describes the evolution of theneswith



the separationfdhe Main Dune into two dunes creatitige West andhe Main Dune which
still remairedthe tallest as of 2004.

Prominent winds from the north and northeast during the fall and winter seasons have
played a major role in the sthern migration of this dune systemrhemajority of thesand
remains within the confines of the park due to phmevailing south and southwest winds
during the springrad summewvith the exception ofrainsignificantamount of sand escaping
the park dung intense storms, causing saddposis along Highway 158 (Cobb 1906
Havholm et al., 2004; Mitasova et al., 2@805However,a fewmajorsand removal projects
have t&en place along Soundsideo&d due to theSouth Dune migration towardshomes
borderingthe park(figure 1.1-3a; Judge et al., 2000).The shifting sansland migrating
dunesare unforgiving and have takeclaimto objects in its pathsuch asa miniature golf
course(figure 1.1-3c; Judge et al., 20QGtate of North Carolinadl976) In 1994and 2003
about 15,000 and 125,000 of sandrespectfullywas removed from the Southube and
deposited alonghe windwardside of theMain Dune in hopes ofontributing to the dunes
elevations as well as tprevent theSouth Dunefrom migrating close toresidential areas
(Judge et al., 2000; Mitasova et al., 28050x, personal communication).

Jockeyobds elivedfran ahsmgled2m dune totodays relatively stable
coalesced dune field composefl West Dune 1 and 2, Main Dune, Eastngul ad 2
(Figure 1.1-4). Severalight detection and ranging.iDAR) surveys and aerial photographs
have provided high resolution data enablohgfailedanalysis of its complexyeomorphic
evolution. The most ecent airborne LIDAR survey@007 and 2008permitted further
geospatial analysignd quantification ofdune evolution using feature and raster based
metrics combined witholder elevationdata (1974 1995, 19981999, 2001 and historical
elevations).In addition to studying thgeomorphievolution of the doe field time series of
aerial photographyating back to 1932nade it possible textract landcoverto determine
how vegetation andevelopmentavechanged around o ¢ k e y & dt is Rypatige®zed
that the increasein vegetation andlevelopmentas vell as climatic eventhaveplayed a
pivotal role in thegeomorphicevolution. This study combines LIiDAR, aerigdhotography,



historical elevationsand land cover datao further investigate the relatiship between

increass of vegetation and developmeantd the geomorphic evolutionttfeJ o c k ey 6 s Ri d |

sand dune.

Research Questions This study investigatt J o ¢ k e y 6 svolukoin singee 20@ and

evaluates the validity oprevious conclusionent he ev ol uti on dlis Jocke

research focuses dhe following questions:

c:

(I xS e B

Havethedunesod ockeydés Ridge stabilized since
How hasthe morphology 0§ o ¢ k e y &changedsirecey2001?

I s sand being added or removed from t he
Did relocatingthe South Dune heligedtheMai n Duneds el evatior
How has land cover changed since 1932?

What is the relationship between increases of vegetation and development on

the morphol ogy of Jockeyds Ridge?

J o c k e y 6can bR usddgas @malog forother coastal dunes, relatinggetaion

and developmenthangeto dune morphology which can in turn be used to study barrier

island dynamics
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Figure 1. 2 Havholm et al. 2004 depiction of the three alternating dunghases of
Jockeybds Riund glase (siavedgetatedeand stabilizetline phase isegetated)
The first active dne phase was dated to Ad3. (Figure 12 inHavholm et al. 2004)



b. d.
Figure 1.2 3: (a) Winds causedc k ey 6 s Ri d g e whiclo haveicaused gar of s o ut h
Jockeyds Ridge (Sout lahobe (beln 20@3dhe South Duneé veas c | 0 s
removedn order to prevent it from migratingnto a residential areaand wastrucked north
of the Main Dunen order to help feedth®lai n Duned.sc)édbekayd®nRi dge
also migrated ovel puttputt course on the eastern side of the patkch is constantly
beingexposed andovered bythe shifting dunes(d) After theSouth Dune was relocated in
2003, themajority of thesand was eroded away andarse debrisvasleft behind



West Dune 1 Main Dune Highway 158

East Dune 1

East Dune 2

West Dune 2 Soundside Road

South Dune

(Prior to 2003)
Figure 1.2 4. Jockey d6s Ri dge coaesceddnmapas shevih orothisgithli v e
elevation model2001DEM): West Dune 1 and 2, Main Dune, East Dune 1 and 2 and prior
to 2003 there was also a South Dune.

1.2 Study Areas
The study areas selected for this research are found within the boundary ofk e y 6 s

Ridge State Para&nd its neighborhood

Park Geographic Extent Jockey s R$tategRarkis locatedal ong North Car «
barrier slands, Outer Bank# the town ofNags Head. lencompasses7tha of sand and
vegetationwithin an area definedy geographic coordinate8 5 A58 63 00 N, 35A57
75A380300W an(igud 5.3 T®h200FWi ends of Jockeyos
2011D).

Physiology J o ¢ k e y 6 sflanRed 8yghe Roarmke Sound on theestand the Atlantic

Ocean on theast andis part of a back islandchain of mostly parabolic,vegetatedstable



dune system with a few activebarchandunesremainingunvegetatedBerger et al.2003
Havholm et al. 2004) Nestled between residential aredéise duneremains naturally
untouchedand protecteddespite theexpandingresidential neighborhoods, highys and

commercial development in the surrounding areas.

Climate The Outer Banks are noted for their constant battle with hurricanes fromJtme 1
November 38and i nt ens e terwffom Oetaber fd ApriHirscls et al., 2001;

National Hurricane Center, 20)1 Nags Head snaritime climateis reflectedby average
annuatemperatures df6.6°C(1971-2000; Manteo, NC; State Climate Office) and rainfall

values 0f1310mm(1971-200Q Manteo, NC; State Climate Office).aWind is the driving

force of dune migration, wittannual averagereachingdm/s figure 1.2-2; 1981-2011; U.S.

Army Corps of Engineers, 2011 South/souttwesterly winds domirta betweerMay and

August, but strongenorti/northeastrly winds during the wintemonthsf r om Nor 6 ea st
causethe dune field to migrate in the southern direc{igiavholm et al.2004 Judge et a).
2000;Mitasova et al.2005).

Geology The dunes ofl ockeyb6s Ridge are composed of g
Appalachim Mountains Runyan and Dolan (2001) suggest
recycled midHolocene duneeedistributedand transported from th®rth, forming the dune

around 76BD as fownd by Havholm et al(2004. Since thenJ oc k ey 6s Ri dge
undergoe a cyclical pattern of activenvegetated dunes tstabilizedvegetated durse

(Figure 1.1-2; Havholm et al. 2004). Over the past 100 yeasomedunes have slowly

morphed frombarchan(active dunes) to parabolic (stabilized dunes; Havholm et al., 2004;
Mitasova et al., 2005a; The Friends of Jocke

Ecosystem The dunes, maritime thicket and Roanoke Sound Estuary are the diverse
ecosystems found withid o ¢ k RigigeState Rtk (T he Fri ends of Jockey
Park 2011). A variety of vegetation is found within the park boundaries such as American


http://www.nhc.noaa.gov/

Beachgrass, live oakged cedar, pines, and red ogkevidinghomes to animalsuch as the

fox, deer, racocorsand insectsf{he Fr i ends of Jo,KBYyObds Ridge S

Anthropogenic Impacts The ar ea sur r ou nhhs undergoheadiaengtio s R
changein population and developmesince the early settlement of tAdgonquian Indians
(State of Noth Caroling 1976;Stick 1958).

Overtime the area has show an influx of developmente solely a vacation
destinationwith the first hotel butlaround 1838andhasgraduallyturned into gpermanent
residential area.Dare Countystill remainsan avidtourist destination todagnd hasvastly
expandedwith a population of 33,920 residentssince the 2010 censuy$State of North
Carolina, 1976U.S. Census Bureau, 2011

Roads houses andbusinesses are constantly being constructed around the area in

order to respond to the needs of the expanding coastal population.

Active DunesStudy Region In order to study thenorphologyo f Joc k e yn@ea Ri dge
was selected that ingdled the five dunethat composehe current) o c k ey 6duneRi d g e
system Thisregion can be found within the confines3&°583"N, 35°573"N, 75°38'%"W

and 75°379"W (figure 1.2-1b). This 267ha areais currently active sand dumevith

vegetation surrounding the base of the dunes with a little vegetation creeping along the
southen slip facesas the dunes are slowly consuming vegetation in its path

Broader Dune SystemStudy Region The study aredor the land cover analysis was

extended norttof the active dunedo include themajorityof t he Jockewgwlks Ri d:¢
and its righborhood This area waselectedn order to assess hawcreases ovegetdion

and development have affected tmerphology of the dune systemThis area was also
selected in order to detect nei ghboring ar.
Ridge. This area can be found within tigeographic coordinate85°58'29N, 35°57'4N,

75°38'50W and 75°37'24N (figure 1.2-1b) and covers approximately 295ha
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Figure 1.2 1.

Jockey’s Ridge State Park Study Regions

a b.  BroaderDune System

Jockeyds Ri dge iBankslobModhtCardlinaanested g t h ¢

between the Roanoke Sound on the west and the Atlantic Ocean on the east. The area of

focus for

this study encompasses the Jockey

on two study areasactive dunes regior(red,b) and the broader dune system region

(yellowp).

Wind Rose Aug 1982-2010 : 41021 data points

J e frequency
g ) it

gglh 13 occurrenc:

oo, A5e 06
WTOf e s o900 E
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B 1218 20

=

Figure 1.2 2: Duck, North Carolina wind Rose (1982 to 2010;S Army Corps of

Engineers, 2011
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1.3 Data

To investigatethe geomorphic evolutiomf the dune systewe used elevatiodata,
imagery buildings and roadsligitized from historical topographicmaps All data were
projected and referenced to North Carolina State Ptaoedinate systemunits meters
horizontaINAD83 and verticaNAVD88 datums.

1.31 Elevation

Elevation datesspanning the pa$4 yearswere compiled from a variety of different
sources such dsstoricaltopographic mapgphotogrammetc surveysand LIDAR LiDAR
is the main source of data used in thestion(Figure 1.31-1). Table 1.31-1 outlinesthe
elevation datagatacollection methodtheagencyand @curacyof the data Mitasova et al.
(200%) describeshe older19742001data New data includeNational Center for Airborne
Laser Mappi ng2& LIDARCand NRtional Ocealm and Atmospheric
Ad mi ni s tNOAA) inegrabed Ocean and Coaskdappingd s 2 00 8 FigureDAR.
1.3.2:2 shows the densitgnd pattero f el evati on points for each
LiDAR survey provided3.75 points per Im grid cell usingthe OPTECH Gemini system.
NOAAOGs I ntegrated Ocean and Coast al Mapping
system that provided a point density1oP6 points perlm grid cell with better thant0.2m
horizontal accuracy andvertical accuracy RISE of0.1517n on @en terrain.

12



a. EARLLIDAR System b. Dense Point Cloud
(Image courtesy of USGS:
http://ngom.usgs.gov/dsp/tech/eaarl/)

c. Interpolated 2007 DEM

Figure 1.3.2 1. Processing ofLiDAR data into digital elevation models (DEMs)a)
Collection of LIDAR data(b) processng of cense point loud to (c) 1m resolution DEM
interpolatedusing regulaizedspline with tension.
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Table 1.3.11: Data (elevation)used in thegeomorphia nal y si s

of

Mapping

Year Agency and Purpose Data Information Accuracy
1917 U.S. Engineers: Main Dune Peak Elevation N/A
Historical Topographic PEAK
map
1928 North Carolina Profile Surveys along Nags Head N/A
1931 Department of (Feltner 1948)
1935 Conservation and
Development PEAKS
1953 USGS Topographic Peaks digitized from topographic Complying with
Mapping map (contours removed from data). | national map accuracy
Derived from 1949 aerial standards for 1:24,000
photography and 1950 plane table scale mapping
surveys
PEAK
1974 Park Design Map Digitized 1.5m contours from park Vertical: 0.7m, 0.15m
map derived from photogrammetric | for spot elevations
survey Horizontal: 0.4m
BARE EARTH DEM
1995 Dune Assessment Map | Contours, breaklines and spot Vertical: 0.76m for
elevations derived from contours, 0.03m for
photogrammetric survey spot elevations
BARE EARTH DEM Horizontal: 0.4m
1998 N/A Spot elevations and breakline Vertical: 0.06m
(June) points derived from 1:7200 scale Horizontal: 0.3m
aerial photography
BARE EARTH DEM
1999 USGS/NASA/NOAA LiDAR collected using the Airborne | Vertical: 0.15m in bare
(Sept 9-10) Coastal Change Topographic Mapper II areas
Program DIGITAL SURFACE MODEL* Horizontal: 0.8m
2001 North Carolina LiDAR collected using Leica Vertical: 0.2m in open
(February) Floodplain Mapping Geosystems Aeroscan areas
Program DIGITAL SURFACE MODEL* Horizontal: 2m
2004 Real Time Kinematic | Peak elevations and linear features: | Vertical: 0.1m
(RTK)-GPS dune crests and ridges Horizontal: 0.05m
2007 NSF, National Center | LiDAR collected using OPTECH Vertical: <.1m on flat
(July 8) for Airborne Laser Gemini system surface
Mapping (NCALM) DIGITAL SURFACE MODEL* Horizontal: 0.15-0.30m
2008 NOAA Integrated LiDAR collected using OPTECH Horizontal: Better than
(March 27) Ocean and Coastal ALTM system + 0.2 m horizontal

DIGITAL SURFACE MODEL*

Vertical RMSE:
0.15cm in open terrain

cloud

*Digital Surface Model: Bare Earth with vegetation and buildings derived from multiple return point
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Figure 1.3.1 2. Elevation éta used in geomorphology study indicating different data
densities and pattemof collection. (a) 2007 NGALM LIiDAR: OPTECHGemini system(b)
2008 NOAA Integrated Ocean and Coastal Mapping LIDABRBTECH ALTM system, (c)
2002 (black) and 2004 (white) RTBPS, (d) 2001 North Carolina Floodplain Program
LIDAR: Leica Geosystems aeras; (e) 1999 USGS/NASA/NOAA LiDAR:irBorne
Topographic Mapper |I(f) 1998 photogrammetric mass point&) 1995 digital contous
derived photogrammetrically(h) 1974 digitized contour@mage modified from Mitasova et
al,. 2005a)
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1.32 Imagery

The Ouder Banks of North Carolina ba large collection of aerial imagery dating
back to the 1930sAppendix Jshows the i magery that was f ol
study area using a variety of resources. However, some imagery did not satisfy the
requiremats of this study and weretincluded in the analysis

Nine aerialphotographsonsistingof orthophotosand hardcopyaerialimageswere
selectedfor the land cover classification. n@ image per decade dating back to the 1830
was selectedn order toextractvegetation development and sand to determine hbese
specificland coverclasseshave changedver time andootentiallyinfluenced the evolution
of the Jockeyo(fgureRl.3df, tabledliB219. IMages Weatehosenbased
on timeof capture gpringleafon seasons), coveraghtlantic Ocean shoreline tRoanoke
Sound shoreline), scale (bet waweeninbge@ @04 and
years), clarity and resolutioof image (0.3m to 3m;table 1.32-1). Somephotos (1945,
1962, and 1974) did not have metadata associated with the imagery amdtheéate of
cgpture was missinghowever, these images were selected due to the clarity, scale, and
coverageof the study area The 1998 orthophoto was selected even thotlte image was
captured inJanuarybecauset includedaninfrared band allowing for easier classificatioin
vegetation The rest of the images were captured between the months of March and August

Three orthophoto$1998 infrared 1m resolution 2007 0.3m resolutionand 2009
infrared 1mresolutior) did not require any scanning or georeferencing whilaekeof the
images in original form werbardcopyimages(1955, 1974, 1988), negativmages(1945
and 1962) and scanned images (1932).

Images were collected from he Photogrammetry it of the North Carolina
Department of TransportatigiNCDOT), United StatesArmy Corpsof Engineers, NOAA
U.S. Geological Survey (USGS), Robert Kimball and Associates Inc, and The National
Agriculture Imagery Progim (NAIP). Table 1.32-1 describes each aerial photograph and
datacollection sources used this study.
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1998 |
Figure 1.3.2 1: Time serie1932 to 2009pfimagery usedbr land coverclassification
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Table 1.3.21: Aerial photographs (1932 to 20083%ed in image processing section

Difference
Decade Images and Source Flight Date Between Years Scale
Army Corps of Engineers
(Southern Shores to Oregon Inlet:
432-07NoJockeysRidge,
1930s 432-08JockeysRidge) April, 1932 -- 1"1000'
Unknown Source
1940s (Scanned negative images) Unknown,1945 13 years 1"1600'
National Oceanic and Atmospheric
Administration (NOAA)
1950s (5661) March 29" 1955 10 years 1"1667'
Unknown Source
1960s (Scanned negative images) Unknown, 1962 7 years 1"800'
Unknown Source
1970s (8294, 8296) Around 1974 Around 12 years | 1"1000'
NCDOT Photogrammetry Unit
1980s (M-2297: 7 & 8) July 25", 1988 Around 14 years | 1"1000'
US Geological Survey (USGS)
1990s (Infrared orthophoto) January 4" 1998 10 years 1"1000'
Robert Kimball and Associates Inc.
2000s (Orthophoto) March 3"-5", 2007 9 years 1"400'
National Agriculture Imagery
Most Program (NAIP)
Recent (Infrared Orthophoto) July 11" 2009 2 years 1"1000

1.3.3 Infrastructure

Using imagery and NCDOT roagdgospatiatiata,infrastructurgbuildings, roads and
pavement) were digitized in ordergoantify the surrounding growth of development and its
t h e s®idge.l NAIP20@ mmagery d

pote n t

i al rel ati on

wi t h

was used to digitize buildings armdnvertNCDOT 6 s

coveing the total area of roadsithin the study region.

differentiationof vegetation andevelopment in the image classificatmection.

Wi

wherethe South Dinewasrelocatedwas digitizedusing NAIFG 2009imagery. Thisarea

was digitized tanvestigatehow it hasevolvedovertimeandto asses# the relocated sand

th helop

helpedfeed the Main Dn&s elevation

road

This data was usedatd in
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1.4 Methodology

In order to study thegeomorphice vol ut i on of severaskfevgrd s Ri d
packageswere usedfor the detailed analysis of this dune field and surroundings using
geographic information system (GIS) amulage processing techniquesOpen source
GRASS GIS 6.4.5as well as ArcGIS 9.3.1/1@ere usedor data processing and analysis
(Neteler and Mitasva, 2008). MATLAB R2009a, Microsoft Office Excel, Windows Movie
Maker and Appled s | IMdaltwareewere used for data analysis and synthesis in order to
compile results obtained from the GIS software.

14.1 Geomorphic Analysis

1.4.1.1 Computation 6 Digital Elevation Models

Elevation datawvere provided as goint cloud with X, ygeoreferenceadoordinates
with corresponding elevation as the z variabEachpoint cloud contained different point
densities, and sampling patter(figure 1.3.1-2). Points clouds were interpolated using
regularized spline with tension (RST) to create 1m resoldigital elevation modsl(DEM)
of the landscapé&ppendix A, Mitasova and Mitas, 1993; Mitasova et al., 1995; Mitasova et
al., 2005a,b;Neteler and Mitasoya2008. Mitasova et al. (2005a,b) describes DEM
interpolation methods for 1974, 1995, 1998, 1999 and 2001 data sets, however,
reinterpolation of these DEMas well as the generation of the new 2007 and 2008 DEMs
were performed using the same methodolodgepending upon the accuraayensity of
points, noise, and spatial distutions, different smoothingnd tensiomparametersvere used
as indicated irappendix A in order to smootland minimize unwantedrtifacts in surfaces
(Mitasova et a].2005%; Netele and Mitasova2008.

A vast improvement of clarit)can be seen by increasing the resolution from
previously usedlow resolutions to higher resolution(®.5m and 1 used todaydue to
advances in technolo@nd interpolation algorithm@igure 1.4.1.11). Figure 1.4.1.22a,b
shows theéime series of (197/2008)DEMS used in this study.
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500 meters

1-1.0 [m]

Figure 1.4.1.1 1: Small scale features such ears, vegetation, homesnd wavescan be
detectedn 0.5mresolution DEM
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a. Soundside View b. Aerial View c. Slip Faces
Figure 1.4.1.1 2: DEM time series of images used in creation of animations.

1.4.1.2 Evaluation of Data Accuracy

Visualizing geospatial datin 2D and 3D help identify errors in thedata such as
corduroy effectsgdata wids, shifts, systematic erroyetc. (Buckley et al2004 Hardin et al,
2011 Mitasova et al.200%; Mitasova et al. 201Q Mitasova et al. 2011; Willers et al,
2008). Even though LIDAR provides the highest resolution and most acaleatationdaa

available there are still problems and errors associated with it which can poseirsshes
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analysis and generation of DEM3able 1.3.21 shows the accuracy of the data used in this
study.

Errors associated with geospatial data include randomersgic and distortion
errors Some of lhese can b&undin LIDAR dataand arecaused by certain properties of
the laser sysim (Filin 2005; Gatziolis and Andersen 20@&henk 2001). Random errors in
LiDAR are associated withnaccuracy of airplane lation, as well as biases of scanning
angles and recording tdser pulse return&atziolis and Andersen 20p8Photogrammetric
distortion errorscan becaused bythe geometry ofthe camerawhich createglistorion of
objects in the image Systematic eors result from a measurement error between the
aircraftés GPS and the | aser pul se rel ease
shifts in data (Gatziolis and Andersen 2008). An example of this error would be the
corduroy effectfigure 1.4.1.21 whichcan be seen in LIDAR dats a vertical misalignment
of scangdue tomirror angle reading biases iaconsistent overlapping elevations.

Besides these errors, other errors were detected in the data saesdatd voids in
LiDAR datadue to theairplaneflight paths however these did not affect this studigure
1.4.1.22).

All of the mentioned errors have bementifiedi n t he Jockeyds Ri dge
if applicable, have been correctedmarily by adjusting interpolation parametetdowever,
some systematic errors cannot be corrected by interpolation and additional computations are
necessaryn order to correct thepsuch asonstantshiftsin elevationthroughout a data set
(vertical systematierrors).

In order to correct thesénifts, comparisons between DEMewatiors and geodetic
benchmarks, Bal Time Kinematic (RTKJGPSsurveysor centerline points along a roadn
be used to compare hoelevationdata are vertically shifted in relation to the elevatiom of
stable pointidardn et al., 2011Mitasova et a.2009a.

Vertical systematic shifts in the LIDAR and historical DEMs have been detected
within the Jock awtbosls fdR codrecting tead shifts sare explained in
Hardin et al. (2011) and Mitasova et al. (28) by means of calculatingystematic errors
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estimated as medians of differences between DEM elevations and stable referense object
Systematic errors armestimatedoy subtractingtie most accurat¢ r ef er enc e) DE

elevation at preselectestablelocatiors (geodeticbenchmark or centerline poird) from a

specific year 0s DEMOs sahdthenaalcula the naetiantothee s a me

differences for alpreselected locations for eaelialuated DEM Medianvalueswere used

so outliers woulchot affect thesystematicerror estimate(Hardin et al. 2011). §stematic

errorwasthensubtracted from each cell in the DEM in order to rentbeerror. Systematic

Errors E9) aredefined as

Es = med{Az(r,), ..., Az(n,)]} Az(r) = Z(r) — 2(r) 1)

wherer is thelocation georeferenced, y coordinate) and = -1 is thkée |labeledtable

locationpoint (geodeticoenchmark point or centerline poind)is the DEM6 slevationand:z

is thereferenceelevationat a stable location

Two technqueswereusedto quantify, assess arabrrectvertical systematishifts in
t he Jockeyo6s bRexttagtieg DEM tlevatiosse along Highway 158nd
comparing them to NOAA/ USGS/ a A8 saine locat®rs8 Li D
Highway 158 was dected asthe stable referenckeature because itelevation has not
changed during the study time period. 32 points (x, y coordinates) wereelectedat
approximately 13m intervalalong the NCDOTHighway 158 road lineand were used to
extract elevationfor eachDEM in the data sefFigure 1.4.1.23c). Two elevationdata sets
wereavail able for 1998; N O A AvhithSvesSiowd alng the 199 8
shorelinebut missed thd o ¢ k e y Gasea TRhie athgredata set from 1998, North Carolina
Division o Coastal Management (NCDCM) was derived from aerial photograpbdywas
used to create the 1998 Jockeyds Ridge DEM wu
LiDAR data was chosen as the reference data set for shifting the Biakbts the LIDAR
flight captured Highway 158and has a publishedertical accuracy of0.15m and is
horizontally accuratéo + 0.8m. Hardin et al. (2011) reported a systematic erred®.088n
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for the 1998 LIDAR usinggeodetic lenchmarksalong Highway NC 12provided from
NCDOT. Howe v er , benchmar ks were not found in t
Highway 158 which is why 1998 LIDAR elevations extracted along NCDOT Highway 158
road line were used as the stable reference object.
The firstapproachu s e d t h e Hibph@day Q@38&Bvector road datalipped to
the study area. Figure 1.4.1.23a showsthe time series of uncorrectetevationsextracted
along Highway 158, whicindicatessignificant noise and theertical shifts inthe DEMSs.
N C D C M5988 andNorth Carolina FloodplaifMa p pi ng P200d @EMs nmvers
corrected since they had thestanomalous andbvious shifts in elevationgigure 1.4.1.2
3a) with median errors 0f-0.2878n and-0.1225mrespectively(Table 1.4.1.21). Theother
DEMs were not shifted due to the elagas being within the publisied LIDAR vertical
accuracy range or not enough information was availableciwecting the data set
Upon comparingheNCDOTdés road |l ines with i magery,
seem to coincidevell with roadcenterlires on the imagery. Sometimes the NCDOT road
vectos would veer offthe road and onto grassy areas indicating that the elevation data
extracted along this line may include vegetation in addition to vehicles and infrastructure
features
To ensure that onlpoints measured on pavement along the highway centerlines are
used,pointsfrom theNCDCM 1998 point cloudound along the centerline of Highway 158
(Figure 1.4.1.23c) were confirmed as the centerline pointsusing the 1998 aerial
photography These poits (x,y) were then used to extract elevation values for Bdii
and a systematic error wastimated Figure 1.4.1.23b shows the graphed elevations for
each extracted coordinate, medidifferences between elevations and each DEM and the
point datawerecalculatedand resulted in &.233m shift forN C D C MI®%8 and a0.12lm
shift for 2001and these DEMs were corrected accordingigble 1.4.1.22).
Both techniquegrovidedsimilar estimates afystematic erroraskl ues f or NCDC
1998 and 200{Method1: -0.28m, -0.123m and Method 2:0.233m, -0.12lm). However,
the estimates from theecondechnique based dNCDCM6s 1998 vector poi
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shi ft the NCDCMOGSs 1998 and 2001 DEMs since

along the centerlin® f Hi ghway 158 and confirmed wusing

orthophoto.

m  [m]

b.

Figure 1.4.1.2 1. Changng light source directon® n t he 1999 Jockeyods
reveals sand fences and the corduroy effect (A) déinatotherwise hard to detect using
different illumination directions. Illuminating the surfaces from the northwest direction
allows these subtle features to be detectathge modified from Mitasova et @2011.
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Rl i
a. 1999 Interpolated DEM

b. 1999 point cloud

Figure 1.4.1.22: Areas with data voids can be identified by displaying the point clouds and
interpolated surfaces using 2D and 3D viewers: (a) 1999 interpolated DEM (b) 1999 point
cloud
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Figure 1.4.1.23: Graphs indicating systematic errors of elevation data. Two methods were
usedto dete¢ and study these errordvlethod #1(a) extracted elevation values along
NCDOTb6s Hi ghway 1@mda@hod# (bysedeldvatidrovalises exteactimim
Highway 158 centerlingoints (c: blue dots) that were originally digitized fdnet 1998
NCDCM DEM point cloud The graph on the top shows the systematic errors (vertical shifts
of elevation data) in relation to other DEMs errors and the graph enbibitom shows the
elevation data after systematic errors were removed from the data using the 1998 LiDAR
dataset as the shiftinDEM. NCDCM 1998 and 2001 were the only DEMs corrected due to
other errors in DEMs being within LIDAR published accuracy.
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Uncorrected Systematic Error Shifts of Jockeys Ridge Using NCDOT Highway 158
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Uncorrected Systematic Error Shifts of Jockeys Ridge Using
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Table 1.4.1.21: Systematishiftsusing points extracted along NCDOT Highway 158 and
referencing to 1998 NOAA/USGS/NASA LiDAR

lel\WEVAESE -0.2878m | -0.1225m

1998 2001

Table 1.4.1.22: Systematichiftsusing extracted 1998 NCDCHhkenterlinepoints (x,y) and
referencing to 1998 NOAA/USGS/NASA LiDAR

1998 2001
FEEEVEEEN -0.2329m | -0.1208m

1.4.1.3 Extraction of Topographic Parametersand Features

Surface geomeyr parameters such as slope, aspect, and profile curvatarebe

derived fromDEMSsto aid in the understanding of surfaceqesse¢Mitasova et al.2005).

Dune pecific topographic featuresuch as slip fags, dune crests and peaks wex&aced

usingthese surfacparameters. Relative position of these features was medsuyadntify

dune migration and morphological transformation of the dune field

Slope 2 and profile curvatures, are derived from the surface gradie#)(and

computedfrom the first and second ordepartial derivatives of the RST interpolation

function (Mitasova and Hofierka 1993)First we introduce the following notatitfe (fx,fy)

in order tocalculate slope and profile curvatunesing the following equation by Mitasova

and Hofierka (1993):

gz

fe= g =

d= a8tz _ _
B__F’ fr:r_ E’f-‘;’-}-_ ﬁ’ﬁ”—_ Bxdy

e
0 mrctan,/fF + f} ©)]
_ Fuxfs + 2fup fufy iy fy )

gy [y 107

)
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Dune Peak Extraction In order to capture dune peak horizoratl verticarates of change,
peaks were extracted from each dune from the time series of DEMs by zooming into each
dune region and extracting the maximum peak (rast®r amed corresponding geographic
coordinateqFigure 1.4.1.31, Appendix B). Each peak elevation was checked using a 3D
viewer to verify that each point reflected actual ground points and errorsimersenot

mistaken for artifactée.g. people, bird$ang gliders, etc.) not relatéol the dune structure.

Slip faces In this study kpe (figure 1.4.1.32a) wasused to extraaiuneslip faces found
on the leeward sidef the duns (figure 1.4.1.22c). Slip facesare characterizedy the
duneds anglaof regosethich is approximately 35° for dry san@ngle increases
with increased water content). The angle of repose is defindtke &sghestgradientthat
sedimentremainsstableon an inclined surfaceThe dune migrates as wibtbwing from the
windward sideransports santbward the leeward sidgettling on or irfront of the slip face.
Since theslope of theslip faceis close tathe angle of reposi®r dry sand this angle can be
used to analyze dune migration atrdnsformation. WBing the calculatd slope maps,
specific thresholds for th8 o c k ey 6 s Hip thape werk wxirged from the slope
raster. Empirically selectedope valuesbetweenl5° to 35°were extractedo capture the
entire slip face antb account for resolution, i@rpolationparameters, sand size and tygse
well as capturingesidual sand deposits around the slip faqgpéndix D, Mitasova et aJ.
200%).

Dune Crests Sand dunesnigrate in direction perpendicular tbe dune crestand dune
migration ratescan beestimatedoy measuring distances between tpasitions of a dune
crest Dune crests were extracted from profile curvatures which were used to calculate
horizontal migration ratedigure 1.4.1.32b). A dune crest is defined as thpper portion of

the slp face characterized by threaximum changef slope Crestswere extracted from
profile curvatures thatvere convex, greater thar0.01m® (1974, 1995, 1998, 2001) and
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0.02m™ (1999, 2007, 20Q8figure 1.4.1.33, appendix E). The extracted crests were
verified visually in 3D overlaid on their DEMsand the crests were also verified with

extracteddune slip faces to confirm the upper portion of the slip face was belagted

West Dune 2 West Dune 1 Main Dune
4 "vj{\‘(,"( NG LA AR S ‘

East Dune 2

EastDune 1

H 500 meters

Figure 1.4.1.31: A maximum elevation (de peak) was extracted from each duegion
(red boxes) throughout the time serdgDEMSs.

Figure 1.4.1.32: 2008 derived topographic paramete(a) slopeused to extract slip faces
and (b) profile curvatureusedto extract dune crests.
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Figure 1.4.1.33: Dune crestextracted from profile curvaturegreater than0.01m™ (1974,
1998,2001) and greater than0.02m™ (2008 used to calculate horizontal dune migration
rates.

14.1.4 Visualization

Visualization is an important componeint examiningdune morphology. Visual
analysis allows the evolution of dunesbminvestigatedand features such as slip faces, dune
crests, dune peaksegetation and developmetd be identifed not only in 2D but in 3D.
Combining2D and 3D visualization with techniques such as changingdminice direction,
relief shading, terrairtutting planes and animatiomadlow detailed investigations of dune

morphology that otherwise would be diffitul

Relief Shading 2D visualization of topography is enhanced by the use of relief shading
(Figure 1.4.1.41b) which canbe computed fromllumination angleg computed as follows

cosg) = cos() cosp) + sin() sinE) cose-U) (5)
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whered is the altitude angle of treource ofight, ois gradient of the terrajra is the azimuth

of the light source andis aspect (Horn 1981; Mitasova et &011). Terrain fatures can be
highlighted byinteractivelychanging the position and heightligfht sourcesfigure 1.4.1.2

1; Mitasova et al., @11). GRASS GIS allows the user to access and control two lighting
sources: onsourceremains above thandscapeavhile another is adjustable and the user can
actively control the positiong (Mitasova et al., 201; Neteler and Mitasoya2008).
Combined with imageryelevation dataand slopeand profile curvatureselief shading wa
used to identify antbetter understandomplex terrain featurg$igure 1.4.1.41c; Mitasova

et al., 2005aSmith and Girk 2009. Interactive illumination was especiallyseful for the
identification of subtle features withithe dune system, such &nces, slip facesand

vegetation.

Cross Sections Cutting planes are visualization tools that allow the user to ictieedy

move androtate slicing planes through multiple surfaces revealing evolution of landscapes

over time. This methodologywas important in order to analyze topographic change of the

dune system using the time series of DEMs. Cutting planes weré¢ouseestigate how the
Jockeybds Ridge dune system evolved over tin
multiple surfaces. Cutting planes were used to analyze dune migration, sand deposition and

erosion, and core and envelope analffggsire 1.4.14-2).

Animations Three aimationsof t he Joc k ey 6wereReatddyte shalits ne f i €
geomorphicevolution over time using time series BEMs from 1974 to 2008 Due to the

limited data collected for this study ar¢he animationsvere generatedithout regards to

time steps. These animationsconsist of frames that are taken rfom one camera
angle/position. Te firstanimation;i Aer i al Vi ew o fWealar K.k20Md&@) s Ri d
was createdvith the DEM time seriesexaggerated three timés orderto highlight dune
features(Mitasova et al.2005%). The camera view location wakse tooverheadposition

at a height of 2027m looking north The second ani mati on, nSolt
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Ri d ¢veeaver K., 2011bjvas created witthe samaime ®riesandexaggeratiout from
a much lower viewpoint to highlight the change in elevation along with southern migration of
the dune system The viewpoint of this animation was takéom the soundside at 113m
above sea level lookingast Both of thesenimations show the migration of the dune, the
extent of vegetatiorand developmenand thechange in dune morphology The third
ani mati on, fAJda&e@Weaser KR 2@l cwas Sdategmsinga time series
of dune slip facedraped over theorresponding DEM&ppendix D).

Theseanimations were ceged using time series 8D views created inGRASS GIS
The imageg(figure 1.4.1.12) were importedinto a movie editing software,for example

iMovie or Windows Movie Mikerto create thenimaions.

a. om0t c.
Figure 1.4.1.4 1. Relief shadingderived from the (a) 2008 DEMrovides a way of
highlighting topographic featureis 2D. (b) Relief shading overlaid with th@) DEM color
mapallowsthe identification of mjar topographicfeatures
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AI

Deposited Sand Eroded Sand

*" Stable Sand

Figure 1.4.1.4 2. (a) Overlayand (b) cross sections 02001 and 2008 DEM showing
southern migration of the dunes. @ting planes reveal sand that has eroded (purple) and
deposited (orang) between these years.

1.4.1.5 Measuring Change

To measureevolutionof J o ¢ k e y 6sand Runebygréical rates of changeere
computed using the time series of extracted dune pe@kse crestswere extractedo
measurehorizontal migration Core and envelop@&nalysiswas conductedh order to study

dunevolumedynamics

14.1.5.1 Dune PeakVertical Rates of Chang
Using the extracted dune peakstytical rates of change were calculatedeach dune

as follows

A= ey T E i
T;‘ — 5 E(L) E(I+4] (6)
4 Eriy e
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wherer; [m/yr] is the rateof elevationchangebetweenwo consecutive yeat§) andt(i+1),
andz is the elevation Positive rates indicated an increase in dune height and negative rates

indicated deflation of the dune peaks

1.4.1.5.2 Horizontal Migration and Rates

Calculating horizontal dune migration rateas a difficult task due to the complex
nature of thedunemorphology. Horizontal mgration rates forthe dune crests and peaks
were calculated byneasuringcumulative and directlistancesfrom the crest and peak

positions in1974.

Dune Crest Migration Dunecrest made it possible toapturemigrationrateswhich were
calculatedseparatelyor the East, Main and Westube The EastDuneincludedEast 1 and
2 crestsand the West included West 1 and2 crests However, due tahe Main Dune
containingadditionalslip faces along the eastesautherrandwesten sides, crests extracted
from each slip facevere measuredseparately The West and the East Duaeest positions
were measured dm the southern migratingip face. Migration raes were calculatetbr
each duneand their respectiveslip faces by averaging threedistances measured
perpendicularly froneach cresfin the same locationh the time serieto the1974crestand
dividing by the time difference between the #taEMs (figure 1.4.1.5.21a) as follows

R, = L=— (7)

whereR; is thehorizontaldune cresmigration rategd; is distance measured perpendicularly

from thegiveni™ dune crest to the 1974 creshdt; is the year for the extracted dune crest.
Dune Peak Migration Dune peak horizontal migration rates were calculated in order to

detect how the peaks are migrating in relation to the dune ¢figste 1.4.1.5.21b). Dune

peak migration rateswere computedor all individual peaks(West Dune 1 and 2, Main
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Dune, East Dune 1 and @%ing cumulative distances (total length of peak path since 1974)

as follows:
|5T| = |Fz‘+1_ Fz‘ (8)

p, =22 )

k Ei‘.r[

whereP; is the horizontapeakmigration ratefi(x;, ) the peak position at timg E|27|is

cumulativedistance measured from the givifhdunepeakbeginningfrom the 1974peak
andt; is the year for the extracted dumeakwhile At; is the difference of time since 1974.

3 ot
. i i | ounecrests [ . .
Figure 1.4.1.5.21: (a) Dunecrestsmigration ratesvere measured from the 1974 crest then
measued to eachcrestin the time seriesvithin each region This is demonstrated using
1974 and 1995 dungrests;a distance was measured frdne same locatioperpendicularly
from the 1974to the 1995 dune crest(b) Horizontal migration distance between peaks for
ead dune wasneasured from the 1974 dune peak and a cumulative destaas calculated
for each year




1.4.1.53 StableCore and Dynamic Envelope

Core and envelope are derivBdm time series of surfacdsy extractingminimum
(core) and maximunelevations(envelope)on a cell by cell basigfigure 1.4.1.53-1,;
Mitasova etal., 200®; Mitasova et al., 20, Wegmann and Clements, 2004

Thecore isdefined as thstablevolume of sandnd the envelope igpper part of the
dynamiclayer, the space through which the sand has mdfigdre 1.4.1.53-2; Mitasova et
al.,, 200®). Inthec as e o0 fs Ridge,dhe €greband dynamic layer were extracted in
order to investigate if sand wantering or leavinghe dune systemand to estimate the
volume of sand that has been stable over the studied time .pérloal coreand envelope
were extractedfrom time series o0DEMSs z(i,j,t) at timesty, k = 1 as foBowsnfigure

1.4.1.53-1; Mitasova et al., 2009b):

Zeore (11' .]:] = min z (irj.r tk:] k=1,..,n (10)
k

Zanv [:11'.]) = max z [:i:_jlrtk:] k=1,.,n (11)
k

Core and envelopsurfacesfigure 1.4.1.53-3a,b) were computed fromhe Jockeyod
Ridge DEM time seriesfor the time period of 1974 to 2008After these surfaces were
extracted the 6m contour band wderivedfrom the envelope surfacin oder to create a
maskrepresenting the active dune figltl.4.1.53-3c). This mask was then applied to all
DEMs to create a time series of active bare dune elevation maps for volume analysis.
Elevations above 6m were extracted from each masked DEM in torésolate the volume
of the active sand dune and remove any component that may impact the morphology of the
dune,such awegetation and fencéigure 1.4.1.53-3d).

Mitasovaet al, 2010 deived the volume ratid? using thefollowing equation:

Ry= (Vi =Vo)/(V.— Vo) (12)
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whereV; is the corresponding volunfer the actuali™ DEM, V. is the volume of the core,
andVe is the volume of the envelop&he value oR is a ratiobetween ai"™ DEM dynamic
volume layer Vi-V¢) and the volumef the time series derivedynamic layer Ye-V¢). This

ratio is between 0 (volume is close to the core, at a minimum) and 1 (volume is close to
envelope, at a maximum)lhe volume is bound by the surface defined by the elevation rater
(DEM, core and envelopeand a z=6m plane.This methodallows for a detailed/olume
analysisto note ifthe elevation at givenyear is close to the core or close to the envelope to

determine how the volume of sand is evolvon a yearly and overall basis.

Figure 1.4.1.53- 1. Using time series of DEMs, core and envelope are derived on a per cell
basis. For each cell that composes the DEM in the time series, a minimum elevation that
defines the core and a maximum elevation that defime envelope are extracted.
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Figure 1.4.1.5.32: Core is defined as the stable volume of sand throughout a time series
(red) and dynamic layer (green) is the space through which sand. The tan surface is the
actud elevation surface at a given time. (Image courtesy of Onur Kurum at North Carolina
State University published in Starek et al., 2011)

6m Contour Magk

1974 A" i i
=0 :' 3
\ \\
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Figure 1.4.1.5.33: Using the time series of DEMs a core (stable volume af;sgirand (b)
dynamic layer were extracted. (c) Using the envelope, the 6m contour band was extracted in
order to prepare a mask. (d) The mask was applied to the time series of DEMs and in order
to extract the active portion of the dune system. Thesmtédes above 6m were extracted

which were used in the volume study.
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1.4.1.5.4 Volume Change and Elevation Difference

The total volume of active sandbove 6mwas estimated from each DEM to
determine if sand was remaining withor leavingthe active dune system Since he
resolution of the DEMs weré&m, summing the 1m x 1ngrid cell values was used to

calculate the total volum@/) of active sandlunefor each yeausing the following equation:

Vv =Y dx.dy.dz (13)

wheredx.dydefines thegrid cell areadzis the cell value differencei{z,) wherez,=6m and
is a constant plane.

To assess spatial patterns of charagesimple differencing of two DEMsvas
performedto determine which areas have lost or gaimdelationon a per cell basis
(Mitasova et al., 2009b).

Theimpactof t he Sout h in2008wad assessednby subtidacting the
2007 DEM from 2001 and subtracting Z0fdom 2007 multiple return DEMsThis showed
areas that lthlost or gained santhetween theeyears(figure 1.4.1.54-1c).

A time of maximum and minimum elevation maps were created from the time series
of DEMs to determine on a cell by cell basis wlyatirs had maximumor minimum
elevatiors at certaincells (figure 1.4.1.54-2, Mitasova et al., 2011). This is péll in
studying the evolution of the dune field

has impacted the dunes as well asstiadusof the relocated sand today.
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C. <17 [m] . X R .
Figure 1.4.1.5.41: (a) The South Dunefo Jockeyds Ridge wa#g r emov
migrating too close to homes along Soundside Road, the park decideadtkdhe South
Dune north of the Main Dune in hopes of contributing toMMf@n Dune 6s el evati on
(c)By subtract i ngn 2200008L60ss [DEMAstarwad créafecd shaving
the removed South Dune circled in red andahea where the sand was dispogast north
of the Main Dune circled in blue.
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South Dune

Relocation
a. c.

Figure 1.4.1.5.42: (a) Time of maxnum elevation magepresents thgearwhen elevation
was at a maximum at each grid celDEM time series analysis was used to determine the
status of the 2003 sandlocation shown in black just north of the Main Durfe) Time of
maximum elevation color cells based on the years that had the maximum etevati
throughout the time seriend (c) time ofminimumcolors cells based on years that had the
minimumelevation throughout the time serigisa certain cell

14.2 Land Cover Analysis

Using ArcGISand GRASS, a robustpproachof combininghistorical and infrared
aerial photographwas used talassifyland coverproviding sufficient detail using images
dating back to the 30 6 s . classilicatiors methodvas able taextract land coveusing
hardcqy georeferencedierial photographynd orthophotos. Unsupervised classification
coupledwith the maximum likelihoodclassifier was usetb classifyeachimage intoten
classegepresentingand, and vegetation while development was captured didibalach

imageby hand
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ArcGIS was usedo georeference and rectifige scanned images while GRASS GIS
was used talassify the imagewhich then allowed forspecific landcoverareacalculations

to study how theseariables have changed over time.

14.21 Image Rectification and Georeferencing

Images that were not alreadty digital form had to be scanned amgboreferenced
before classificatiomould beperformed The North Carolina Department of Transportation
photogrammetry unit scanned the negatmaed copyimagesat 1200 adts per inch (dpi)
convertingthe images ito positives The other printed positive imagesere scannedat
1200 dpiusing ax Epson Stylus CX9400Fagcanner(table 1.32-1) making thee images
ready to be georeferencéiure 1.4.2.2-1). TheUS Army Corps of Engineerskanned the
1932 aerial image a8 dpi. This digital imagevasdownloacdfrom the US. Army Corps
of Engineeravebsite(Birkemeier et al.1984 U.S. Army Corps of Engineers, 2001Due to
the fragile nature fathe original printed 1930s imag#he photo could not be rescanned at a
higher resolution

After theimages were scanngithey wereimported into ArcGIS to be georeferenced
using spline transformation The georeferenced009 NAIP orthophotovas usedas the
referencing image It has a published horizontal accuracy+sMm, a resolution of th, and
was selected as the photo for the images to be referenced to based on the accuracy and
resolution of the image. Spline transformation was compared to toégheformatiors and
spline createthe least amountmagewarpingdue toalack of GCPsin the northwest corner
of the imagery(forestel and contained no stable GCPFirst, second and third order
polynomialtransformationsvere tested and spline was detered as the best transformation
afterviewingthereferenced imagdan ArcGIS.

The dder images1932 and1945were referenced tthe 1955image and1955 and
1962 imageswere georeferenced tthe 1974 image de to the lack of common GCPs
(buildings and rads)found betweenboth images 1974 and 1988 were georeferenced to

2009 imagery When georeferencintipe images buildings, road intersectionand culde-
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sacs were chosen as GCPs due to their static rhnagghout timeallowing for a reliable
referance control point(figure 1.4.2.22). When choosinghe GCPs, the center of the
structurewas referenced to account for any additimraovalsof buildings, or roads.22
ground control pointsvere selected on the 200%qio thatcould also be found othe
scanned imagge however, the 1932 image only allowed f@ 12 GCPs to bédentified due
to alack of homes and roadkat could be used as GC@able 1.4.2.11). This image was
used as an early baselicemparison of howariableshave evolved over riie and was
utilized to quantitatively estimate a starting area of varialdae to the uncertainty in

referencing

a. b. c. d.
Figure 1.4.2.1 1. Due to the time scale of this study, a variety of images were used in
classificationranging from black and white historical photographs to colored infrafed
example: (a) U.S Army Corps of Engineers printed 298lack and white photograplib)
1945 negative film scanned to a positive ima@e,1955 hardcopies of black and white
image that were scanneghd(d)2 009 NAI P6s infrared orthophot
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Table 1.4.2.1 1: Ground Control Pointsused to georeference imag® 2009 NAIP

orthophoto

Decade Number of Ground Control Points and Spline Error
12 GCPs, Bottom Photograph/ 10 GCPs, Top Photograph

1930s (Georeferencing Estimation)

1940s 22 GCPs, Top Photograph

1950s 22 GCPs, Top Photograph

1960s 22 GCPs, Bottom Photograph / 22 GCPs, Top Photograph

1970s 22 GCPs, Bottom Photograph / 22 GCPs, Top Photograph

1980s 22 GCPs, Bottom Photograph / 22 GCPs, Top Photograph

1990s Orthophoto

2000s Orthophoto

Today Orthophoto

1974 Scanned Photo

., o P -

“’.

2009 Ort

e
¥
N )

X Ground Control Points

Cc

Figure 1.4.2.12: Georeferencing the 1974 image (a) to #9 NAIP orthophoto (l)sing
22 ground control pointgc).
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1.4.2.2 Image Classification

The images used in this study were collected via opticabte sensing. The pixels
that compose the imageeflectt he sundég efhdcaedorfrom the e
(Lindgren 1985;Neteler ad Mitasova 2008). Optical remote sensing techniques span the
visible (VIS, 0.4 to 0.7um) and infrared (IR, near IR.7 to 1.3um, mid IR: 1.3 to 3um,
thermal IR 3 to 14um) spectrum (Lillesand et, &004). Image pixels contain special
signatures thatacn be <cl assified or assigned Foro obj e
example vegetation, buildings, and sdraye a specifispectral signature and image pixels
can be classified into landover based off the amount of radiation that reflects offirthe
surfaces. Refl ect anc e theimaterial,esurfacegydiasion,eamde r gy |
mineral composition that the energy comes in contact with (Neteler and Miteu0&;

Richards and Jj&2006).

Georeferenced images were maskedtoth@du t he Joc k efigiresl.2Ri dge
1b) and area just north of the dune system in order to quantitatively and qualitatively capture
vegetation and development changd$e mages weraeparated into 3 bands (Red, Green,

Blue: R,G,B) for all imageryexcept for the2009 infrared which wasnportedas 4 bands
(R,G,B and IR bandsand 1998 imagery which contained the infrared band as one of the 3
bands. Thesevere imported into GRASS GIS in order to classify and extract sadd
vegetationfor each year ofmagery. Development (roads and buildings) waiggtized in
ArcGIS for eachimageto avoiddevelopment being classified as vegetatioe to similarity

in spectral response

Images were classified in GRASS GIS using unsupervised classificatemclasses
were empirically selected in order to classifggetation and sandfter testing different
classes and their ability to classtfyese land covdypes(appendix F). Selecting less than
ten classes did naiccuratelyclassify these variables anckating classes greater thizm did
not change classification results fréheten classes.

The images weremported intothe image processing tools after roads and buildings

were maskeaut in order to only classify vegetation and sandinsupervisedlassification

49



was based on similar spectral vectors by grouping the image pixels into natural clusters
called spectral classes Byatisticalmethods Killesand et al., 2004Neteler and Mitasova

2008. Spectral vectors are defined as the gidadl a spcific location from R, G, B oiR
bands(Neteler and Mitasova, 20Q08) In the fully automated unsupervised classification
method, this spectral vector is matched or clustered with other spectral vectors that contain
the same or similar reflectance sigmasiand can be grouped in classeat trepresent
vegetation, sandetc. based on image statistics: cluster mean and covariance matrices
(Neteler and Mitasoya2008). Maximum likelihood classifier (MLC) was used as the
classifier algorithm to classify veggion and sand for each pixel throughout the time series
of images. MLC assigns a class to each pixel with the highest probability while
simultaneously running a Glguared test until a convergence that was preset is obtained
producing a raster image r@aining pixels assigned to the number of classes predefined, in
our caseten (Neteler and Mitasoya2008). Since this classification is automatic, the
algorithm does not know what class is asswvegetation or sand, sdasses wergisually
selectedby the usewsing the imageryo select which class corresponds to the specific land
cover Table 1.4.2.21). Areaswere calculated for each landover (sand,vegetation and

developmentto determine the changd variables for each year of imagery.

Table 1.4.2.21: Land cover assegvegetation and sand) visually selected from imagery

Year Vegetation Classes Sand Classes
1932 1,2,3 4,5,6,7,8,9,10
1945 1,2,34 5,6,7,8,9,10
1955 1,234 5,6,7,8,9,10
1962 1,234 5,6,7,8,9,10
1974 1,234 5,6,7,8,9,10
1988 1,234 5,6,7,8,9,10
1998 1,2,3,4,6 5,7,8,9,10
2007 1,2,3,4,5,6 7,8,9,10
2009 1,2,3,45 6,7,8,910
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1.5 Results

By coupling elevation data with image processing,dhelution ofJ oc k ey ds Ri d
since 2001 iad the effects of the vegetation and development on geomorphology of the dune
system have beequantified Overall, esults have showiong term decreases of dune
heightsand increases of vegetation and developraessias well as a remt stabilization D

dune pealelevatiors, and the slowing down ofegetation ande&lelopmenexpansion

15.1 Geomorphic Evolution

15.1.1 Dune System Evolution

Animations createdvith high resdution elevation datao f J oc k e haves Ri dg
provided adynamic visual rpresentation of the dune field evolutiower thepast36 years.
The fAAeri al Vi e wWWaaver KJ, 804 lagmgriéSso uRiddsg edoe Vi ew of
Ri d gWweaver K., 2011b)animatiors capturethe geomorphology of the dunesFor
instance one candentify thedominantsouttern migration of the dune fieldhe deflation of
thedune peaksandeventually, thestabilization of thedunefield. Thei J oc key ds Ri dge
Fa ¢ e(Weaaver K., 2011canimation shows thgeomorphidransformation of the dune fae
from coalescedbarchartio coalescegharabdic dunesas well aghe soutlernmigrationof the
dune field. These animations serve as a basis for the detgileahtitative analysis of
Jockeyobds Ri dygsualizatiortochanderefegencéoathe evolutionary history of

this dune system.

1.5.12 Vertical Dune Change

Previous studies indicated that this large active dune evolved over a relatively short
time period, with the Main Dune rapidly growing from the early 190983 (Feltner 1948)
and sedily losing elevation from 42.10n0 24.1Mm betweerl 9531998

Analysis performed in this study confirnas overall decrease of dune peak heights
since 1953 but arecentincrease inelevationfor all of the dunes since 200has been

observed Figure 1.5.1.21 shows thesouthermrmigration anddecrease ielevationusingthe
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2008 DEM with 2009 orthophotmverlaid with a time series of 3D extracted dune peaks
sincel974 The vertical lines under the labeled peaidicatehow the corresponding peak
has evolved until 2008(increasedor lost elevation) Historical elevations extracted from
profiles (Feltner 1948) and topographical maps yielded elevations dating backiio 19
revealing elevatins of the Main Dne reaching peak heights 20m in 1917 and 42min
1953. The peaks of each dune were tracked and analyzed frastd 2008(table 15.1.2
Hf or all the dunes of Jockeyds Ridge. Dat a
only, not permitting a complete analysis of the dune system.

Visualcompari son of each offiguens.l.2Puanweflas e xt r ¢
the calculated rates of chandgyre 1.5.1.23) confirm the predetermined overall decrease
in theheights of all dunesince 194 with the majority of the duneslecreasindrom 1%3to
1998. HoweverEastDunel and WestDunel, which border the Main ine,have increased
from 1998 to 2008 as well as show similar growth/deflationtrends (table 1.5.1.22)
indicating similar evolutional characteristics E v e n t houghdgellmas kosty 6 s R
considerable elevatiosince 1953 the dunes are showing signs of rebogitte 198 for
East and West Dune 1 whitee Main Dune and East 2 Dune hawvereasedsince 2007
(figure 1.5.1.22).

The Main Duneas well asEastDune 2 peak elevabns have been decreasing at the
linear rates of 0.3@/yearand 0.18m/garrespectively. Te rest of the dundsavedecrease
from 19741998 at variablerates of 0.0lm/yearto 0.17m/year since 1999 theyhave been
increasing in @vation at variable ratexf 0.06m/yearto 0.15m/year(figure 1.5.1.23). The
Main Dune as of 2004vas the highest dures stated by Mitasova et al. (2@p%out as of
2007West Dune Ibecamehe tallestdunewith a peak elevation d21.55m while the Main
Duneds el 08Bmt i on was

East Dune 2 and the &h Dune display lineaelevationdecreaseshroughout the
study periodvhich allowedfor alinear equatiorio be calculatedbr the peak elevationsith

a correlation coefficient d3.96 and0.98 respectively Rates of changbetween yeartor all
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duneswere calculated to determine how the growth of the dunes chémgedear to year

(figure 1.5.1.23).

West 2 Dune

West 1 Dune [l

Main Dune
East 1 Dune

Figure 1.5.1.2 1: 2009 Orthophoto drapedver 2008 DEM with 193-2008 time seriesfo
3D peaks indicatinglune peak migration.

Table 1.5.1.21: Evolutio n

of

Joc k ey 6aevd@ondrgrel91Fa008e

peak

1928 1931 1935 | 1953
32.00 | 30.00 | 31.00 | 42.1
Year 1974 1995 1998 1999 | 2001 | 2002 2004 2007 2008
20.61 | 20.18 | 20.42 | 20.38 | 20.59 -- -- 20.72 20.96
2391 | 20.13 | 19.80 | 21.18 | 2141 -- -- 21.55 22.36
3353 | 26.04 | 24.17 | 26.43 | 25.06 | 23.63 | 21.92 | 20.81 21.56
20.22 | 16.81 | 16.75 | 17.72 | 18.04 -- -- 18.33 19.60
21.05 | 16.81 | 15.68 | 16.21 | 15.43 -- -- 14.85 15.22
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The Evolution of Jockeys Ridge Dune Peaks From 1950 to 2008
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g The Evolution of Jockeys Ridge East Dune 1 (1974 to 2008)
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Figure 1.5.1.23: Rates of change in peak elevatiolmlividual dune peak elevation graphs
showing rates of changappoximated by linear regressions. Linear regressions were
calculated forEast Dune 2 and the Main Dune while two linear regressions were calculated
for East Dune 1, and West Dune 1 andb2tween 1974 and 1998 and between 1999 and
2008.

Table 1.5.1.22: Similar vertical rates of change for EaDune 1 and West Dune 1

1974 - 1995 | 1995-1998 | 1998 - 1999 | 1999 - 2001 | 2001 - 2007 | 2007 - 2008
-0.16 m/yr -0.02 m/yr 0.97 m/yr 0.16 m/yr 0.05 m/yr 1.27 mlyr
-0.18 m/yr -0.11 m/yr 1.38 m/yr 0.12 m/yr 0.02 m/yr 0.81 m/yr

1.5.13 Horizontal Migration
The
techniquesncluding visualizationof dune fieldcross sections. @ntification of horizontal

sout her | vy miRglgeavasiamalyzedosing séveraldeesyatab

dune migratiomrates was performagsing dune creseand peaks.
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Visualizing Dune Migration Simultaneous perspectivaew of overlaid200land 20086 s
DEMs (figure 1.4.14-2) andcross sections generated dwtting plane confirms thed u n e 6 s
southerly migrationand the deflation of the dune peak®&tween these two ges These
DEMs were selected in order to analyze how the dune has evolved since the study conducted
by Mitasova et al. 2005a.The cross sections shosand that hadeeneroded from the
northern windward side argkepositedn thesouthernleeward side ofluneas sand is being
transported over the dune and down the slip facsing the dune to migrate sauth

2001 and 200DEMSs were differencedh order tomap the changsince Mitasova et
al, 20006 s s 2007dwas chosen due to it being the most rtedata set since removal of
the South Dune.Southern migration of the durnveas detected bgnalyzingareas thahad
deposition or erosion of sandFigure 15.1.31 indicatesareaswhere sandwas eroded
(northernwindward side of the dup@nddepositedsoutherneeward sideof the dung In
addition to south migration, the difference map shows deposition along the eastern side of the
Main Dune and a dkeal Huweséeeohviihgngkong the
Main Dune figure 1.5.1.3-1) dueto changing wind directions.

Graphing extracted dune peaffgure 1.5.1.32) and dune crestdigure 1.4.1.33)

for each dunef the time series confirmed the migratiofithese features.

Quantifying Dune Migration Mitasova et al. (2008 calculatedd oc key 6 s Ri dge
migrating south 3m-6m a yearbased on change in the dune crests positimmlependent
aralysisof dune crestsnigration that includeagiew LIDAR DEMs (2007 and 2008jound

the entire dune systemto be migrating south on average3.7m/year. The East Dune
(combination of East 1 and East 2uiles)was migrating south the fastest at a rate of
5.2@n/year migrating a distance 0fl78.73n since 1974. e Main Dune which was
migratingthe slowestwith the easterslip face migrating at 3.02iy¢ar (1®.71m distance)

Main Dune westi f i nmgigrating at 3.26nyear (110.90n distance)and the south face
migrating a 3.56rfyear (distance of 12.00m). The southern face of the West Duneswa

found to be migrating at 3.58yeara distance ofi21.70m (figure 1.5.1.33, Appendix H).
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Individual migration rate$or the time series of DEMwere calculatedor all dunes andre
shown inAppendix H.
Dune paks demonstrated a similar pattern of horizontal migratidiowasd by the
dune crests. #éfizontal mgration rates were calculated for all the dunagpendix I).
Figure 1.5.1.34 shows the horizontatates of peak migration along a cumulative path
rangng between #/yea to 9m/year. East Dune [Zeakhas oveall migrated the farthest
with arate of 8.2m/year with West Dune 2 migting at 8.66m/year. hle Main Dunepeak
movedthe shortst distance with a rate of 42lyear. As found in the vertical rates of
change, East Dune 1 and West Dune 1 display similar horizontal evolutionary patterns, East
Dune 1 has migrated a&otal of 217m with a rate of 6m/year while West Dune 1 has
migrated a total distance of 233mith a migration rate of 6.86/year.
The migration of the dune peaks complex migrating in diferent directions
dependent upn peak locatin along a longer path than the dune crests. Due to the nature of
the dune peak to migrate in different directions, the disteeeasured cumulatively from
1974 to each pealind covering a longer distanceaking a highe migration rate for the
peaks. By comparing dune crests to dune peaks, similar patterns of migration are apparent.
Even though dune crests migrate at slower raigs|ar trends formigration ratesare found
with crests and peaks. The MambD e 6 s crests and pwestlarslthar e mi
East Duneds crests and peaks are migrating t
Di stance was also measured from each dun
straight path (not cumulative distancesj.whs found that East Dune 1 migrated 216.15m
with a horizonthmigration rate of 6.36m/year, East Dune 2 migrated 147.72m at a rate of
4.34mlyear, the Main Dune traveled 94.21m at a rate of 2.77m/year, West Dune 1 traveled
144.07m at a rate of 4.24m/year while West Dune 2 migrated 158.42m at a rate of
4.66m/year. TMis methodology is similar to how dune crest migration rates were calculated.
These results were compareddone crestsnigration rates, yielding similar results. h@

Main Dune peaks and crests tradihe slowesand migrated the shortest distancelelkine
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East Dune peaks and crestavekd the fastestind migrated the farthest during the study

period

Ly
R
I

™
b

Sand Gain 2 -

Sand Loss e .
a. -20 ! 1 km b. 18 i 1 km

Figure 1.5.1.31: Difference Rastex. (a) between 2001ral 2007 multiple return DEMand

(b) 2007 amd 2008multiple return DEMsshowing soutérn and easterrmigration of dune
indicated by the addition of sand on tbeuthernleeward and easterteeward side of the
dunes (blue).Not e S o u differerideelevatimrs is red indicating a removal of sand
(green wal) and addition of sand north of the Main Dune in 2003 (green arrows). Areas of
blue indicate sand addition and areas of red represent erosion of sand.
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Figure 1.5.1.32: Aerial view of time series of dune pdakations
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1.5.14 Volume ChangeandSoit Dunedés Rel ocati on

Volume ChangeThe volumeof sandabove6m elevationwas found toremainrelatively

consistent,fluctuating around the average volume 4f%9x10°m®. The volume ranged
between5.147x16m? and 4607x10°m® from 1974 until 2008with a minimum volume in

198 anda recovery tonear averag@olumes in1999 (figure 1.5.1.41). As of 2008 the
active portion ohadaVaum®.edyldms’ofRdndlge dune

Sout h Du n é@desof ti®tmain goals of relocating the South Dune northeoMain
Dune, was to fAfeedo Unftrtenateled n @ae i nlyge MAa0 & 3 D n 8«
removala LIDAR flight was notflown until 2007 The only data setavailable since the
removalare 2007 and 200&oweveythere was a LiBR flight in 2001 #lowing for before
and after analysis

Figure 15.1.31, a difference map between 2001 and 200dltiple return MR)
shows the removal of the Southube and relocation of treandjust north of the Main Dune.
A difference map between 2007Mddd 2008 yelded almost no changim elevation for the
relocation areandicating that the disposal sand has already been redistribigedifer Cox,
a Jockey0s angarcdngrmedtha thdsandRrelocated from th@outh Dune is no
longerin the disposal loation and coarse debris that wind could m@insporthave settled
while thefiner sand has been transported awayabyglian processeg$igure 1.1-3d; Cox,
personal communication

Due to the limited data after 2003,wias not possible to accuratelyade the sand
transport from the disposal area and assess whether it has contributed to the observed

increase in dune peak elevations.
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The Volumetric Sand Change of Jockeys Ridge
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Figure 1.5.1.41: Total wlume ofsand in theactiveareao f J o c k ey 6sgstefR.i dge du

1.5.15 StableCore and Dynamic Envelope
Time series oflevationdata made it possible to extract c¢2e088,147.8r) and
envelopesurfaces. The volume of dynamic sanfEquation P) for each year remained
around a mean value of @®5578n° fluctuating between ,318447m* to 3058957m°
(Table 1.5.1.51). Figure 1.5.1.51 shows the graphedolumes of the dynamic layer
indicatinga relatively constant volume of dynamic sand throughout the time sétiethe
exception of 1998. Calculation ofthe relative volume revealed an average rati®.4¥
(table 1.5.1.51) indicating that there was no singl e

(surface) was at a minimum or maximyfigure 1.5.1.52).
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Table 1.5.1.51: Volumes oflynamicsand andrelativevolumes extracted from core and
enwelope using time series of data

Volume Volume of Dynamic| Relative Volume | Core Volume Envelope
Year (m3) Sand (m3) (Ri) (m3) Volume (m3)
1974 5121400 3033252 0.49 2088148 8256462
1995 508987 300175 0.487
1998 46065% 2518447 0.408
1999 514715 30589% 0.4%
2001 5100113 3011965 0.488
2007 4855767 276761 0.499
2008 5035230 294708 0.478

Volume of Dynamic Sand in Jockey's Ridge from
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Figure 1.5.1.51: Volume ofdynamicsand(volume of DEM above 6m elevatisalume of
core)from 1974 to 2008
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Figure 1.5.1.5 2: Relative volume expressed between 1 (envelope) and 0 (core). Volume
extracted above 6m elevation yiel@lative volumes around.5 indicatingthat sand is not
entering or leaving the system, however thedsarbeing redistributed amongst the dunes
(Graph created by Eric Hardifrom North Carolina State University

15.2 Land Cover Evolution

The OuterBanksandmor speci fically

the Jockeyos

dramatic land cover changes since the 1930s sisown int he fAJockeyods
| mager yo Weaiemka 201TdnThe(analysis of imagery confirnteat the1930s

was a period oho develgppment orvegetationgrowth. Overtimevegetation and development

increased whé the total area of sarmtbcreaseg Imageclassification figure 1.3.21) using

three land cover sand, vegetation and developmeiigure 1.5.21, table 1.5.21) shows
that 1932 had lhe largestarea of sandotaling 80.98% of the total study are@95ha) while
vegetation only covered8.61% of study arewith developmentrpad alongpresent day

Highway 12) accounting for th@41% ofthe remaining area As of 2009 the areaf sand
had decreased by halo 46.1446 coveragewhile vegetation hadloubledto 42.526 and

developmenincreased to 11.34%
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Coupling DEMs with lanccoverextracted from imagery, visualization of topography
and landcovercan be helpfuto assess the gy relationship between the land cover change
and evolution of topographfigure 1.5.22). The overall change dhe dynamidandcover
can be viewdint he nJockeyds Ridge | madwWeavwr KCIl assi
2011e)

Linear regressions wer calculated for sand, development and vegetaticeas
throughout the time series yieldiaginear change developmenty=0.46x-888.81 providing
an R of 0.96, sand:y=-1.34%+2.84%+03 with an R of 0.96 and finally vegetation:
y=0.836x-1.553e+03 givingin R of 0.96. Figure 1.5.2-3 displays the variables plotted with
corresponding linear regressions arfdvRlues. The overall trend of the data indicates that
the area of sand was at a maximum in 1@8treasingat a rate of 18ha/yea)y and has
steadly decreasedo a minimum in 2009while developmen (increasing ata rate of
0.46halyear) and vegetation (increasing the fastest at a rate of 0.84ha/yelaayarmbth

increased overtime
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Figure 1.5.2 1. Classified Imagery with %rea of sand (Sgrey), vegetation (\green) and
development (Bed).
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Table 1.5.2 1: Land cover &as calculated fromclassification of sand, vegetation and
development using aerial photograpgi®©32 to 2009

Year | Sand (ha) | Vegetation (ha) | Development (ha)
1932 245.7855 56.4951 1.2373
1945 219.7477 72.6299 2.5383
1955 212.2196 78.2197 4.6136
1962 186.5939 101.995 6.6044
1974 189.3041 90.7825 15.107
1988 164.8040 106.2094 24.1823
1998 140.1310 129.1722 25.8923
2007 148.5218 114.4096 32.2665
2009 136.2018 125.5091 33.4832
i 1 km

Sand
[ Vegetation
@ Development

Figure 1.5.2 2: 2007 LIDARDBM over | ai d wi t tograptocagsificatiorafe r i a |
sand, development and vegetatitand cover map obtained by classification of aerial
orthophoto.
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Land Cover Areas Extracted from 1932-2009 Imagery
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Figure 1.5.2 3: Time series of classified land cov@and, vegetation and development)

with linear regressions

1.6 Discussion

By combininghistorical elevationdata withhigh resolution LIDAR andmagery, a

detailedgeospatiabnalysis of the morphologgnd land coveo f

J o c k edyng systétn d g e

has yielded results that have aided inuhdestandingof thiscomplexdune system

Even thouglelevation dataetst h a t

cover

J dincitkde tge@ime sBried g e

of DEMsthat are available wemaufficient forquantitativeanalysisandvisualization of dune

morphologyevolution There ¢ alargecollectionof imagery available for the Outer Banks

that permitted theinvestigaton of the relationship between land cover change and the
Witlo thekcenybimation Rfi bdtlg data sets overall detailed

mor phol ogy

of
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analysis of the evotui on of J o c ked el sesulisiasl el asyconfrred past
findings.

As concludedin the previous studiegHavholm et al. 2004 Judge et al., 2000
Mitasova et al., 200% Pelletier et al., 20Q9Runyan and Dolan 20pltheJ oc k ey 6 s Ri d
areahas undergone a morphological change sitgdormation about 1,200 years ago
Betweenl1917 and 1953the dune grew to a maximum peak height @2m and steadily
decreasdin elevation by almost hatlb 22mbetween 1953 and008 Overtime thedune
systemevolvedfrom a single dunénto five well defined dunes withgaks ridges,slip faces
andrelatively similar elevations Thedunesseem to be evolving frofmarchardunesformed
duringtimes of little vegetation covetp parabolic dunesThese prabolc dunes are created
by an increase of vegetation causing the dunes to be sand stmadidg to loss of
elevation Parabolic dunes are known ftails that follow béiind the dune, pointing upwind.

Dueto the coalesced form of these dunes, the tailkofc k ey 6 s Ri dge dunes
but the well defined slip faces and ridges can be detected and the time series of DEMs shows
the evolution fromcoalescedbarchandunes to sand starved parabolic dunBesért
Processes Working Group The combinatiorof increased vegetation and development on

the windward side of the dune field decrebhee amount of sand feeding the dune, leading

to a decrease of dune height

One of the more interesting results found in the geomorphology study was that the
West Dwne 1 and East Dune 1 which are situated oredkeandvest sides of the Mainuhe
have similar evolutionary pattern§Vest Dune 1 and East Dune 1 have vertically evolved at
similar rates:East Dune 1:0.16m/yea to 1.27m/ea and West Dune 10.18m/year to 0.81
m/yea (table 1.5.1.22, figure 1.5.1.2-3). When measuring horizontal migratiostesusing
dune peaks these dunes showed similar trends (East Dune 1:e&damg West Dune 1:
6.8a@n/yea; figure 1.5.1.34). It is hypothesized since tllockey 6 s  Huneal figld itself is
dynamically evolving and forming fie well defined parabolic duneand the increase of
vegetation and developmeistcausingaeoliansand transport to decreas@he sand that is
already part of (edstibutedarddspedioutdetation of dunespeaks)
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and the sand that was once part of the high Main Duid®53 may be contributing to the
growth of the East Dung indicated by the southemigrationand clockwise rotation dhe
dunes
One additional wrprising result from the geomorphologtudy is that thédMain
Duneo whi chnl83iosodnod 2lmronger the highest dune
19326 wopographicmap theduneonce cal l ed fiBngadamemnts Hielf ler |
Main Dunewasthe only recorded dune in 198nd has been recorded as kiighestdune
until 2007. As of 2007, West Dunellecamethe highest dune of Jockeys Ri dge wi t |
height of 21.55m whil e the ASMafRO98 Vieatibené§d el ev
grew to 2.36mwhile the Main Dune grew to 21.66 but was still lower then West Dune 1.
Due to the large gap between LIDAR datélexgions of 2001 and 200West Dune 1 could
have been taller than the Main Dune before 2007, however due to the time intervia of da
collections it is safe to concludeat the Main Dne as of 2007 is no longer the tallest dune
of J oc k e tésshyp&Rhesizgdethat the migration and reworking of the Main Dune
into smaller dunes has transferred samdto West Dune 1 causing WeDune 1 to have a
higher dune peak
As for the fate of the Southtbnedés r el ocati on, with the
difficult to determine how this relocation windward of the dune field has cotedbio the
Mai n Du n e ®se togtmemendiirg .northeastern wingt is safe to assume that the
sand from the relocateBouth Dune has in some form addecklevationof the dune field,
notjust tothe Main Dune but toother dunes as well.
One promising result is that even thoubk dunes havest significantelevation, as
of 2007 all dunes are showing signggodwth with rates betweeB.@4m/year to 1.2M/year)
and as of 2008 the dunes seem to be reachinfp stlvations between 15m and 2#nth
an aveage peak height of 2@ The volume obandwith n Jockeyds Ri dge se
within the park boundariegwith a negligble volume of sand escaping onto Highway 158 at
times remaining around the average volume4d9x16m?. This is evident bsed on core
and envelope analysis, and caltwlas of yearly dynamisand and relative volume rates. It
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was found thatdc k ey 6 s Ri dhgsea sthhiencere Violunee o888 147nt. Since
the volume of dynamic sand fluctuates around the average val\@865Z8nT and contains
an average relae volume of0. 47, thi s | eads us to believe t
are being reworked by winand redistributed amongst the duresl not gainingor losing
sand into its system. Most didactivesand that was preseint 1974 seems to be prege
today, conf i rming that J o ctkv@wné dHut Rdistilgeel its rsand not
elsewhere around the dune system.

Not only has vegetation change been attributed to dune stabilization around the North
Carolina Outer Banks, bldss of sand soursérom increased developmehasalso affected
the growth of the dunesDevelopment and vegetation haeelucedareasof available sand,
decreasingand transpotthat once fd theJ o ¢ k e y ddesnesRBuaklgy €1987) found that
as vegetation increagesand transport decreasehich has beewmbserved n t he Jocke
Ridge areaas indicated by thetabilization of the dunesHavholm et al. (200s r esear c |
suggests thatve are approaching phase of stabilizatiorand revegetation. Using our
selected sidy area, 1932vasa time ofalmostno vegetation or development allowing the
dune to be in an actiiearchanstage. Vegetatiorand developmenncreasedhroughout the
study time perioc&nd as of 2009 vegetation covered almost half of our studyvenézy was
associated with a loss of half the dune peak elevation since 1953.

The majority of the vegetatioand developmenthange occurred on the windward
side of the dune field, whiclas the primary sourceof sandfeedingthe dunes as stated by
Runyan ad Dolan (2001) If thesourceis being covered by vegetatiand developmenthe
sand is being trapped and the source is no longer activefeaaihg the dunes A
combination of vegetation and development increasing on the windward side of the dune
fel d woul d account for the defl ation of Jock:
to vegetation and buildings detaining the saitis analysis indicates that overall vegetation
has covered a larger area and grown faster than development. rOeatevelopment has
replaced vegetation rather than sanWithin the park boundaries, and along the dunes
vegetation has been increasinggking over,figure 1.6-1 shows vegetation climbing over
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the slip face of the Main Dne from a visitin March, 2010 ad a visit in July, 2010
illustrating the incease of vegetationGraphing dune peaks with area of land cover, it is
evident that as vegetation and development increase, the Main Dune lost peak elevations
(figure 1.6-4) as well as East Dune (Bigure 1.6-3b). The otherdunes do not seem to be
affectad dueto the increase of vegetation and development, however are affected due to the
redistribution of sand from the Main Dune which may be contributinthéar elevations

(figure 1.6-2, figure 1.6-3a).

Modeling effortsby Pelletier et a). 2009 show similar resultsising dune field
evolutionmodeling. Simulationswereran studyingdune formation with the introduction of
interdunev e get ati on us i ngcaséd stumk Regulissinditaied thae witthes
presence of vegetation, dune elevadidacrease and converselyvithout vegetationdunes
wereable to grow.Using dune modeling Pelletier et 2009 wasalsoable to concludéhat
the reworking of sand within the dune system is the result gétaéon growth within the
dune systerhowever this study adds in development

Jockeyods Ridge is not only affected by i
due to its location isffected byintense hurricanes and winter stor(ndN o astérgwhich
help redistributethe sandand affectdune evolution. Hirsch et al. (2001) describdcast
Coast Winter Storms (ECWS) hsing comparable to hurricaniesregard€o storm damage
in coastal areasHirsch et al. (2001) found that each winter sea$actobe to April), on
averagetwelve ECWS occur with maximum winds reaching abdémph, and maximum
ECWS happening in JanuarHurricanesand tropical storm&ccurring between June and
Novemberalong the North Carolina coaseh the other hanthappen less fregtly than
ECWS;figure 1.6-5 shows the decadal breakdown of hurricanese{at/ 1 to caegory5)
and tropical storms that have affected North Carolina. Averages based off these results
indicated a yearly average 224 stormsaffecting North Carolinayhich is significantly less
than the amount of ECWS in this ar&tdte Climate Office of North Carolina).b Using
North Carolina State Cl i mat¥32@f200b4ccateygaydh ur r i c
hurricanes13 category Jurricanes27 categoy 2 hurricanes38 category hurricanesand
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79 tropical stormsaffected North CarolingState Climate Office of North Carolina,.b)
Weaker storms (category 1 and tropical storm) are significantly more frequent than more
intense hurricanes, ruling outrnganesasbeing the driving force of overall dune migration.
When comparing hurricane frequency and strength with ECWS frequency and strength, the
effects of coupledwithdomidatenostheasterly windare climatic influence

on the south@ migrationindicatedby Havholm et al. 200& sand transport rose (figure 1b

in Havholm et al. 2004).

Future Work Due to time constraintsground truth accuracy assessment oimage
rectification and classificatiomf imagery was notperformed in this teidy. However,
GRASS GIS module i.maxlik outputs a radtieat contains confidendevelsin each of the
pixels. These confidence levels state how confidanh gixelwas assignetio a specific
class Neteler and Mitasova, 2008)Figure 1.6-6 andfigure 1.67 show the histogram of
confidenceintervals for 1974nd 2009 classified imagery. Each classified imaghe time
serieshas similar confidencevel histograms results. Classification resutstained from
this study were visuallycheckedusing 3D viewers, imagery and DEMs.In order to
guantitativelyassess thaccuracy ofimagerectification GCPswill be selected andisedto
estimate accuracy Then tassification erras will be calculated for the unsupervised
classification methaalogy by séecting areas that are known to be vegetation and sand
around t he Jo evleatingtse acturaty of lana cosen classificatifan the
time series of imagery.

The 1998 DEM needs to be investigated duddcoreaseshn DEM deriveddatasuch
as apid decreases in dune peak elevations and volurRemt density may be one factor
causing thelecreasem values throughout this study. The 1998 DEM contained a less dense
point cloud(figure 1.3.1-2f) compared to other DEMs used in this studiis hypothesized
that a decrease in point densdigangesthe shape of topography as well as other terrain
features such as dune psék missed when collecting photogrammetric mass points) as well

asdecreasgin volume due to points not capturingthetermrad s compl et e geomet
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In order toinvestigate the driving force dlie evolution of Joaky 6 s Ri dge and
along the astern coast of North Carolina, a climatological study needs tmigletedin
order to further t hi s Ididnuodgimatalogdal evenis.a Foe t h e
exampl e, hurricanes/ tropi cal spscificddunemdeflatiomd Nor
and dune growth eventgould be pertinenin orderto understand the duéeevolution on a
climatictime scale.

Lastly, itwould be interesting to apply these techniques to other coastal dunes around
the world toinvestigate whether there is a global pattern of cyclical changes of vegetation

growthandif development plag/a rolein the morphology of other dune systems.

March 2010 July 2010

(photo courtesy of Katherine Weaver) (photo courtesy of Dr. Helena Mitasova)

Figure 1.6 1: Vegetation crawling over Main Duteslip facebetween March and July
2010.
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Jockeys Ridge Image Classified Areas (Sand, Vegetation, Development) vs. West Dune 2 Elevations
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Figure 1.6 2. Relating land covechangeto (a) West Dun and (b) West Dung elevation
changeby combining classification areas extracted from imagery and dune peak elevations.
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Jockeys Ridge Image Classified Areas (Sand, Vegetation, Development) vs. East Dune 1 Elevations
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Figure 1.6 3: Relating land cover change to (a) East Dune 1 and (b) East Dune 2 elevation
change by combinindassification areas extracted from imagery and dune peak elevations.
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Jockeys Ridge Image Classified Areas (Sand, Vegetation, Development) vs. Main Dune Elevations
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Figure 1.6 4: Relating land cover change tdain Duneelevation change by combining
classification areas extracted from imagery and dune peak elesgation

Total Storms Affecting NC by Decade
Within 150 Miles
(1932 - 2008)

decade (1932 to 2009). (Image courtesy of State Climate Office of North Carolina, b)

77



1) 0%
2) 0.5%
3) 1%

4=

DR

8) 1%
7) 2%
8) X%
§) %%
10) 7%
1) sox
12) 90%
13) 9%
14) 98%
19) 9%
18) 100%

. [Msand
.Vegetation

O —= N N O o
|

Number of cells in hundreds of thousands

0.1% 05% 1% 2% 5% 10% 20% 30% S50% 70% 80% 90% 95% 98% 99% 100%

Confidence Levels forpixels belongingto acertain class

Figure 1.6 6. (a) 1974 Imageryclassification (d) histogram of (c) maximum rejection
output(from GRASS GIS module i.maxlikjlicating confidence of pixels being classified to
a certain clasgb).
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Figure 1.6 7. (a) 2009 Imageryclassification (d) histogram of (c) maximum rejection
output(from GRASS GIS module i.maxlikndicating confidence of pixels being classified to
a certain clasgb).

1.7 Conclusions
By coupling historical data withrecent LIDAR data and imagery a geospatial
analysis of the morphology df o ¢ k e y dwasinReistigaged While previous conclusions
were confirmed, new and surprising results were found relating to thé& dunemor phol og
such as the quantification laind cover
Since the last data bbection by RTKGPSin 2004 (Mitasova et al. 200%), the

continuation of southerhorizontal migrationof the dune field has been confirmed®y
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measuring horizontal migration using theuné crests and dune peaks, eafine
demonstratesraoverall soutfem migration trend as seen since the early formation of the
dune system The developmentof additional faces to the Main Durveas also detected
demonstrating the clockwise rotation as well as southerly migration of the dune .system
However, dune peaks demstrated a more complex pattern of horizontal migration,
cumulativelymigrating along longer distances all directions witha prevailingsoutrerly
direction.

The overall trendsince the 1930sshows as predicted,that vegetation has
dramaticallyincreasedalong withdevelopment Both factors seem to be playingae in
the morphology of the dune fieltlie to both increasinig the aea that once fed the dunes.
With these increases, the once active area is being stabilizad aoadonger contribting
sandt o t he d u nDeéwpmentdens tode stabilizingsince there is no longer
space for developmemnd occurbecausehe majority of the study area @sprotectedstate
park or is already developed However, vegetation isicreasing insidehe park boundaries
(causing thearea of santb decreagewith the majority of growth along the windward side of
the dune system as well along the leeward side of tleine fieldwhich waspredicted due
to the ongoing return tastabilizedvegetated dne phasesaHavholm et al. (2004) was able
to show Based on ouresearch J o c k e y éespectedtodypaually ckang into a
vegetated stabilized dumath peak elevationeeachingsimilar heights

Based on evolutionary data we have studied, teedseems to show a predicted
pattern of evolutiorover time However, it is difficult to determine what the dune will look
like in the futuredue to many factors playing a role in its developnamd the dynamic
environment in which it is locatedThe wlumed sand composimmgarslockey
consistent throughout time, confirming thatamditionalsand is entering or leaving the dune
system, but simplereworking amongst the dunes themselbesught forth by increases of
development and vegetati Today,dune peaks are ajjrowing; however, the Main ihe
has lost considerableeighs in devationand another dune has taken the role of the highest
dune of Jockeyos Ridge although al/|l t he du
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elevations Vegetation and development, if allowed to continue wlilimately cause the
dune to stabilize untiklimate or other factors change the eomment for continued
vegetation growth.

Jockeyds Ridge has withstood t bAndiswildy nami
continue to endure theperpetual beatingdfrom hurricanestorms and increases of
development and vegetatiof®Wi t h t he promising results that
sandfrom its systenand the present day growth of dune pegkssaf e t o say t hat
Ridge will be around for many years to come.
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2. MODELI NG JOCKE YHE.SGODRNGDUSING TANGIBLE GEOSPATIAL
MODELING SYSTEM

2.1 Introduction

Technological dvancesof visualization havevastly improved virtual analysisof
complexlandscapes Improvements fronhard copy topographic maps tomputerbased
interactive2D and 3D viewergpromotea moreeffective approach to analyzinigndscaps.
Tangible moded further enhance visualization of terrain by providing an environment where
users can manually interact with and modify landscapes.

More advanced 3D viewers such33 virtual realityinterfacespromote immersion
using several display screens For examplethe Cave Automatic Virtual Environment
(CAVE™) which uses aroomto projectimages on the walls, floor and ceilifiy order to
fully immerse the user in a virtual realityteractiveenvironment (CruzNeira et al, 1992)
GeoWwall which permits users to visualize earth processes using polarized 3D glasses
(Johnson et g12006) and theVision Domeallowing a360°immersionexperience

Tangible technologieare changing the humaocompuer interfaceby allowing the
user tatangiblyinteract withgeospatiatlatain a collaborative settingSuch tangible systems
includedigital sandtablesusedby themilitary to collaboratively manipulatgeospatial data
(Defense Update2005a,b). Theidea of tangible modelas introduced bynderkoffler and
Ishii (1999) by developingURP, an urban planning system thallows users toplace
architectural objects on tables in order to studyitheacts of casshadows. llluminated
Clay further developdthe tangibleapproachallowing for the interactionwith tangibleclay
models(Piper et al., 2002) This system, gangible usemterface (TU), is used to study the
effects of geometric modificationsf elevation surfaces on landscape processes and
paraneters(Piper et al.2002 Mitasova et a].2006. Tateosian et a(2010 andMitasovaet
al. (2017 describehow theg past systems evolvaato a moreapplication oriente@pproach
by coupling of GB, TUIs and computer visualizatido createlangibleGeospatial Modeling
System TanGeoM$.
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TanGeoMSis an interactive environmenthat integrates a 3igh resolution
indoor laser scanner, tangiblémoldablefoam/clay model, and a projector coupled with
open sourceGRASS GIS High resolution LiDARelevation datacan be usedh order b
construct physical landscape models that can be modiffedand The surface can be
changedby simply addingor removingobjects to represent structures and featsteh as
buildings fencesandvegetationor by modfying the surfaces itself to represent dunes and
dune breaches After each modification, the model is rescanmsihg the 3D indoor
scannerthe scanned data isiported intoGRASSGIS for analysis and simulatigdhen the
results are mjected onto thehysical modeto provide feedback abotite impactsof the
modifications (Tateosian et gl. 2010) The capabilities of anGeoMS hae been
demonstratean five diverseareas including North Carolina State UniversitySediment
and Erosion Control Resedr and Education Facility (SECRE)cated in Raleighhatis
currently used to study soil erosion and run&farek et al., 201Ifateosian et a312010)
Fort Br aggo0s thé&wads asedito fudy esosionidpehteavy vehicle and air
traffic (Tateosian et gl.2010) Da r e C distoricayNew Inlet areaused to creata
historical DEMto study changes in circulation due to inlet opening and cldBuosvn and
Overton 201) a nd J o ¢ k ethe dagyestsand duee on thesterncoast of thdJnited
StateqStarek et al., 201 Tateosian et 312010) One modehasalsobeen createtb reflect
the complex terrain of a Southern Italy watershvelsich was used texplorethe impact of
changes in slope ospatial patterns of surface water flowThese applications used
TanGeoMSto studythe impacts oterrain modifications on floodingerosion, andurface
runoff as a result ofmodifying surface geometrieM{tasovaet al, 2011, Starek et al., 2011;
Tateosian et g§12010.

This chaptedemorstrateshe coastabpplicationof TanGeoMS by focusing on the
Jockeyds Ri dgandstudyingihe effacts ®changes ia topography on coastal
flooding.

87



2.2 TanGeoMS Configuration and Model Creation

System SetupTanGeoMSs physicallyloca ed i n North Car ovisionha St af

Information and Statisticabignal Theories and Applications Lab (VISSTApusedin
Centennial Campus in Raleigh, North Carolindhe configuration used in this study
composed ofone or two projectors,an indoor high resolution 3D scannea, physical
foam/claymodel, and a computer that controls the scanner aglipped with GRASS GIS
or ArcGISin order to run geospatial software required for terrain anaffigisre 2.2-1a).
The systemusesa Minolta VIVID -910 3D Lasescamer that is capable of scannimghin a
range of 2.5nand can completely scdihne model three timesllectingmeasurements in 2.5
seconds Data is collected in the form of a point cloud (xz)at extremely high resolutions
close to 1 point per Imhwith accuracie®n thex-axisof +0.00022m, y-axis +0.00016n,
andz-axis +0.000Lm to thez reference plane The projectagrEpson Powerlite 1700/1710c
(resolution of 1024x768p usedto projectthe resultsin the form of imagesnd animations

on themodel

TanGeoMS Process The 3D laser scanner scans the model befmry modifications are
madeso this model can be used for result compariséiter the model ischangedit is
scanned agaito generatg@oint cloudswvhich are impaedinto geospatial softwargo terrain
analysis can be conducted@he projector is the main means of connecting the GIS software
(results, simulations and animations) to the physical model so analysis and interactive design
collaboration can be performedn our case GRASS GIS was usedcreate DEMs and

calculate surface parameters whiebre projected on the model using the projector

Mobile TanGeoMS A mobile TanGeolb was constructed in order fwesent the results of
model simulations ando demongtate the functionality of TanGeoMS in a classroom,
conference or meeting setting, solely as a viewing component. At this time a scanner cannot
travel due to the size and weight of the equipmérgrefore, only the display/projection
component is includerth the mobile systemThe mobile TanGeoMS is composed of a stand
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with the projectomountedfrom the top of the stand to project over the moélgufe 2.2-
1b). Recently an iPad 2 has been connected to the projector in ofdethir enhance the

mobility of the system

Jockey 6 Modét Créagiam The model region was selectéal cover the dunes of
Jockeyds Ri spgndronghe shavedirle lof theAdantic Ocean tothe shoreline of
the Roanoke Sund in order to studgoastalfloodingaroundJ ockey 6s Ri dge St
This region can be found within geographicoordinates 3 5A57 064 40N, 35A5
75A380690W an dfigure5222)7 érRelno¢l covers an on ground area of
1,587,600 M (1260m x 1260mjand thephysicalmo d e | 6 s0.2G25n®(@45m >s0.45m)
with a horizontal scalef 1:2800. TheMain Dune peak was 20.81m in 2007 andithe d e | 0 s
height is0.06985n with a vertical scale of 298 and amodelvertical exaggeration of 1:7.9

The model was createfiitom 2007 Bare Earth LIDAR datacollectedby theNational
Center for Airborne Laser MappinlCALM). TheLiDAR point cloudwas interpolated in
GRASS GIS using reguliaed spline with tension to createlan resolutionDEM. 1m and
2m contour intervals were derived from the DEM and projected onto the foamboards
Contour layers were thararvedfrom 0.005m foam boarda order to build the modelAfter
the contours were carvedhyerswere stacked anginnedtogethercreating astable model.
Then plasticine clayrolled thin was drapedver the foam boardontour layes creating a
smooth and more natural surface

After the original modelwas constructed it wascained to produce point clouds
georeferenced in GRASS Gliaterpolatedandterrain parameters were run on the landscape.
Then modifications to the landscape were construotedhe original model then terrain
parameters were calculated in ortestudythe impats of the modificationffigure 2.2-3).
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Figure 2.2 1. TanGeoMSSystera a.) VISSTA TanGeoM$§ystem composed of indoor 3D
scanner , projector s, | a p t.pMobila fahGeadMSsystemy 0 s R
composed of stand with mounted pr fnagect or ,
modified fromStarek et al. 2011 antateosian e&l. 2010).

Figure2.22. Jockeyds Ridge TanGeoMS study area

90



Trace, carve and stack foam Place clay on top of contours with

contours using projected DEM DEM projected on top
3D Laser
Scanner Projector

Scan model Import into GRASS GIS to Modify terrain on model

create a scaled DEM
3D Laser

Scanner Projector

Scan model Import into GRASS GIS to
create a scaled DEM

Figure 2.2 3: TanGeoMS process (model building to model analysis)

2.3 GeoreferencingScannedModel and Coupling with GIS

The 3D indoor scanrresupplies ahigh resolution, densdata set in the form of a
point cloud that is composed of x, scanner coordinatesnd z (elevation values)Before
analysiswas conducted on theiitial model, the scanner derived point cloeferenced in
the scanner coordinate systemps importedinto GRASS GIS clipped to eliminate

91



extraneous points argkeoreferenced thlorth Carolina State Plarcoordinaé system After
the pointswere geaeferencedthe pointswere interpolatedinto a 1m resolution DEM.
Tateosian et al. (2010) providesn equationthat transforms thescanneddata to
georeferencea@oordinates. However, data geoferencingis not necessary unless the user
wants to compare model results wi#S data. The equationassumedlistation due to
projection over a complex surfateinsignificantand thatthe modelis always aligned with
the scanner coordinate system, so no rotation is neetfleégccount for distortiomn models
with elevations greater thal06m, more robustransfomationsare necessarysing point
registation (Tateosian et al2010). Inorder toshift and rescaléhe scanned coordinates
(DEM) to real world gereferenceccoordinateghe following equatiorwasused Tateosian
etal., 201{

gi=aml + b (24)

aj = Slmax=Simin. b= amj + g, (15)
MiImax ~ ™JImin
wherei = 1, NgéN is the number ofpoints and the scanner pointcomponent

m=[mix,my,m] is shifted to the geeferencegoint gi=[gix,y.0-] , applyinga scaling factor,
a, wher a=[ay,a,,8;] , andb is the shifting variabléor | | {x,vy, z}

After model is georeferencesimulations and terrain calculations using GRASS GIS
or other GIS software can lmnductedfor example:flooding, terrain surface geometry
(slope, asect, and profile curvatuyeextraction ofterrain featureqpeaks, valleys, ridges,
dune crestsand slip faceg, watershed boundaries and stream networks, viewsheds, solar
irradiation, wateflow routes, and many othef&ppendix G; Tateosian et al., 20).0

Inour case studyfoodJc k ey 6 s Ri dge, edakévdaSppl@edusngtmo d ul
the scannedDEM in order to calculatethe extent offlooding for various terrain

configurations GRASS GISmoduler.lake floods terrain by spreading the water level from

92



the seegointsuntil the elevation is higher than tlselected water level Two seeds points
were selected, ona the Atlantic Ocearfat 914200n, 250200n in State Planeoordinates
andone in theRoanoke Soun¢at 913200n, 249400n State Planeoordinates The module
outputs a rasterepresenng the floading depthfor the simulated water levélased on the
topography(Netelerand Mitasova200§. Flooding was simulated on the model using the

simple Abathtubo flooding appr oachelativeltoe r e

W e

theNAVDS8S8 verticalch t u m. GRASS GI'S module r.|l ake was

flooding method around the Jockeyds Ridge
After flooding extentand depthwas calculatedor the givenwater level increments
flooding and simulationsvereprojected onto the model orderto viewtheimpacts brought
about by theéerrainmodificationsusingprojection of2D single images Animations with the
incremental floodingextentovedaid on the DEMwerecreatedand projecteaverthe model

demonstratinghe progression of flooding evedy25mintervalsfrom Om to 5m

2.4 Case Stug

Coastal flooding from huicanesandi nt ens e Nanrbé earisméntlr te
residential areasn low lying terrain close to sea level. Since theset of increased
populationalong the coastcoastal flooding has become a concern to the government and
home/business ownefsigure 2.4-1). The North Carolina Floodplain Mapping Program
(NCFMP) provides detailed flood insurance rate maps (FIRMS)afoareas in North
Carolina in order tanform residents about the flooding hazards associated with the location
of their homes and businesséigre 2.4-2, North Carolina Floodplain Mapping Program,
2011D).

A physicalmo d e | of t he Joaka@eatedksin dderdtg ¢éetitea r e a
functionality of TanGeoMSn a coastal setting. This specific model allows users to
collaboratively and interactively explore a well known coastal landscape by manually
modifying its topographyto study what areas will béobded, if certain terrain features are
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modified. This model demonstrates that users can simulate andmpaets or extent of
coastal flooding by coupling geospatial software with a tangible model.

Two different landscape modifications weaappliedto the original modelto show the
capabilities of TanGeoM$# studyng coastal flooding The first ndscape modification
involved the extension of tHgouth Dundo simulate the scenario where the dune would be if
it wereallowed to continu¢o migrake instead of being removed in 206@e to it becoming
too close to homes along Soundside Rod@tde second set of modifications included dune
breachescarved in foredunes teimulate areaspotentially vulnerable to coastal flooding
(Figure 2.4-3; appendix G).

Il n order t o \lheoahilitytsimples animatiena Wwese created from a
series of 2D images thahowfloodingat increasing water leveising step®f 0.25mwater
level incrementswhich were overlaid on thecanned modeDEM to show theextent of
flooding. The animations, projected tonthe physical model showed the areasundated

based on the modifications to the terrd@monstratingvhat areas were impacted

Figure 2.4 1. Soundside Road, southof Jeck 6s Ri dge State Park f|
storm events such as this storm in February of 2010 (Image taken by Paul Paris from North
Carolina State University).
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Figure 2.4 2: (a) Floodplain mapping flood insurance rate pna f or
area for 100 year storms (flooding the majority of the surrounding area) and 500 year floods

a.
the Jocke)

which would flood the dunes of Jockeyds Ri
Floodplain Mapping Program: http://floodmaps.nc.goMFS/Default.aspx)
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a. 2007 Bare Earth LIDAR

-

c. Foredune Breaches
Figure 2.4 3: Jockeyds Ridge TanGeoMS model conf i
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2.4.1 Flooding Simulation with Real World Topography in 2007

An i niti al mod el of Joc k egaétafloogngdasedbnwa s cr
the 2007 Bare &th LIDAR data(figure 2.4-3a). This model was created in orderassess
which areason the barrier island&ould flood due to increased oceandasoundside water
level. Simulations wereun on the model by increasing water levels®g5m from Om to
5m relative to NAVDS8S8 (figure 2.4.1:1b). This model was used as laaseline for
comparisorwith results frommodel modifications After coastal floding simulationswere
calculatedand projected on the model, ideas for model modifications feareulated.

AiTanGeoMS 2007 Bare Earth FloodinVeaver K., 2011fshows the time series of
flooding indicating thatow lying areas ke Soundside &ad floodeven at relativelysmall
increass of water leves. This areacommonlyfloods during intense rain events or storms
(figure 2.4.1-1a). Asthe waterevel is increasedflooding continues a&st along Soundside
Road until it eventually hits ighway 158 withthe soure of flooding from the Roanoke
Sound. With 1m increase in water leyeboundside Bad based off @7 LiDAR data would
flood halfvay between Roanokeo8nd and kyhwayl58, while 1.5nmrise would have
flooding almostreaching Highway 158 figure 2.41-1b) flooding residential areas south of
the park Flooding from the soundside is demonstrated because the oceanside focadunes
withstand water increasep to approximatelym; dune erosion and degradatiomis take

into accounthowever
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b.

Figure 2.4.12 1. (a) Images taken after storms along Soundside Road indicting flooding
vulnerability of Soundside Roadb) 2007 Bare Earth LIDAR model with calculated flooding
projected ontoTanGeoMS model demonstrajisoundside Road flooding firat 1m while

the oceanside fodrnes retairincreases of water level due to their elevations being around
4m

2.4.2 Impact of South Dune Addition
In 2003 the South tne(125 x 1§ m® of sandwas removed r om t h eRiddeo c k ey 6
dune field and trucked north of the &h Dune in hopes of feeding the Mairue Cox,

Personal communicatiodudge et al., 2000itasova et al., 2005 This dune was removed
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due to itmigratingclose to homes alongo8ndside Rad. Rrt of the dine wasessentially
touching a home andneway to prevent homegom being claimed by the dune was
relocate the dune itselfigure 1.1-3a,b). Since removal of the dune, the elevatidrere the
South Duneused to bas similar to the elevationfdhe lowest lying areas alongo8ndside
Road, which flood at the water level 1m above NAVD88&s shown from the 2004DAR
Bare Earth modedimulation {igure 2.4.1-1b).

One question explored using TanGeoMSwsat would happerf the South Dune
wasallowed to keep migrating south instead of removing kiow would the dune if left to
evolve affect flooding Would letting this dunecontinue to migrategorotect residential
homes along &indside Rad? This questionwas tested Y simply forming a clay dune on
the physical modehatreflectedthe probable location and landformtbe South Dune if it
was allowed to keep migrating soytlgure 2.4-3b). After the dune was addéol the model
and scanned, the point cloms imported into GRASS Gl#terpolaed and incremental
flooding was calculatedfor this modelat 0.25m incrementsuntil 5m water level elevation
(figure 2.4.21). A" Tan Ge o MS So ut hanibhationshowsdhdmpact awater
level rise for this scenariqWeaver K., 2011g) At the 1mmaik, a small area along the
soundside floods first while theceanside dunes withstand the incredse to thed4m
foredunes The added dungroteced theresidential areasouth of the parkip to1.5m water
levelincreasecompared to the 20BareEarth moe| whee residential aresamostflooded
to Highway 158(figure 2.4.22). The addition of the &th Dune ora similar structure
featureindicatesthat this areamay be protectedrdm soundsidestorminducedflooding by
the addition of alune or anotherrptective barriealongSoundside RoadHowever,further
exploration is neededby allowing the South Dunéo keepmigrating;homes are in jeopardy
of being claimed by the dune as was the problem in 2003.
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Figure 2.4.2 1. Flooding TanGeoMS model aftéhe South Dune wasdded Top left

image shows the forming of the dune using clay to the modelltloeimg was projectecn

the model demonstrating how the newly added ddffieetedcoastal fbooding.The dune was

able towithstand 1.5mincreaseof water levepr ot ect i ng resi denti al ar
Ridge.
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Figure 2.4.2 2: Comparing 200Bare Earth modelflooding with TanGeoMS South Dune
addition flooding on residential areéred squares) The South Dneaddition was able to
withstand a 1.5m waterleveln cr eas e, protecting homes south

24.3 Foredune Breaches

Dune breaches created durimgense storm activity can also be simulated using
TanGeoMSby simplycarving a breacht selected locatioredlong the foredune or soundside
dune. Figure 2.4.31ais an example of the progressionafeald une br each durin
Hurricane Isabel jussouthof the U.S. Army Corps of Engineers Field Research Facility in
Duck, North Carolinacaptured from a web camedaring the storm(U.S. Army Corps of
Engineers, 2003

Two areas wereselectedon the oceansidioredunear ound t he State key ds
Park. Breaches were carvéd the foredundo study the impacts broughboutby coastal

flooding and the effects these breaches have on residential floo@pgndent upon the
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