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ABSTRACT
Hurricane Irene crossed into Pamlico Sound and tracked north in August 2011, forcing
ZDWHUWRWKHZHVWWKDWUHERXQGHGLQDVLJQL¿FDQWVWRUPVXUJHWRWKHEDFNVLGHRIWKH
barrier islands known as the Outer Banks of North Carolina. Pea Island from Oregon
Inlet to Rodanthe, with its narrow barrier islands and exposure to waves and surge,
has always been highly vulnerable to storm impact, but the severity of the damage
from Irene was unexpected given the Category 1 status of the storm on landfall. This
SDSHUUHYLHZVVLPLODUKLVWRULFVWRUPVZLWKVRXQGVLGHÀRRGLQJRQWKH2XWHU%DQNV
Several techniques based on orthophoto imagery and pre-storm LiDAR topography
DUHXVHGWRDQDO\]HWKHIRUPDWLRQRIWKLVEUHDFK$WHPSRUDOGXQHSUR¿OHDVVHVVPHQW
shows the vulnerability of the breach site due to previous storms. An alongshore dune
ridge analysis reveals low dune elevations at the site of the breach before the Hurricane Irene event. Remote sensing is used to estimate the soundside surge elevations
from a distinguishable wrack line left on Pea Island after the storm. An inundation
YLVXDOL]DWLRQVLPXODWHVWKHHIIHFWVRIDVLJQL¿FDQWVRXQGVLGHVXUJHE\ÀRRGLQJWKH
barrier island in the locations of the two channels of the breach.

O

n 27 August 2011, Hurricane
Irene made landfall near Cape
Lookout and traveled north
across Pamlico Sound and the PamlicoAlbemarle peninsula, creating a large
surge on the sound side of the North
Carolina Outer Banks. The barrier islands
south of Oregon Inlet were breached in
two places, one just south of a series
of fresh water ponds and two at Mirlo
Beach. The one at Mirlo Beach (or the
Rodanthe Breach) closed, but the breach
just south of the ponds (or the Pea Island
Breach, as it is called) remains open. The
North Carolina Department of Transportation (NCDOT) has, at the time of the
writing of this article, repaired NC 12
and installed a temporary bridge over
the Pea Island Breach. Figure 1 shows
a location map indicating the Pea Island
Breach study site and other key locations
referenced in this paper. Figure 2 below

shows two orthophoto images taken at
dates before and after Hurricane Irene at
the Pea Island Breach.
This paper intends to provide a review of four historic soundside events
(including Hurricane Irene) that had a
VLJQL¿FDQW LPSDFW RQ WKH 2XWHU %DQNV
To better understand the vulnerability of
the Pea Island Breach location just prior
to the storm, remote sensing of LiDAR
data and orthophoto imagery will be
used to investigate the site using four
approaches:
1) Dune evolution will be observed
through a temporal analysis of two diPHQVLRQDOSUR¿OHV
2) Maximum dune elevations will be
estimated from a dune ridge extraction
technique, to identify areas that are susceptible to inundation.
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 ,GHQWL¿FDWLRQDQGPDSSLQJRIWKH
deposition vegetative debris, or wrack
lines, will be used in combination with elevation models to estimate the maximum
water level during the storm at this site.
4) Visualizations of the maximum
water level over topographic data will
illustrate the vulnerability of the site to
soundside surge due to Hurricane Irene.
HISTORIC SOUND
SURGE EVENTS
Of the four soundside events that we
discuss in this paper, three events have
KDGDVLJQL¿FDQWHIIHFWRQWKHPRUSKROogy of the Outer Banks and one (Hurricane Emily) has caused heavy soundside
flooding. These events are the 1846
storm, the 1932 nor’easter, Hurricane
Emily, and Hurricane Irene. For each of
these storms, a high surge level in the
VRXQGÀRRGHGWKHED\VLGHRIWKH2XWHU
Banks. Table 1 shows the soundside surge
data reported for these events. Each storm
HYHQWLVEULHÀ\UHYLHZHGLQWKHVHFWLRQ
below.
THE 1846 STORM
Although the 1846 storm was extremely
LQÀXHQWLDOWRWKHVKDSHRIWKH2XWHU%DQNV
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storm of the previous day, the wind tide in
Pamlico Sound reached a height of about
12 feet and broke over the barrier beach
from the sound to the ocean.” In 1932,
1HZ,QOHWFRQVLVWHGRI¿YHFKDQQHOVDW
opening, the northernmost channel nearly
identical in location to the 2011 Pea Island Breach. This channel was only 75
feet wide and subsequently closed. The
second channel (moving south) was the
largest at about 1,000 feet wide. The three
southern channels varied between 50 and
100 feet wide. By 1935, the four smaller
inlets had closed naturally, leaving only
the main channel. This main channel
of the inlet shifted southward and narrowed, eventually closing in 1945. Prior
to the 1932 storm, another inlet in this
location had opened and closed and had
been mapped in the 1800s. There is no
documentation of the storm that initially
caused a breach in this area.
HURRICANE EMILY (1993)
In 1993, Hurricane Emily caused
D VLJQL¿FDQW LQODQG VXUJH WR ÀRRG WKH
soundside shoreline between Hatteras
Figure 1. Location map of relevant sites
and Avon (USACE and FEMA 1994).
along the Outer Banks of North Carolina.
Although this storm did not cause a
breach on the Outer Banks, the magnitude
very little information on the storm exists. of the wind driven surge in the sound is
One account of the storm documents, QRWHZRUWK\IRUWKLVVWXG\6HYHUDO¿HOG
“A remarkable surge of water, driven by investigations of wrack lines near Buxton
continuous northeast winds, pushed far were done to determine the surge elevainto the Pamlico and Albemarle Sounds, tions given in Table 1 (Bush et al. 1996).
ÀRRGLQJULYHUVDQGFUHHNVIRUPLOHVLQODQG These wrack line studies will be reviewed
Then, as the hurricane passed and its winds in the methodology for the wrack line
rotated to the southwest, this massive analysis conducted for this research.
expanse of water rushed back toward the
HURRICANE IRENE
sea, overwashing the Outer Banks from
Similarly, Hurricane Irene was charwest to east. On the night of September 7,
acterized by a large storm surge in the
a new inlet was created by these events,
sound. Local accounts describe heavy
known today as Hatteras Inlet. The next
ÀRRGLQJLQODQGRIWKH3DPOLFR6RXQGDQG
day, a second inlet was formed just south
low water elevations on the sound side
of Roanoke Island. This inlet soon became
of the Outer Banks during the beginning
navigable and was named Oregon Inlet…”
of the storm as the winds pushed the
(Barnes 1995). Both Oregon Inlet and Hatwaters to the west. Alternately, a rapid
teras Inlet remain major inlets in the Outer
increase in water elevation and wave
Banks to this day.
action was reported on the sound side of
the Outer Banks during the second half
THE 1932 STORM
The 1932 storm was a nor’easter, of the storm.
occurring on 6 March 1932 (Markham
Gage data documents the storm surge
1935). This storm event opened New
on the sound as compared to the oceanInlet approximately one kilometer south
front. The U.S. Army Corps of Engineers
of the location of the recent Pea Island
Field Research Facility (FRF) in Duck
Breach. A 1935 report based on the
recorded 0.92 meters of surge from the
Figure 2. Study area location on Pea
REVHUYDWLRQVRIWKHRI¿FHULQFKDUJHRI
ocean side and 1.9 meters of surge from
Island on the Outer Banks of North
the Pea Island Coast Guard Station who
the sound (USACE 2011). The soundside
Carolina.
witnessed the event, states that “with a
surge elevation was the highest soundside
55 mile per hour wind blowing from the
water level elevation measured at the
southwest, following a severe easterly
Page 2
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Figure 3. Pea Island breach site before and after Hurricane Irene. (A) was taken on 2 August 2011 before Hurricane
Irene reached the Outer Banks on 27 August 2011. (B) was taken after Hurricane Irene on 28 August 2011 (NCDOT
imagery).

FRF since measurements began in 1979.
Farther south along the coast, Tide Station 8652587 at the Oregon Inlet Marina
recorded an even higher maximum water
elevation of 2.1 meters (NOAA NOS
2011). The locations of the USACE FRF
site and the Oregon Inlet tide station are
presented in Figure 1.
South of Oregon Inlet, Pea Island and
Rodanthe suffered the most damage from

Hurricane Irene, including breaching of
the barrier island in two places: Pea Island
and the north side of Rodanthe known as
Mirlo Beach. Soon after the storm, the
Rodanthe Breach closed naturally and
the NCDOT repaired the dunes and the
roadbed in the area. After the immediate
post-storm monitoring of the breach at
Pea Island, the NCDOT also acted to
install a temporary bridge to restore the
NC 12 transportation corridor.

PEA ISLAND STUDY SITE
The Pea Island Breach site provides
an opportunity to consider the pre-storm
conditions that contributed to vulnerability as well as the cumulative impact
of multiple storms. The study site chosen
for this paper encompasses the Pea Island
Breach site as well as the immediate
surrounding area to the north and south.
Figure 2 shows the location of the study
area.

Figure 4. Orthophotos taken before and after Nor’Ida struck the Outer Banks of North Carolina in November 2009.
Figure 4A, on the left, was taken on 8 October 2009. Figure 4B, on the right, was taken on 21 December 2009.
Shore & Beach  Vol. 80, No. 2  Spring 2012
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Figure 5. Figure 5A shows the study area with the project transects 1 through 45 at the Pea Island Breach. Figures 5B
and 5C show a close view of the Hurricane Irene wrack line just south of the Pea Island Breach. The top-right image is
without the digitized wrack line. The bottom-right image contains part of the digitized wrack line used in this study.

There are very few structures on this
part of the island; however, this study
area includes three buildings belonging
the U.S. Fish and Wildlife Service. NC
12 is approximately shore parallel and
access to the U.S. Fish and Wildlife facility consists of shore perpendicular paved
road and parking areas.
METHODOLOGY
In order to better understand the vulnerability of the Pea Island Breach loca-

tion, certain site characteristics must be
analyzed. The multi-temporal pre-storm
topographic data for the study site can
provide valuable information on the dynamics of the site. Storm data, such as the
peak water elevation in the sound behind
WKHVWXG\VLWHTXDQWL¿HVWKHÀRRGLQJ)RU
these reasons, the Pea Island Breach site
was studied using four methods: temporal
dune cross section analysis, dune ridge
analysis, wrack line surge estimation, and
inundation visualization.

Table 1. Storm event surge data.
Storm event

Date

1846 storm
1932 storm

9/7/1846
3/6/1932

Surge height (m)

unknown
3.67 max
(unknown datum)
Hurricane Emily 8/31/1993 3.2 max, 1.9
average (NAVD88)
Hurricane Irene 8/27/2011 2.57 average
(NAVD88)
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Affected areas

Hatteras and Oregon Inlet
Pea Island
Buxton
Pea Island

Temporal Dune
Cross Section Analysis
In November 2009, Nor’Ida, which
was a combination of Hurricane Ida
and a nor’easter, brought offshore storm
conditions to the Outer Banks. Nor’Ida
SURGXFHG VWRUP ZDYHV WKRVH GH¿QHG
as larger than 2 meters) for 99 hours at
the USACE’s Field Research Facility in
Duck (USACE 2012). Figure 4 shows
how the study area changed before and
after Nor’Ida. Figure 4A, was taken on
8 October 2009 and Figure 4B was taken
RQ'HFHPEHU,QERWK¿JXUHV
the location of the future Hurricane Irene
breach is indicated by the dashed black
and white line. Although some previous
dune degradation can be seen in Figure
4A, Figure 4B shows a new overwash
fan, situated directly where the breach
later broke through in Hurricane Irene.
The position of the breach directly in
the path of one of the overwash fans sug-
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Table 2. 2009 dune ridge elevations for transects in Figure 5A.

Northing
Transects (SPM)

Easting
(SPM)

2009 Dune Ridge
Pre-Irene
dune ridge
elevations
Northing
(m, NAVD88)
Transects (SPM)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23

220761
220710
220663
220616
220569
220520
220472
220423
220374
220326
220274
220223
220179
220131
220086
220035
219988
219940
219895
219849
219802
219755
219709

5.3
3.8
4.7
5.0
5.5
4.3
5.7
6.2
4.2
3.7
3.4
2.0
3.4
3.4
2.5
2.4
2.6
2.6
2.9
3.5
4.4
3.9
3.4

927800
927802
927821
927839
927855
927866
927878
927889
927900
927914
927916
927919
927946
927961
927984
927990
928007
928020
928045
928067
928085
928103
928123

gests that weakening of the dune system
from Nor’Ida may have contributed to
the size and location of the Pea Island
Breach. To visualize the extent of the
damage, a cross section at the breach site
was extracted from pre and post Nor’Ida
LiDAR data. The pre-Nor’Ida DEM was
created from LiDAR points collected
in March 2008 as part of the Integrated
Ocean and Coastal Mapping (IOCM)
project conducted by the National Oceanic and Atmospheric Administration
(NOAA). The post-Nor’Ida DEM was
constructed using LiDAR points from the
NASA/USGS Experimental Advanced
Airborne Research LiDAR (EAARL)
program (Hardin et al. 2012). This LiDAR data was collected in December
2009 as a post storm reconnaissance for
the Nor’Ida storm. Both dates of LiDAR
data have a horizontal accuracy of two
meters and a vertical accuracy of 0.15
meters. Using this data in GRASS GIS,
a transect in the breach area was draped
over the 2008 and the 2009 DEMs and the
elevations were extracted and plotted to
show the effects of the Nor’Ida event.

24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45

928138
928153
928166
928180
928194
928208
928221
928232
928246
928260
928269
928282
928292
928313
928309
928332
928330
928358
928373
928382
928400
928408

Easting
(SPM)

Pre-Irene
dune ridge
elevations
(m, NAVD88)

219661
219614
219565
219517
219469
219421
219373
219324
219276
219228
219179
219130
219081
219035
218982
218937
218884
218840
218792
218743
218696
218646

3.8
3.1
3.7
5.6
5.2
5.6
6.9
7.2
6.2
7.2
5.5
5.7
6.0
4.6
5.5
5.2
5.1
7.3
5.5
6.1
5.0
5.1

Table 3. Wrack line elevations
for transects shown in Figure 5A.
Tran- Northing Easting
sects (SPM)
(SPM)

Wrack line elevations
Elevation
(m,
Tran- Northing Easting
NAVD88) sects (SPM)
(SPM)

927782
2
3
927795
4
927821
5
927844
6
927854
7
927864
8
927871
9-20 21
928051
22
928064
23
24
928089
25
26
928151

1.9
2.4
2.5
3.3
2.5
2.4
2.3
2.5
2.2
3.0
2.2

1
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220756
220656
220611
220566
220517
220467
220418
219793
219745
219648
219561

27
28-31
32
33
34
35
36-38
39
40
41
42
43
44
45

928156
928227
928238
928267
928310
928320
928328
928344
928354
928362

219511
219271
219222
219126
218931
218881
218831
218732
218683
218633

Elevation
(m,
NAVD88)

2.1
2.7
2.8
2.7
2.7
3.1
2.6
2.8
3.1
3.0
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)LJXUH3UH1RU¶,GDDQGSRVW1RU¶,GDSUR¿OHDWWKH3HD,VODQG%UHDFKGLVSOD\HGIURPWKHHGJHRISDYHPHQWWRWKH
oceanside mean high water level.

Dune Ridge Analysis
A more robust way to evaluate the vulnerability of the study site is to examine
elevations of the dune ridge. Extracting
the elevations of a dune crest will provide
an estimate for what the maximum dune
elevations are at each transect. Although
the maximum elevations could be exWUDFWHGIRUHDFKSUR¿OHWKHEHQH¿WRID
dune ridge analysis is its ability to map
DFRQWLQXRXVGXQH¿HOGDFURVVWKHVWXG\
site. In this way, a maximum dune elevation and location can be observed with the
same resolution as the elevation points
along the DEM used. In the absence of
modeling, comparing dune elevations
with surge levels can determine where
ÀRRGLQJLVOLNHO\WRRFFXURUH[SODLQWKH
location of existing overwash areas. For
this study, the dune crest before the effects
of Hurricane Irene will be examined.

to extract the dune elevations. Maximum
elevations along the dune ridge can be
extracted from the DEM with an average
root-mean-squared vertical error of 0.02
m due to interpolation, which is less than
the LiDAR measurement error of 0.15 m.
Thus, the dominant source of error with
this method is from the input LiDAR and
would require on-site surveys to verify
the accuracy. The error to the extracted
dune ridge location can be attributed to
two factors: DEM uncertainty and dune
JHRPHWU\7KHGXQHJHRPHWU\FDQLQÀXence dune ridge extraction for locations
that have a degraded dune, such as the
overwash sites near the breach (Figure
4). For these areas, the least cost path
method extracts an optimized high elevation path to approximate the dune ridge.
Thus, the dune ridge elevation can be
approximated for areas with little or no
dune, where consideration for vulnerabilThe 2009 EAARL DEM used in the
LW\LVSDUWLFXODUO\VLJQL¿FDQW)RU VRPH
temporal cross section analysis was
VLWHVSHFL¿FORFDWLRQVDSUR¿OHDQDO\VLV
also used for this method as pre-Irene
is a more accurate method for extracttopography. Although this data was
ing the maximum elevations. Due to the
collected in 2009, it is the most recent
low error for this analysis, however, the
LiDAR data in existence for this site.
least cost path analysis for a dune crest
Since the study site is undeveloped and
provides a good estimate of the maximum
QRVLJQL¿FDQWVWRUPDFWLYLW\KDVDIIHFWHG
GXQHHOHYDWLRQIRUDEHDFKSUR¿OH
the site since Nor’Ida, the 2009 DEM
is assumed to be a valid estimate of
To better illustrate the distribution of
the pre-Irene topography. Dune eleva- elevations along Pea Island dune ridge,
tions for this study were obtained using 45 parallel transects were constructed
a least cost path extraction method in along the entire study site. From each
GIS software. Through this process, a transect the locations and elevations of
cost surface is created by inverting and WKH GXQH FUHVW ZHUH LGHQWL¿HG )LJXUH
exaggerating the topographic elevations 5A illustrates the transects spaced at 50
such that minimum cost reflects the meters along the Pea Island study site.
highest elevations (Hardin et al. 2012).
Wrack Line Analysis
By creating a cost surface and selecting
As Hurricane Irene moved north of the
a beginning and ending point along a
3DPOLFR6RXQGÀRRGLQJRQWKHEDFNVLGH
dune peak, the least cost path will create
of Pea Island deposited a debris line, or
a vector that traces the peaks of the dune
wrack line, along landward side of the
line and runs along a high elevation path
dunes and against vegetation. Because
for a dune overwash site. Once the dune
of the lack of tide gages in this region,
ridge location is established, the vector is
the water level in the vicinity of the study
draped over the original 2009 topography
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site is not documented. While the U.S.
Geological Survey installed a number
of rapid deployment tide and wave gages
prior to the arrival of Hurricane Irene
(USGS 2011), these devices were not immediately available after the storm event.
Also, none of these gages were located
directly in the location of the breach. In
cases where surge levels are uncertain,
¿HOG LQYHVWLJDWLRQV RI YHJHWDWHG GHEULV
can be used to estimate the peak water
level. Because on-site surveys can be
costly, dangerous, and time consuming,
remote sensing could provide an effecWLYHDOWHUQDWLYHWR¿HOGLQYHVWLJDWLRQ7KH
methodology described below explains
how a) wrack lines are typically identified, and b) orthophoto imagery and
LiDAR data can be used to estimate the
elevation of the wrack line.
Several cases exist in which the debris
line has been used to estimate the high
water elevation from surge and wave effects of a storm. The Federal Emergency
Management Agency (FEMA) reports
using debris lines in Texas to identify
the maximum water level after Hurricane Alice (USACE undated report).
After Hurricane Katrina, emergency
PDQDJHPHQW UHSUHVHQWDWLYHV LGHQWL¿HG
high water marks using wrack lines as
well (FEMA 2006). In these cases, the
surveyor’s best judgment of the high
water mark was used when identifying
and marking wrack. Research also exists
for cyclones in Western Australia, where
debris line elevations were surveyed to
determine the surge elevations and then
YHUL¿HG XVLQJ QXPHULFDO PRGHOV 1RWW
and Hubbert 2005). The closest wrack
line study to Pea Island occurred about
30 miles south of the Pea Island Breach
in Buxton after Hurricane Emily in 1993
(Bush et al. 1996).
Similar to the effects of Hurricane
Irene, the large soundside surge from
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Figure 7. Inundation models over 2009 topography of the northern portion of the study site are shown above. Flood
levels are given as (A) 0.3 m, (B) 1.0 m, (C) 2.1 m, and (D) 2.57 m NAVD 88. Topographic elevations are given in meters
in map A. An outline of the post-Irene breach site is included in map D.

Hurricane Emily pushed ashore a wrack
line, primarily containing salt marsh
grass from the Pamlico Sound (Bush et
al. 1996). Images and reports detail a
semi-continuous line of vegetated debris
that looks identical to the wrack line
formed by Hurricane Irene on Pea Island.
Elevations for the Buxton wrack line
were surveyed on site using a Jacob Staff
and leveling rod, and were then utilized to
estimate storm surge. The study sites between Avon and Hatteras were segmented
into three areas: Avon, the Buxton/Frisco
area, and Hatteras Village. These sites
produced average wrack line elevations
of 2.4 m, 1.8 m, and 1.5 m, with standard
deviation values of 0.2 m, 0.7 m, and 0.2
m. The maximum surge value obtained
in this study was 2.9 m. This compares
closely with a U.S. Army Corps of EngiQHHUV¿HOGLQYHVWLJDWLRQLQWKDWDUHDDIWHU
the storm event, which found a maximum
water level from the wrack line in Buxton
to be 3.2 m (USACE 1994).

7KHVH¿HOGLQYHVWLJDWLRQVKDYHVKRZQ
that some site characteristics tend to have
an effect on the distribution of storm
debris along a site and must be considered in this analysis. According to Bush
et al. (1996), salt march grasses could
get snagged or stopped by thick or high
vegetation as water levels continue to
rise, leaving debris below the maximum
water level. Also, houses, docks, and
other structures can trap wrack before
the maximum water elevation is reached.
It is even possible, through multiple rising and lowering of the water level, to
produce multiple debris lines.
Using the wrack line dynamics suggested in previous reports, post-Irene
debris was only examined on minimally
vegetated areas of the Pea Island Breach
site to assure that there was no obstruction to the debris line due to thick vegetation. Wrack was only analyzed within
the region of the designated study site.
Because the study site has very few
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man-made structures such as buildings
or docks, heavy vegetation was the only
major obstruction to debris. Most wrack
that was not obstructed by vegetation was
deposited on the heel side of beachfront
dunes. In the case of multiple wrack
lines, the most eastern wrack line was
analyzed to capture the highest elevation
of debris. Figures 5B and 5C show exDPSOHVRIWKHZUDFNOLQHLGHQWL¿HGRQWKH
Pea Island study site. The image shows
that although a portion of this wrack
OLQH ZDV LQÀXHQFHG E\ D IRRWSDWK DQG
high vegetation, only parts of the wrack
line that were not impeded by natural or
man-made structures were digitized for
this study. Some wrack lines near the
breach area were also omitted due to the
likelihood of morphological change from
the storm. Since the wrack line elevations
were extracted from pre-storm topography, analysis directly at the breach could
be inaccurate due to sediment transport
induced by the storm.
Page 7

SUHVWRUP'(0ZDVÀRRGHGXVLQJ
a “bathtub model” in GRASS. In this
case, if a surge level does not exceed the
KHLJKWRIWKHGXQHULGJHWKHQWKHÀRRG
level does not pass across Pea Island to
the ocean. For this analysis, the sound
VLGHRIWKHVWXG\VLWHZDVÀRRGHGLQVPDOO
increments to determine what minimum
ÀRRG HOHYDWLRQ EUHDFKHV WKH VWXG\ VLWH
and where this overwash occurs. The
ÀRRGOHYHOZDVLQFUHPHQWDOO\LQFUHDVHG
to the elevation of the wrack line to
observe the maximum surge at the site.
7KLVYLVXDOL]DWLRQVKRZVWKHÀRRGSODLQ
WRDVSHFL¿HGHOHYDWLRQLQWKHSUHVWRUP
DEM. In other words, it does not consider
any changes in morphology at the site
since this LiDAR data was collected after
Nor’Ida in 2009.

Figure 8. Three dimensional
orthogrametric image of the Pea Island Breach,
overlaid with 2.57 m (NAVD 88) storm inundation. The red vector along the
heel of the dunes shows the digitized wrack line used in this study.

Very little research exists involving
WKH LGHQWL¿FDWLRQ RI ZUDFN OLQHV XVLQJ
remote sensing. Some research was done
to reconstruct river water levels using
LiDAR segmentation of wrack lines,
but low accuracy of the LiDAR data
produced unreliable estimations (Lane
et al. 2003). Since then, some investigations into data mining of high resolution
imagery allowed researchers to identify
GHEULV¿HOGVDIWHU+XUULFDQH.DWULQDDV
a disaster assessment technique (Barnes
et al. 2007). Although most wrack line
elevation data is still gathered using
on-site surveys, the high resolution
orthophoto imagery collected directly
after Hurricane Irene enables users to
investigate the vegetated debris line using
geospatial techniques. The orthophotos
for this study were obtained from the
National Geodetic Survey website and
have one meter resolution. Since many
of the wrack lines in the study site are
several meters wide, this resolution gives
Page 8

a detailed delineation of the debris. Using
open source Geographic Resources Analysis and Support System (GRASS) GIS
software (Neteler and Mitasova 2008),
points along a wrack line are digitized
from this aerial imagery and draped over
the 2009 DEM to extract the elevations
at these points before the storm. A surge
analysis for FEMA reports that a large
number of high water line marks were
ÀDJJHGDIWHU+XUULFDQH.DWULQDLQRUGHU
to cut down on errors caused by variations in surge and setup (FEMA 2006).
For this reason, nearly 1,300 elevation
points along the Pea Island wrack line
were digitized to produce the results for
this paper.
Inundation Visualization
After obtaining an estimate of water
elevations in the sound during Hurricane Irene, inundation visualization was
LPSOHPHQWHGWRVLPXODWHWKHVXUJHÀRRGing from the sound at the study site. The

RESULTS
&URVV6HFWLRQ3UR¿OH$QDO\VLV
The cross section analysis shows a
VLJQL¿FDQWGHJUDGDWLRQLQWKHGXQHV\Vtem between March 2008 and December 2009. Figure 6 shows Transect 12
(labeled in Figure 5A), before and after
1RU¶,GD7KHSUR¿OHZDVH[WUDFWHGIURP
the edge of pavement on NC Highway
12, to the oceanside mean high water
elevation (0.3 meters NAVD 88). This
¿JXUHVKRZVWKDWDODUJHDPRXQWRIGXQH
volume and shoreline were lost during
the storm. The maximum elevation of
WKHGXQHV\VWHPGHFUHDVHGVLJQL¿FDQWO\
from 5.3 meters to 2.1 meters. After
Nor’Ida, a dune system was essentially
nonexistent at the location of the future
Hurricane Irene breach. Pre-Irene imagery in Figure 2A documents that the
existing dune overwash after Nor’Ida
remained unchanged until the arrival of
Hurricane Irene, which produced a sound
VLGHÀRRGHOHYDWLRQJUHDWHUWKDQWKHGXQH
crest elevation at this site.
Dune Ridge Analysis
Table 2 shows the dune ridge elevations for each transect shown in Figure
5A. Although the least cost path method
SURGXFHVDFRQWLQXRXVGXQH¿HOGDORQJ
the study site, only the elevations at the
intersections of the dune ridge points with
the transects in Figure 5A were included
in this table. The lowest dune ridge
elevation occurs at Transect 12 (2.0 m
NAVD88) which is actually the site of the
largest channel of the inlet formed during
Irene. It is noted that Figure 6 shows that
the maximum dune elevation at Transect
12 is closer to 2.1 m; this difference is
attributed to an optimized path error in
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dune ridge extraction due to the degraded
dune at this site. Nevertheless, 2.1 m is
still the lowest maximum elevation for
the study site, and thus, vulnerable to
inundation. The second lowest maximum
elevation occurs at transect 16 (2.4 m
NAVD88). This area is the site of the
second, smaller channel of the breach,
which has also shown evidence of dune
overwash damage prior to the storm.

the location of the breach. Inundating the
sound behind Pea Island to an elevation
slightly smaller than the average wrack
OLQH P VKRZVWKDWÀRRGLQJLQWKLV
area occurred primarily at both channels
¿UVW EHIRUH H[SDQGLQJ DQG LQXQGDWLQJ
surrounding areas. Figure 8 displays a
three dimensional post-Irene orthogrametric image, inundated to the average
wrack line elevation. Although the wrack
line elevation represents wave setup and
Wrack Line Analysis
UXQXS LQ DGGLWLRQ WR VXUJH WKLV ¿JXUH
The wrack line digitized at the study
gives a good representation of what areas
site is presented in Figure 5A. Some
of Pea Island were inundated at the highRI WKH ÀXFWXDWLRQ EHWZHHQ ZUDFN OLQH
est water level of the storm.
elevations is apparent in Table 3. Note
that since the vegetated debris is not a
CONCLUSION
continuous line, not every transect has
Investigation of the Pea Island Breach
a representative wrack line elevation. site conditions prior to the effects of HurClearly for this case, the typical wrack ricane Irene has shown that the dunes
line elevations shown in Table 3 ex- in this area had been eroded due to the
ceed the maximum elevations for some effects from Nor’Ida. At that time, the
transects in Table 2. The average eleva- dune directly at the site of the breach was
tion of nearly 1,300 digitized wrack line degraded, which clearly impacted the
points was 2.57 meters (NAVD88) with a location of the breach. This was observed
standard deviation of about 0.32 meters. both in the pre and post-storm orthophoConsidering that the on-site investiga- tos as well as in the cross-section analysis
tions after Hurricane Emily produced at the breach site.
standard deviations between 0.2 m and
Utilizing the least cost dune extraction
0.7 m, the values determined using geomethod, the dune crest along the study
spatial data seem relatively precise. Comsite provided a valuable assessment of
paring data to a rapid deployment gage,
dune elevations along the study site,
the wrack line elevation analysis agrees
prior to the effects of Hurricane Irene.
to better than 0.3 m with direct measureThe lowest dune elevations before the
ments of water levels during Irene near
storm were situated at the location of the
the Rodanthe Breach (S. Rogers and A.
two channels formed during the storm.
Kennedy, pers. comm. 2012).
These low elevation dune sites had a high
The distribution of high water eleva- YXOQHUDELOLW\WRÀRRGLQJIURPVRXQGWR
tions can be explained by geomorphic ocean during the storm.
funneling of surge water, vegetation,
The average wrack line elevation
and varying runup heights due to difestimated for this study site was greater
ferent bathymetric slopes (Bush et al.
than some of the maximum dune ridge
1996). Other sources of error could be
elevations shown in Table 2. This is
attributed to any erosion or accretion that
SDUWLFXODUO\ VLJQL¿FDQW LQ DUHDV ZLWKLQ
may have occurred after the 2009 DEM,
the channels of the breach. The sucwhich would have altered the elevations
cessful inundation visualization of both
in some locations. A more accurate high
channels created during Hurricane Irene
water elevation could be obtained using
shows that extracting elevations from a
post-storm LiDAR data, if available.
wrack line can provide a valid estimate
Inundation Visualization
of surge elevations on low-vegetation
Figure 7 shows four stages of inun- barrier islands without the need for costly
dation (0.3 m, 1.0 m, 2.1 m, and 2.57 and unsafe on-site investigation. Wrack
m NAVD88) on the breach region of OLQHVFDQEHLGHQWL¿HGLQKLJKUHVROXWLRQ
WKHVWXG\VLWH7KH¿QDOLQXQGDWLRQPDS imagery quickly and over a large study
of elevation of 2.57 m also shows the site, but caution must be used to selecshore outline of the breach directly after tively choose debris areas that accurately
the storm. When the Pea Island area is represent the highest water elevation. The
ÀRRGHG WR WKH DYHUDJH KLJK ZDWHU HO- accuracy of current LiDAR data can proevation determined from the wrack line vide favorable topographic elevations at
DQDO\VLVWKHÀRRGHGDUHDFRUUHVSRQGVWR these debris sites. In upcoming research,
Shore & Beach  Vol. 80, No. 2  Spring 2012

further remote sensing, and on-site analysis should be attempted and compared
to surge models and tide gauges.
Inundation visualization using these
elevations can also be helpful to illustrate
storm impacts, such as the Pea Island
%UHDFK$OWKRXJKWKLVIRUPRIÀRRGLQJ
does not account for changes in morphology, it can provide a good representation
of storm surge and wave effects as an
initial hazards assessment. For future
studies, more accurate measurements
of wrack line elevations could be interpolated from post-storm LiDAR data.
Since this type of data may be unavailable immediately after the storm event,
wrack line elevations determined from
pre-storm conditions still provide a valid
estimate and an immediate assessment
of a hazardous area. Eventually, larger
wrack lines could be mapped using the
least cost path extraction technique on
detailed post-storm LiDAR data. The
ridge and trough of a large pile of wrack
could be mapped and give a more accurate, three dimensional view of the
storm debris.
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