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ABSTRACT

Jones, R., 0000. Quantifying extreme weather event impacts on the northern Gulf Coast using Landsat imagery. Journal
of Coastal Research, 00(0), 000–000. Coconut Creek (Florida), ISSN 0749-0208.

Recent high-profile hurricanes have demonstrated the destructiveness of extreme events on coastal landscapes to the
world. Barrier islands across the planet are disappearing, exposing vulnerable coastal cities to the damage caused by
extreme events. Growing resolve among scientists regarding climate change’s connection to tropical cyclones heightens
the concern around intensifying extremes and landscape dynamics. This study uses more than 600 Landsat images to
examine the role of extreme events on barrier island morphology on three of the Mississippi–Alabama barrier islands
from 1972 to 2013. Each island, West Ship Island (WSI), East Ship Island (ESI), and Petit Bois Island (PBI), was
measured for area in hectares 14 times per year on average with higher temporal resolution before and after hurricanes,
allowing for a high-resolution statistical history of surface area change and the quantification of the impact of extreme
weather events. The results reveal that extreme events, specifically hurricanes, mid-latitude cyclones, and
thunderstorms, shape the islands more than gradual erosion and accretion processes across all islands. Thunderstorms,
winter cyclones, and tropical cyclones each affect the island in different ways, eroding from different areas upon impact.
Catastrophic events caused 52–59% of all land area change on the islands during the study period. Hurricanes caused
27–37% of all change across the islands, thunderstorms 11–13%, and mid-latitude cyclones 11–14%. Each of the islands
lost at least one-quarter of its 1972–73 areas: WSI 25%, ESI 39%, and PBI 38%. WSI and ESI are both in post-Katrina
(2005) regrowth periods, whereas PBI continues to experience net erosion.

ADDITIONAL INDEX WORDS: Catastrophism, gradualism, barrier islands, climate change, geomorphology, coastal,
erosion, hurricanes, thunderstorms, tropical storms, mid-latitude cyclones.

INTRODUCTION
Barrier islands are coastal landforms that form as narrow

strips of land parallel to a coastline, typically made up of quartz

or other fine-grained sand. In the Mississippi Sound, this

process results in chains of islands across longshore-drift

coastlines. Barrier island dynamics and morphology depend on

the tidal range, wave energy, sediment supply, sea-level

trends, and climatology of the region. Barrier islands border

13% of the world’s coastlines (Smith, Heap, and Nichol, 2010)

and parallel 3700 km of 18 U.S. states (Keqi and Leatherman,

2011). The Mississippi–Alabama Barrier Islands, located in the

northern Gulf of Mexico, are comprised of transgressive and

regressive beaches, migrating shoreward and westward along

the coastline.

Barrier islands provide a first line of defense against

hurricanes as storm surge buffers, protecting lives and

property across the mainland (Otvos and Carter, 2008). Barrier

islands also supply important marine habitats and furnish

beaches for tourism and recreation. Protecting the Mississippi–

Alabama barrier islands has been the mission of the Gulf

Islands National Seashore (GINS) for more than 40 years. The

islands have great economic, historical, and cultural value

beyond storm surge protection, and their loss would create a

ripple effect through local communities (GINS, 2013). The

purpose of this study is to quantify the impact of extreme

events on barrier island surface area using remotely sensed

data. Although extreme weather events have been known to be

a significant agent of land loss for more than 34 years, the

extent to which they influence changes in surface area has gone

unquantified. This research could assist GINS by providing an

in-depth analysis of the morphological changes of three of the

islands. Understanding how the islands have changed over

time will assist the GINS team in coordinating efforts on the

basis of the natural fluctuations and overall trends in island

change, planning dredging projects at the most effective times,

monitoring the impacts of various weather events, and

anticipating future change on the basis of observed historical

patterns.

Study Area
The Mississippi–Alabama barrier islands, comprised of Cat,

Ship (West and East), Horn, Petit Bois, and Dauphin, form a

105-km-long chain located 11–20 km south of the mainland

coastlines of Mississippi and Alabama (Figure 1). The island

system rests inside the Mississippi Sound, a 4–20-km-wide and

1–4-m-deep bay that drains the Mobile River drainage basin—

the fourth-largest river basin in the country (Otvos and Carter,
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2008). Three of the islands in the system were selected for this

research project: West Ship Island (WSI), East Ship Island

(ESI), and Petit Bois Island (PBI). The islands reduce wave

action in the littoral zone and serve as storm surge buffers for

the mainland.

Each of the islands offers unique challenges and opportuni-

ties in studying how extreme weather events influence barrier

island dynamics. The three islands studied in this paper are

separated by the largest island in the system (Horn Island),

experience different degrees of human interaction and devel-

opment, and are most easily measured in the analysis process.

By choosing islands that are at different stages in the sediment-

building process and separated by kilometers of beach and

ocean, system-wide changes can be analyzed on a high-

resolution temporal scale. Climate signals can then be analyzed

by examining the system as a whole and the relative impact on

each individual island.

All of the islands have undergone significant morphological

change during the last 200 years. WSI and ESI formed as one

large island that had split several times since the Civil War, but

always reattached, until the island was permanently bisected

by Hurricane Camille in 1969. The channel left behind by

Camille has since been named the ‘‘Camille Cut.’’ The two

islands were later renamed West Ship Island and East Ship

Island. PBI experienced rapid transformation and westward

translocation as a result of littoral drift even before the

research period started and continues to experience that

pattern today. This project spans 40 years for WSI, ESI, and

PBI. Using more than 600 Landsat images, the project aims to

quantify the impact of catastrophic events on each of the

islands, specifically examining tropical cyclones, thunder-

storms, and mid-latitude cyclones. The primary research

objective seeks to determine whether long-term events or

gradual changes have been more influential than singular

catastrophic events in shaping the islands.

Literature Review
The causes of morphological change on the Gulf Coast barrier

islands have been the focus of multiple research projects in the

last two decades (e.g., Morton 2008, Otvos and Carter 2008,

Flocks and DeWitt 2009, Morton 2010). Multiple light detection

and ranging (LIDAR) and Landsat analyses have revealed

changes on decadal scales with particular attention to tropical

cyclone activity and volumetric adjustment (e.g., Bonisteel-

Cormier et al., 2011, Carter et al., 2011). The theorized primary

drivers of change observed on the islands range from general

gradual erosion to cold fronts. Leatherman (1979, 1981) and

Schwartz (1973) found that inlets, overwash, and aeolian

transport were the dominant processes for barrier island

migration. Others (e.g., McBride, Byrnes, and Hiland, 1995)

asserted that barrier island evolution was driven primarily by

lateral migration. Penland et al. (2005) hypothesized that the

islands are thinning in place due to a combination of sea-level

rise, sediment depletion, and general erosion. Morton (2008)

observed that Ship Island lost half its area due to island

narrowing, unequal lateral transfer, and island segmentation,

and that general island area loss has been caused by unequal

updrift erosion and downdrift deposition. However, Morton

(2010) also noted that hurricanes have a ‘‘profound impact’’ on

island morphology. Rosati and Stone (2009) suggested that

landward retreat resulted primarily from relative sea-level

rise, causing the island to ‘‘rollover on itself.’’

Figure 1. West Ship Island, East Ship Island, and Petit Bois Island, of the Mississippi–Alabama barrier islands chain, were monitored for 41 years via Landsat

imagery for the current study.
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Others attribute a larger portion of loss to extreme weather

events than Penland, Rosati and Stone, McBride, Leatherman,

Schwartz, and Morton. Leatherman (1983) determined that

neocatastrophism, or the extreme event, played a ‘‘significant’’

role in geomorphologic change. Nummedal et al. (1980)

suggested that hurricanes are a ‘‘major, perhaps the dominant

agents in the development of barrier island morphology along

the northern and western shores of the Gulf of Mexico.’’

Nummedal et al. (1980) went on to say that storm surge was the

primary factor in determining erosion caused by hurricanes.

Stone et al. (2004) determined that cold fronts over a 2-year

period caused more damage than six examined hurricanes over

the same time period on Santa Rosa Island, Florida.

Byrnes et al. (1992) determined PBI to be 614 ha in 1972 and

537 ha in 1986. This would make the island 39% smaller than it

was in 1972 and 34% smaller than its 1986 area. The current

study finds that PBI is 34% smaller than its 1984–85 surface

area, and estimates of PBI’s 1972 area suggest it is 38% smaller

than it was in 1972–73, concurrent with the results of Byrnes et

al. However, Byrnes et al. (1992) also determined that Ship

Island (West and East combined) was approximately 411 ha in

1972—30 ha smaller than this study’s finding of Ship Island for

1972 (442 ha)—so major discrepancies exist between the two

studies concerning what type of imagery was used and what

time of year that imagery was taken. Otvos and Carter (2013)

concluded that the 160-year history of the island chain reveals

losses ranging from 26% to 53%. According to the study, PBI

lost half of its area since 1848 and 37% after 1950 (Otvos and

Carter 2013).

Using data from Byrnes et al. (1992), Otvos and Carter (2013)

determined that Ship Island lost 57.7% of its 1848 surface

area—32.8% of which occurred in the last 60 years (Table 1).

Flocks and DeWitt (2009) determined that Ship Island has lost

64% of its mid-1800s surface area. The current study finds that

Ship Island has lost 25% of its 1972–73 surface area. According

to the combined data of both studies, PBI would have been 808–

835 ha in 1848, making the island about 53% smaller at the

time of the current study. Ship Island would have been around

600 ha—making it 49% smaller than its 1848 area. A study by

Morton (2008) concluded that PBI lost 52% of its area and Ship

Island lost 60% from 1848 to 2007. Although there are minor

discrepancies among the five studies (Byrnes et al., 1992;

Morton, 2008; Flocks and DeWitt, 2009; Otvos and Carter,

2013; and the present study), all show relatively the same

degree of change. Each agrees, however, that the future of the

islands is in dire jeopardy. According to Byrnes et al. (2013),

‘‘East Ship (erosion and overtopping) has been so frequent

since 1969 that the island appears in danger of complete

degradation within the next 10–20 years.’’ In another study,

Rucker and Snowden (1990) found, ‘‘The demise of the Isle of

Caprice and Dog Keys shoals provides historical evidence of

total island destruction.’’

Despite the extensive research into coastal processes,

however, the degree to which the rare event or gradual change

has driven these forces has remained largely unquantified

(Marriner, Morhange, and Skrimshire, 2010). Previous studies

lack the temporal resolution necessary for modeling or

quantitative analysis. Stone et al. (2004) analyzed 26 data

points over a 2-year period using land surveys to measure the

response of WSI and neighboring Santa Rosa Island, Florida, to

tropical cyclones and cold fronts. Morton (2008) used 15 data

points taken from a variety of sources, including historical

data, aerial photography, LIDAR, and topographic maps, to

gauge general trends in island area. The current study uses

more than 600 Landsat images to determine surface area

change from 1972 to 2014, and aims to attribute all losses and

gains observed between data points to either nonextreme-

event-induced erosion and accretion, or to extreme events due

to tropical cyclones, mid-latitude cyclones, and thunderstorms,

or to anthropogenic impacts.

METHODS
This study reveals changes in surface area from 1972 to 2013

on WSI, ESI, and PBI using remotely sensed data obtained

from the U.S. Geological Survey. Measurements taken from

Table 1. Results of Ship Island and Petit Bois Island surface area measurements with previous studies (Waller and Malbrough, 1976, Byrnes et al. , 1992, and

Otvos and Carter, 2008).

Source

Land Area (ha)

1973 1986 2004–05 September 2005

Ship Island (both islands)

Waller and Malbrough 385 - - -

Byrnes et al. 383 374 - -

Otvos and Carter - - 408 204

Current study

Closest period match: 395 (7 September 1995) 374 (8 June 1986) 398 (21 March 2004) 207 (16 Septmeber 2005)

Period high 476 (16 January 1973) 407 (31 January 1986) 425 (8 March 2005) 209 (8 September 2005)

Period low 395 (7 September 1973) 368 (24 June 1986) 270 (6/12/05) 180 (2 October 2005)

Period average 440 389 336 207

Petit Bois Island (PBI)

Waller and Marlbrough 624 574 - -

Byrnes et al. - 537 - -

Otvos and Carter - - 397 372

Current study

Closest period match: 639 (3 May 1973) 538 (28 September 1986) 395 (12 June 2005) 370 (1 September 2005)

Period high 702 (17 November 1973) 545 (31 January 1986) 497 (18 December 2004) 411 (16 September 2005)

Period low 639 (3 May 1973) 510 (23 May 1986) 390 (22 July 2005) 370 (1 September 2005)

Period average 668 527 440 404
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more than 600 Landsat satellite images taken intermittently

since 1972 serve as the base of the project, with additional data

being incorporated as necessary. The average of 14 images per

year provides a means for calculating rates of natural erosion

and accretion processes. Data taken immediately before and

after hurricanes, severe thunderstorms, and mid-latitude

cyclones measure the effect of catastrophic events on shaping

the islands independently of the effects of gradual processes.

Years with frequent tropical cyclone activity typically have

more images than nonactive years. Data on sand dredging and

island nourishment, obtained from GINS and Army Corps of

Engineers, were calculated as anthropogenic influence and

subtracted from the total accretion the islands have experi-

enced in the study time frame.

The Landsat imagery selected for this project met a

predefined requirement: the entire island being measured

had to be unobstructed by cloud cover, satellite spots, or other

features that would limit visibility, without the need for image

enhancement or correction. Data measurements may have

included some but not other islands. For example, if cloud cover

obstructed the view of WSI but not ESI, then a measurement

was still recorded for ESI for that image date. This selection

process resulted in a higher temporal resolution for WSI and

ESI than PBI. Spatial and temporal resolution of the data and

imagery improved as the time series progressed with multiple

Landsat satellites concurrently in operation. The islands were

measured manually in Erdas Imagine after comparisons of

supervised and unsupervised classification methods proved to

be less accurate. These measurements were then plotted to

show the change in area over time (Figure 2).

To verify the accuracy of Landsat measurements, the areas of

WSI, ESI, and PBI were calculated using handheld global

positioning system units on the islands. The perimeter of each

island was walked and the measurement was compared with

the manual measurement of the Landsat image taken the same

day during the collection time. The Landsat measurement was

less than 0.04 ha larger than field measurement taken the

same day, which can be attributed to changes in tide during the

measurement process. All calculations have been adjusted for a

60.04-ha margin of error, a virtually insignificant figure

compared with the relative size of each of the islands and the

rates of change occurring on each.

When a change of more than 10 ha, more than three times the

average variance between months, occurred on any island

between images, the month in which the image data were

taken was examined for extreme event signals. The climate

record between images was examined using historical climate

data to find increases in wind speeds, drops in barometric

pressure, and total daily precipitation. A sudden change in any

of these conditions can signal a severe weather event. If an

event was detected using instrumental measurements, radar

imagery was then examined to verify the event and determine

which category of event occurred (tropical cyclone, cold front,

mid-latitude cyclone, etc.). Both warm and cold fronts, as well

as isolated and scattered thunderstorm systems, were classi-

fied as thunderstorms.

Sea-level data were obtained from the National Oceanic and

Atmospheric Administration. Because tidal gauge data on Ship

Island are fragmented and incomplete, data from Mobile,

Alabama are influenced by the rivers flowing out of Mobile Bay,

and less than 20 years of data are available at Waveland,

Mississippi, the comparisons between sea level and area used

in this study were recorded at the Pensacola, Florida station

(station identification number 8729840). The station began

recording in 1923 and has been the most consistent and reliable

station along the northern Gulf Coast for more than 80 years.

Relative sea-level rise in the region measures at 2.14 mm per

year, and sea-level data from Pensacola, Florida have been

adjusted to modern sea levels.

The statistical techniques used in quantifying catastrophism

on the study area allowed for analysis of the significance of

catastrophic events and global climate mechanisms. Analysis

for WSI and ESI spanned 40 years, and analysis for PBI

spanned 30 years. Because of the poor temporal resolution of

data for PBI from 1972 to 1984, the data for that time period

were graphed as part of the area of the island, but not used in

statistical analysis. For calculating the Pearson correlation

between surface area and various climate factors (e.g., sea

Figure 2. Area change on West Ship Island, East Ship Island, and Petit Bois Island from 1972 to 2013, measured in hectares.
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level, temperature, and precipitation), 20 Pearson correlation

matrixes were created using the open-source software R Project

for Statistical Computing, or simply R. Diagnostics, linear

regression, break-point analysis, time-series analysis, gener-

alized least squares, and linear and nonlinear mixed-effects

models formulas were provided by various packages in R (Table

2). Climate analysis included analysis using S3 and S4

functions for spatial and multisite stochastic generation of

daily time series of temperature and precipitation making use

of vector autoregressive models.

RESULTS
A total of 156 catastrophic events caused 52–59% of all

change on the islands during the study period. Hurricanes,

thunderstorms, and winter storms caused 27–37%, 11–13%,

and 11–14% (respectively) of all change across the islands.

Each of the islands lost at least one-quarter of their 1972–73

area: WSI 25%, ESI 39%, and PBI 38%. Break-point analysis

revealed that the rates of erosion and accretion during the

study period could be classified into four distinct periods: period

I: 1972–84; period II: 1984–98; period III: 1998–2005; period IV:

2005–14. Extreme weather events eroded a combined 380 ha of

permanent surface area from the islands—equal to the entire

area of PBI at the end of the study period. More than 20,000 ha

of surface area were exchanged during the study period—

enough surface area to cover the entire city of Biloxi twice. On

top of seasonal variability due to sea level and various climate

factors, storms pummeled the islands for four decades. The five

most erosive events during the study period were Hurricanes

Georges (1998), Katrina (2005), Barry (2007), Gustav (2008),

and Isaac (2012). Together these five storms eroded 853 ha

from the four islands. The 50 most erosive extreme events

identified in the data eroded an accumulated 4400 ha of surface

area, and have become more frequent during the study period

(Figure 3).

Tropical cyclones, thunderstorms, and winter systems each

had different impacts in regard to the type and location of

erosion. Tropical cyclones most often eroded from the Gulf of

Mexico side and spits of each island. Winter storms, on the

other hand, typically eroded from the Mississippi Sound side

of the islands. A comparison of a severe winter cyclone (2003)

and Hurricane Gustav (2008) shows the varying impacts of

the two types of events (Figure 4). The 2003 winter system

eroded 146 ha of area from all three islands, whereas Gustav

eroded 160.

Sea level likely caused the dramatic seasonal changes

observed across the island chain during the time series, with

R2 values showing a negative Pearson correlation ranging

from 0.441 for PBI during period IV to 0.646 for ESI during

period III (Figure 5). Data from Pensacola and Dauphin

Island show varying relationships between each of the islands

and within time periods depending on which factor was used

in analysis, including mean sea level, highest level, mean low

sea level, etc. Each of the islands showed negative correla-

tions, meaning as sea level increased, island area typically

decreased, and vice versa. The strongest correlation between

surface area and sea level for each island was 0.534 R2 for

WSI, 0.519 R2 for PBI during period II, and 0.646 R2 for ESI. A

linear regression model of surface area on WSI with sea level

and time resulted in a 0.7603 R2, a ,0.001 p-value, and an F-

statistic of 828.7 (Table 3). Highest sea level also correlated

with change as a percentage of area over time along with

extreme precipitation days: 0.189 R2 and 0.173 R2 on WSI,

and 0.247 R2 and 0.171 R2 for highest sea level and extreme

precipitation days, respectively. Both highest sea level and

extreme precipitation days could be signaling extreme events

(for example, storm surge and intense rainfall), which would

increase the R2 value. So although sea-level data reflect the

seasonal rise and fall of the ocean, they also reflect the

intensity of extreme events. Tidal range’s influence on island

variability maxed out at 3 ha and had a minimal influence on

overall change.

West Ship Island
Extreme weather events caused more than half of all the

observed change on WSI from 1972 to 2014. The data show a

total of 6536 ha of change throughout the entire time period,

3289 ha total loss and 3247 ha total gain. Of the 3289 ha of loss,

2645 ha have been attributed to catastrophic events (80.4% of

all losses). Hurricanes caused at least 1141 ha of loss (17.4% of

all changes occurring during the time period, 34.6% of all

losses, and 43% of all catastrophic event losses). Thunder-

Table 2. Pearson correlation analyses results of WSI, WSI, and PBI with

various climate factors during all study periods.

Factor WSI ESI PBI

Petit Bois area 0.923 0.881 1

West Ship Island area 1 0.876 0.923

East Ship Island area 0.876 1 0.881

Sea level (Pensacola, Florida) �0.424 �0.419 �0.308

Time series �0.854 �0.818 �0.894

Days per month above 32 C �0.142 �0.174 �0.281

Days per month with min

temp below 0 C 0.157 0.116 0.031

Extreme maximum monthly

temperature �0.232 �0.219 �0.279

Extreme minimum monthly

temperature �0.263 �0.213 �0.216

Mean monthly temperature �0.259 �0.219 �0.220

Mean minimum temperature �0.270 �0.215 �0.193

Mean maximum temperature �0.247

Total monthly precipitation �0.156 �0.031 �0.077

Extreme daily precipitation �0.169 �0.008 �0.020

Figure 3. The 50 most erosive events during the study periods, as

represented by each island.
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storms caused 809 ha of loss and winter storms caused 695 ha of

loss. Hurricanes caused significant change on the islands,

including both growth and loss. Of the 3247 ha of gain, 655 ha

(19% of all gains) was attributed to hurricane reflex—the

bounce-back of surface area after submergence from a

hurricane or movement of sand bars to shore. From the first

image of the series to the last, the data show 42 ha of net loss,

about 16% of the island’s 1972–73 surface area (Figure 6).

Four of the five most erosive events on WSI occurred during

or after 2007: Tropical Storm Barry (2007), Hurricane Gustav

(2008), thunderstorm (2010), and Hurricane Isaac (2012).

Hurricane Katrina was the seventh-most impactful event

overall, but may have initiated increased erosion, enabling

storms post-2005 to be more erosive. The 15 most erosive events

included eight hurricanes, three tropical storms, three thun-

derstorms, and one winter storm. Hurricane recovery slowed

over time, with the WSI recovery period taking longer to

recover as time progressed (Figure 7). Figure 7 shows the area

of WSI across days relative to storm landfall. Within 60 days,

WSI typically recovered most of its lost surface area, observed

with Hurricanes Dawn, Andrew, Emily, and Eduoard. As the

time series advances, hurricane recovery slows, as observed

with Hurricanes Georges, Katrina, Gustav, and Bob, which all

reach prestorm area after 80 days. WSI often grew after 60

days had passed since hurricane landfall, observed by

Hurricanes Dawn, Bob, Eduoard, Georges, and Andrew.

However, Hurricanes Katrina and Gustav show only partial

recovery and no growth.

Beach nourishment and dredging projects on WSI have also

changed the rates of growth and loss. Each of the seven projects

occurred either on the north beach near Fort Massachusetts or

on the eastern spit of the island (J. Williams, personal

communication). The projects added between 4 and 46 ha of

area during periods lasting months to several years. Restora-

tion projects can have a ripple effect on the islands, stalling

erosion for a continued period of time even if the initial amount

of area added was relatively small (e.g., 4 ha). The total surface

area added through all of these projects was 115.9 ha, or about

2% of all change (Table 4).

East Ship Island
Although ESI was 40% smaller than WSI at the start of the

study period, it experienced more total change. The data show

that ESI experienced 6680 ha of change—3373 ha of loss and

3307 ha of gain. Of the 3373 ha of loss, 2706 ha (80%) resulted

from catastrophic events. Hurricanes account for at least 1270

ha of that loss. Winter storms and thunderstorms account for

732 ha and 704 ha each, respectively. In all, 59% of all observed

change on ESI resulted from catastrophic events (Figure 8).

Thunderstorms and winter storms caused about the same

percentage of overall change on ESI (about 11% each), but

because the impact of tropical cyclones was so much greater,

none caused comparatively significant damage. Of the 25 most

erosive events for ESI during the study period, there were 13

tropical cyclones, six thunderstorms, and six mid-latitude

cyclones or winter storms. Nine of those 25 events occurred

within the last 8 years of the study period (period IV), 11 during

period III, and four during period II.

Petit Bois Island
Data availability during period I was limited because of

both the poor temporal resolution, meaning satellites did

not cover PBI as often as WSI and ESI, and poor spatial

resolution, meaning the quality of the imagery during

period I was poor as well. The data collected for PBI during

this period show that the island reached 700 ha during the

Table 3. Summary of linear regression model considering sea level and time with area for West Ship Island during all four time periods.

Estimate Standard Error t-Value R2 F-Statistic p-Value

Intercept 3.86502 1.09001 35.46

Sea level �4.150�02 3.993�03 �10.39

Time �5.570�03 1.512�04 �36.83

0.7603 828.7 ,0.001

Figure 6. The primary causes of change on West Ship Island were a

combination of extreme events, including hurricanes (27%), thunderstorms

(12%), winter storms (11%), and anthropogenic restoration projects (2%).Figure 5. Distribution of area and sea level by month of year. Blue triangles

represent WSI area (ha) and become darker over time. Orange circles

represent sea-level gauge data from Pensacola, Florida and become darker

over time. (Color for this figure is available in the online version of this

paper.)
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first few years of the study period (December 1972,

November 1973, December 1975, and October 1976). At

the start of period II, PBI measured 577 ha with seasonal

fluctuations of about 30 ha from top to bottom. Hurricanes

caused 27% of all change on PBI from 1984 to 1998.

Thunderstorms and mid-latitude cyclones caused 13% and

14% of change, respectively—equal to the amount of change

caused by hurricanes. However, when only considering

event damage and not accretion, winter storms and

thunderstorms eroded 800 ha more than all hurricanes

combined. More than 2100 thunderstorm events and 150

mid-latitude cyclone events occurred over the study area

during periods II–IV on PBI, whereas only 43 tropical

cyclones came within 200 nautical miles of the study area

during the study period (NCDC, 2013). About 2% of all

thunderstorm events were observed in the data, whereas

one-third of mid-latitude cyclones caused noticeable dam-

age, and 43 of 43 tropical cyclones showed up in the data

record as major events. The distribution of events eroding

20, 30, and 40 ha of area or more increased over time.

DISCUSSION
The changes experienced across the Mississippi–Alabama

barrier island system from 1972 to 2014 can best be described

as synchronous, yet highly variable, and generally escalating

in intensity. Statistical analysis of the variance, correlation,

covariance, linear regression, and break points revealed

distinct patterns that were observed for all islands across the

system, mostly in harmony with one another. Extreme events

with noticeable impacts on the island system have increased in

frequency and intensity over time and the ongoing natural and

anthropogenic erosion has reduced one of the islands (ESI) to

nearly half its 1972 size. The proportion of damage caused by

extreme weather events like tropical cyclones, thunderstorms,

and mid-latitude cyclones has increased over time and has

eclipsed the total damage inflicted by all other causes.

The time between when a storm made landfall and when the

Landsat image was taken can affect the apparent magnitude of

impact of a given storm. For example, if an image was taken on

the day after a tropical storm struck the islands, the storm may

appear to have had a larger impact than a Category 3 hurricane

in which an image was taken a month after the storm hit. For

this reason, the time between the images and the storms was

included in the summary of each major hurricane. A severe

winter storm or hurricane could disrupt the rate of growth, as

well. So although a net loss may not occur between images, a

stalling of natural growth in the order of magnitude similar to a

hurricane may have occurred. Those figures were not calculat-

ed as part of catastrophic event damage. If there are multiple

events between image dates, such as two hurricanes making

landfall within a week of each other, the damage was

attributed to both storms, as separating them with the

available data is not possible.

Also not considered in this study are any changes in sediment

availability caused by hurricanes or humans, including

damming upstream and channel dredging. Sediment changes

along the northern Gulf Coast have been largely due to a

combination of damming and dredging and have had a

considerable impact on the volume and direction of sediment

in the area. Turbidity and wave action changes also affect

sediment yield. However, these factors are outside the scope of

this project, which focuses on the interaction of climate and

coastal landforms and not suspended or deposited sedimentary

processes. Although overall changes in sediment volume on the

system have previously been studied (Byrnes et al., 2013), how

much of the sediment change can be attributed to a given cause

across the study area and time period has yet to be determined.

Considering the long-term impacts of each of these processes,

the impact of catastrophic events is likely greater than

reflected in the data set.

Figure 8. The primary causes of change on East Ship Island were a

combination of extreme events, including hurricanes (37%), thunderstorms

(11%), winter storms (11%), and anthropogenic restoration projects (1%).

Table 4. Nourishment projects added area to West Ship Island and East

Ship Island.

Year Cubic Yards Approx. ha

1974 500,000 38

1980 100,000 7.6

1984 210,000 16

1991 50,000 4

1996 55,000 4.3

2002 Unknown Unknown

2011–2012 600,000 46

Total þ1,515,000 þ115

Figure 7. Hurricane recovery periods on West Ship Island. Stone et al.

(2004) also found that large storms disrupt the island system ‘‘to the extent

that poststorm recovery does not occur for several years.’’
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Dune structure determines a large portion of how much

overwash occurs on an island during a tropical cyclone—a high

foredune blocks much of the storm surge from pushing

sediment off the islands and into the bay. If the foredune is

destroyed, more of the sand can be pushed inland. This theory

can explain why hurricanes in 2005 created an increasing and

cascading pattern of erosion—Hurricane Katrina destroyed the

foredune, allowing Hurricane Rita to wash more of the area

away—more even than Katrina did itself. Although Katrina

may have moved more sand in the three-dimensional sense,

Rita washed more of the islands on the northern and eastern

edges into the surrounding ocean and bay. Rebuilding of the

foredunes would provide a strong defense against storm surge

in the future. Foredune building takes time, however, and

unless multiple years pass without a significant hurricane,

foredunes will have a difficult time building. Another consid-

eration is the change in position and shoreline during the study

period. Although not a primary focus of this study, transloca-

tion of barrier islands is an important factor in island change

(Figure 9).

Discussion by Period
Period I started during a strong La Niña event that lasted

through February 1976, began with two violent years of

hurricanes and thunderstorms, occurred during the end-run

of a global shift from a cool to warm Pacific Decadal Oscillation

(PDO), and ended with moderate island growth highly

correlated with a lowering of mean sea level (�0.715 R2). Of

the four time periods, period I displayed the second-lowest

variability (variance¼ 272 for ESI), though differences in the

spatial resolution of Landsat 1–4 imagery may be inflating

variability (Table 5). Several significant tropical cyclones

struck during this time period: Hurricane Dawn (1972),

Tropical Storm Delia (1973), Hurricane Anita (1977), Hurri-

cane Babe (1977), Hurricane Bob (1979), Tropical Storm

Claudette (1979), and Hurricane Frederick (1979). Break-point

analysis reflected a minor break within this period, occurring

at the start of the 1979 hurricane season and at the start of the

PDO warm phase. The break was reflected in the WSI and ESI

analysis and only registered when sensitivity to rate changes

was heightened. Because the break point was minor, it was not

included as a major time period.

Period II started in March 1984 with the launch of Landsat 5,

a higher-resolution multispectral scanner and thematic map-

per. Period II occurred during a time of generally consistent

global temperatures and a decrease in Atlantic hurricane

activity, shown in the low variability in surface area through-

out the time period. Period II continued up to the landfall of

Hurricane Georges (September 1998). With few hurricanes and

more-uniform data, variance decreased from 324 to 142 for

WSI, and 272 to 122 for ESI. The only significant impact by a

hurricane occurred in 1992 (Hurricane Andrew) with 20 ha of

damage on WSI—barely making the mark of the 20 most-

impactful storms during the study period. This period was

defined by seasonal variability due to sea level change (�0.543

for WSI, �0.61 for ESI, and �0.536 for PBI) and an overall

decrease in area over time presumably due to rising sea levels

and sediment depletion, though the net sediment deposition

during several years of this period was positive.

The third period, September 1998 to July 2005, showed an

increase in variability marked by the start of several years of

intense hurricanes. The islands began to destabilize, vegeta-

tion cover diminished, and ESI temporarily split into two

smaller islands after the landfall of Hurricane Georges (1998).

Figure 9. Erosion and shoreline change comparison of WSI and ESI in January 1983, December 2000, and November 2011. (Color for this figure is available in

the online version of this paper.)

Journal of Coastal Research, Vol. 00, No. 0, 0000

Quantifying Extreme Weather 0



Four years after the beginning of period III (2002), tropical

cyclones Bertha, Eduoard, Fay, Hanna, Isidore, and Lili

together eroded 30–50 ha on each island. The 2002 hurricane

season completely destroyed the third island that split from

ESI during Hurricane Georges, leaving only the severed

eastern half of ESI at about 45% of its pre-Georges area.

Period III began as El Niño Southern Oscillation (ENSO) cycles

shifted to a La Niña cool period from July 1998 to February

2001. La Niña phases are associated with more active Atlantic

hurricane activity, shown in the dramatic increase of accumu-

lated cyclone energy from less than 50 3 104 knots2 in 1997 to

180 3 104 knots2 in 1998 (Emanuel, 2005). Hurricane Georges

triggered a high-variability (1510 variance for PBI) period that

would later be reduced by the near-total destruction of the

islands caused by Hurricanes Katrina and Rita (2005).

The fourth period, August 2005 to March 2014, starts with

the landfall of Hurricane Katrina, which immediately washed

away 69% of ESI, 21% of WSI, and 8% of PBI. After Hurricanes

Katrina and Rita, ESI and WSI started their respective

recovery periods, with an overall growth trend since the 2005

hurricane season with medium variability (371 for WSI, 482 for

ESI, and 726 for PBI). Both WSI and PBI reached their pre-

Katrina/Rita area levels within a year of the hurricane

landfalls. ESI continued to grow, but as of this publication

has not stabilized at pre-Katrina levels.

The 2008 hurricane season eroded more area overall than the

2005 season for WSI, PBI, and ESI, even though the 2008

hurricane season had fewer storms with overall lower intensity

in terms of wind speed, storm surge, rainfall, and duration.

Within 3 weeks, three tropical cyclones (Fay, Gustav, and Ike)

made landfall on or near the study area, eroding 27% of WSI,

48% of ESI, and 17% of PBI. Hurricane Isaac (2012) erased

much of the system’s regrowth, eroding 24% of WSI, 62% of

ESI, and 18% of PBI. Nourishment projects (2011–12) on WSI

and ESI added 600,000 cubic yards (about 45 ha) and helped

accelerate the post-Isaac recovery, particularly on ESI, which

jumped from an area of 34 ha on 11 September 2012 to 108 ha

on 13 October 2012. This observed increase on ESI occurred

soon after the Isaac overwash and submergence receded; sea

level was lowering, and nourishment projects resumed.

West Ship Island
WSI’s decline has been stable and gradual compared with

ESI and PBI, relative to its size and exposure to extreme

climate events. WSI has been less affected by hurricanes than

ESI even though they are less than a kilometer apart and had

previously been joined. Its shape, vegetation cover, and efforts

to preserve the island may have resulted in slower rates of

erosion. Limited range in variability compared with ESI and

PBI and stronger correlations between sea level, precipitation,

and temperature with surface area makes WSI less vulnerable

to extreme events but more sensitive to large-scale climatic

change. Its unique responsiveness to extreme rainfall events

and higher minimum and maximum temperatures could allow

it to be eroded at an accelerated rate compared with other

barrier islands in the area.

East Ship Island
Tropical cyclones cause more damage more frequently and

more intensely on ESI than any other island in the study area.

In fact, hurricanes that barely register on the other islands

have considerably large impacts on ESI. Hurricanes Eloise,

Florence, and Isidore caused little to no discernable damage on

WSI, but had similar impacts on ESI to Andrew on WSI. In

many ways, ESI shelters WSI by absorbing wave damage from

storms approaching from the SE, and the catchment basin

between the two islands serves as a depository for sediment

migrating westward toward WSI.

Petit Bois Island
PBI experienced higher rates of variability and sensitivity to

changes in sea level than the other islands in the study area,

and its position turned during the study period (Figure 10).

Together sea level and time yielded an R2 value of 0.771 in a

linear regression model, with an F-statistic of 598.7. Unlike on

ESI where the majority of major events were tropical cyclones,

13 of the 25 most erosive events on PBI were not hurricanes or

tropical cyclones, but rather thunderstorms and mid-latitude

cyclones, and each system eroded more surface area than loss

experienced on other islands. The increase in average loss per

major event (20 ha for WSI and 40 ha for PBI) could be due to

the larger size of the island (simply that it has more to lose),

because its position in the island chain or proximity to extreme

events made it more susceptible to erosion, because vegetation

on the island varies and is more easily destroyed or removed, or

because the beach front is in a different phase (transgressive

vs. regressive or dissipative).

Although this study focuses primarily on the surface area

change as a whole and not the translocation or change of shape

of any island in the study area, patterns observed on PBI

mirror those observed on Ship Island before its permanent split

into WSI and ESI. The center of the island is being hollowed out

and thinning rapidly over time. On several occasions, the storm

surge from hurricanes created extensive sheet wash and

channel incisions. Channel incisions, like those observed on

ESI and PBI after major hurricanes, are considered the most

destructive storm impact on a barrier island (Morton, 2008),

creating narrow, elongated tracks that are closely spaced about

2 m below the water.

CONCLUSIONS
Catastrophic events caused 52–59% of all land area change

on the islands during the 40-year study period. Hurricanes

caused 27–37% of all change across the islands, thunderstorms

11–13%, and winter storms 11–14%. Three of the islands lost at

least one-quarter of their 1972–73 areas: WSI 25%, ESI 39%,

Table 5. Variability on WSI, ESI, and PBI, by period.

Period I Period II Period III Period IV

WSI 324.99 142.06 315.56 371.32

ESI 272.549 122 952.71 482.87

PBI – 122.32 1510.78 726.46
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and PBI 38%. WSI and ESI are all in post-Katrina (2005)

regrowth periods, whereas PBI has destabilized and continues

to experience net erosion. The results of this study can serve

the GINS in long-term environmental planning. The findings of

this study do not significantly depart from previous studies, but

rather allocate the changes to specific causes and events and fill

in the gaps of time in between as to paint a more detailed

picture of the seasonal and annual variability experienced on

each of the study areas.

During its infancy, the Mississippi–Alabama barrier island

system was defined by sediment influx coming down Appala-

chia through Mobile Bay during a period of relative sea-level

rise. Soldiers described an island with snow-white, fine-grained

sand that moved in the wind, with little to no vegetation to

speak of. As time progressed, the island was used as a military

base, a port, and more recently, for recreation. The sands were

mixed with deep-ocean sediment and dirt, new plant species

were brought in, and the island grew trees, though only

temporarily. Since 1972, the islands have experienced signif-

icant area loss, due in part to sea-level rise as well as extreme

weather events and sediment deprivation. As sea level

continues to rise and tropical cyclones become more frequent

and severe as a result of climate change, the islands will most

likely face continued catastrophic loss.

The islands protect kilometers of coastline and provide

resources for commercial and recreational purposes. The

current rate of erosion puts the islands under water in less

than 40 years with no clear re-emergence pattern observed or

predicted, while channel dredging continues to obstruct

westward translocation. Geoengineering alternatives, preser-

vation initiatives, and conservation policies that take into

account the natural movement of the system should be

examined and implemented before another series of devastat-

ing storms causes system-wide destabilization.

The Mississippi–Alabama barrier islands experienced more

change in surface area because of catastrophic events than

gradual or natural processes from 1972 to 2014. Hurricanes

were the most impactful of all extreme events, although

thunderstorms and winter storms combined account for nearly

one-quarter of all change—equal to the amount of damage

caused by tropical cyclones on PBI and nearly equal on WSI.

Only storms with a lasting and severe impact were recorded in

the surface area record, meaning dozens, possibly hundreds, of

thunderstorms and mid-latitude cyclones were likely omitted

from this research study. It is highly likely that the portion of

change caused by extreme events was higher than identified in

this study, but almost certainly not lower as gradual exchanges

of surface area are easily accounted for even in the absence of

imagery.

By no means do the findings of this study lay to rest the

vibrant and ongoing debate around the role of extreme weather

events on landscapes. The Mississippi–Alabama barrier island

chain is merely one of hundreds of island chains across the

planet and have a unique geologic record, even when compared

with neighboring island chains like the Chandelier Islands of

Louisiana. The depth of this research study showed how

extreme events have become the dominant force in changing

surface area on the islands, and how those events have become

Figure 10. Erosion and shoreline change comparison of PBI in January 1983, December 2000, and November 2011. (Color for this figure is available in the online

version of this paper.)
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more destructive in the last two decades. This study also

showed how sea level serves as the primary driver of seasonal

variation on the islands, likely driving much of the long-term

erosion observed on the islands. Even if hurricanes stopped

altogether, the islands would likely continue to experience net

erosion due to sea-level rise. But hurricanes are not going to

stop and are likely to become more severe, both in frequency

and intensity. Though the future of the islands remains

unknown, the data and results of this study suggest that the

islands found by the earliest American settlers may cease to

exist by the end of this century. However, efforts to preserve

the islands show promise in stalling erosion.

More work needs to be done in examining the correlation and

relationship between various climate factors, such as temper-

ature and precipitation, and surface area change. LIDAR

research could shed light on the three-dimensional movement

of earth on the islands. How global climate mechanisms like the

Atlantic Multidecadal Oscillation, the PDO, and the ENSO

contribute to the regional changes observed in climate and

extreme weather events should also be explored further. An

analysis on stratigraphy and hurricane overwash detection

could reveal how trends in increased hurricane activity have

affected the islands before. A current analysis of barrier island

sensitivity to sea-level variability and extreme climatic events

may provide further insight into the mechanics, responses, and

sensitivity of islands to climatic change.
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