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storm surge hindcast, image classification, and LiDAR
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ABSTRACT

Remote sensing data collected in the aftermath of a disaster can play a vital role in
identifying badly damaged areas where homes and infrastructure have been destroyed,
prioritizing emergency assistance needs, locating survivors, and providing restoration
guidance. In this study, we use NOA A’s National Geodetic Survey Emergency Response
Imagery database, LIDAR, and tax appraiser data to assess storm damage after Hur-
ricane Michael in Mexico Beach, FL. Post-Michael imagery was classified as debris,
roofs, vegetation (trees and grass), sand, roads, and water. Pre-storm LiDAR-derived
building footprints in the impacted area were overlaid on the reclassified post-storm
imagery to quantify the extent of structural damage to residential areas. The extent
of the damage was also examined using maximum wave height and depth of storm
surge inundation derived from the output of the ADCIRC modeling system. Over
700 buildings were classified as considerably damaged or completely destroyed. The
2017 tax appraiser data were used to estimate the economic value of the storm impact.
Results of this study may help in reconsidering existing building code requirements
to protect people and property and reduce future storm damages.

n October 10, 2018, Hurricane
OMichael made landfall in the

Florida Panhandle between
Mexico Beach and the Tyndall Air
Force Base as a Category 5 storm with
a sustained wind speed of 260 km/hr
(160 mph) and a landfall pressure of 919
mbar (hPa) (Figure 1). Mexico Beachisa
small coastal community in Bay County,
Florida, with a population of just over
1,000 (US Census 2010). Hurricane
Michael is considered to be one of the
most powerful tropical cyclones and the
second Category 5 hurricane (since Hur-
ricane Andrew in 1992) to make landfall
in the United States in recorded history.
One of the most devastating impacts of
Hurricane Michael was the destruction
of alarge number of residential and com-
mercial structures. Multiple structures in
Mexico Beach, Panama City, and other lo-
cations throughout the Florida Panhandle
were leveled to the ground by high-end
Category 5 hurricane winds or swept
away by peak storm surges measured at
2.7 to 4.3 meters high (9 to 14 feet).

In addition to the extensive damage
to property, Hurricane Michael caused
extended power outages throughout the
Florida Panhandle and parts of Georgia

and Alabama. Data made available by
the Florida Public Service Commission
showed that over 95% of all accounts in
10 counties in the Florida Panhandle lost
power after the hurricane made landfall
(FPSC 2018). Extended power outages
were recorded in several counties in the
disaster area in the Florida Panhandle
including Bay, Gulf, Gadsden, Jackson,
Calhoun, and Washington counties.
Additionally, data submitted by commu-
nications providers to the Disaster Infor-
mation Reporting System (DIRS) of the
Federal Communications Commission’s
(FCC) indicated that Hurricane Michael
had a critical impact on communications
services in the Florida Panhandle as well as
parts of Georgia and Alabama (FCC 2019).
Overall, 110 counties were part of the
DIRS activation in the designated disaster
area (FCC 2019). The power and commu-
nication blackouts made it difficult for first
responders to conduct rapid damage as-
sessments. Remote sensing data collected
in the aftermath of a disaster can play a
vital role in identifying badly damaged
areas where homes and infrastructure have
been destroyed, prioritizing emergency
assistance needs, locating survivors, and
providing restoration guidance.
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Wind and water levels from tropical
storms and hurricanes cause variable lev-
els of damages to buildings and structures
(Baradaranshoraka et al. 2017). Measured
wind speeds are classified by the National
Hurricane Center (NHC) based on the
Saffir-Simpson hurricane wind scale
(Simpson 1974). Measuring and predict-
ing storm surge is more challenging, as
water levels can be influenced by a num-
ber of factors in addition to wind speed,
including storm size, intensity, forward
speed, and distribution of wind speeds
(Irish et al. 2008). Field-assessed surge
levels are typically conducted by marking
debris or water lines (Fritz et al. 2007).
However, accurate determination of storm
surge heights is critical to improving mod-
els of surge hazards (Resio et al. 2009).
A number of studies integrate available
data to reduce uncertainty in storm surge
predications, such the advanced circula-
tion (ADCIRC) model (Fleming 2008;
Butler et al. 2012; Dietrich et al. 2012).

The need for rapid assessment of
damages after natural disasters is criti-
cal to rescue, recovery, emergency
management, and planning efforts.
Remote sensing technologies, such as
aerial imagery and airborne LiDAR,
are commonly employed to determine
post-disaster coastal change and flood
damages (Zhang et al. 2005; Robertson
et al. 2007; Stockdon et al. 2009), includ-
ing to homes and infrastructure, and to
prioritize emergency assistance (Meng et
al. 2010, Macintosh 2013). Post-landfall
damage analysis can also guide the res-
toration of basic infrastructure, identify
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Figure 1. Location of the study area, where Category 5 Hurricane Michael
made landfall near Tyndall Air Force Base and Mexico Beach, FL.

community vulnerability, and facilitate
other post-disaster recovery operations
(Gong and Maher 2014). Zhou and Gong
(2018) employed remote sensing methods
to determine component-level damage
assessments for major building features
such as walls, roofs, balconies, and struc-
tural supports due to Hurricane Sandy. As
natural disasters become more frequent
(van Aalst 2006), collecting time-critical
information is imperative for determin-
ing recovery costs and reducing future
risk (Kruse and Hochard 2019).

Reducing storm damage and commu-
nity vulnerability will continue to require
integration of current state-of-the-art
technologies and improved model predic-
tions that can inform hazard communica-
tion, building codes, and planning poli-
cies. This study focuses on the area near
Hurricane Michael’s landfall in Mexico
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Beach, FL (Figure 1). The objective is to
assess post-Hurricane Michael damages
using ADCIRC storm surge hindcast,
image classification, and LiDAR. Six
classes were chosen for classification of
the post-Michael imagery: debris, roofs,
vegetation (trees and grass), sand, roads,
and water. Pre-storm LiDAR derived
building footprints in the impacted area
were overlaid on the post-storm imagery
to quantify the extent of structural dam-
age to the residential area. Hurricane
damage to buildings were classified as
“moderate” to “destroyed” based on post-
storm aerial imagery. Finally, storm surge
modelled using ADCIRC is overlain and
compared to building damages.

MATERIALS AND METHODS
Data and data processing
The primary datasets used in this
study were collected directly from gov-

ernment sources. Post-storm imagery
was obtained from the National Geodetic
Survey Emergency Response Imagery da-
tabase operated by the National Oceano-
graphic and Atmospheric Administration
(NOAA). The database provides high
resolution aerial imagery of extreme
weather events from 2003 to the present.
Hurricane Michael imagery from 11 Oc-
tober to 14 October was accessible as an
onlinemap service and available for direct
download in either TIF or JPEG format.
In this study, the assessment of the dam-
ages immediately following landfall was
based on the 11 October Emergency
Response Imagery dataset. Estimated
sustained wind speed swaths (mph) based
on preliminary HURDAT data from the
National Hurricane Center (NHC) were
downloaded as a web map and converted
to shapefiles (NOAA-NWS 2018).

For comparison, the pre-disaster aerial
imagery was obtained from the United
States Geologic Survey (USGS) through
the Earth Explorer website. Earth Ex-
plorer allows the user to search for data
in a number of ways including adding a
shapefile to the map to specify the search
area. Afterashapefile for the affected area
was created in ArcMap, it was added to
the search criteria in Earth Explorer for
the area specified. For this project, the
date range was set to one year prior to
Hurricane Michael’s landfall. The most
comprehensive of the aerial imagery data-
sets available through Earth Explorer for
the time period and the location was the
National Agriculture Imagery Program
(NAIP) GeoTIFE The NAIP imagery is
1- meter or better in resolution, sufficient
to reveal buildings and is available for
the entire conterminous United States
(USDA 2017).

Airborne LiDAR data were obtained
through the USGS National Map service.
The National Map allows for quick access
to several products including LiDAR
point clouds, geographic boundaries,
hydrography, imagery and more. Raw
LiDAR point data were collected for the
affected area and downloaded for later
processing as a LAS dataset into a Digital
Elevation Model (DEM), a Digital Terrain
Model (DTM), a Digital Surface Model
(DSM, and a normalized Digital Surface
Model (nDSM). Bare Earth DEMs, build-
ing footprints and tree coverage were de-
rived from the LiDAR point cloud using
Lidar Analyst™ (Textron Systems 2018).
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Figure 2. Hurricane Michael wind swaths obtained from NOAA and maximum ADCIRC-computed storm surge height.

METHODS
Wind and storm surge hindcast

Forecasts and hindcasts of hurricane
storm surge and storm wave action
are critical in the emergency response
phase as they can facilitate mapping of
flood-prone areas and assessment of the
geographic extent of high water levels. In
this analysis, we use the output of the AD-
vanced CIRCulation (ADCIRC) Coastal
Circulation and Storm Surge Model ob-
tained from the Coastal Emergency Risks
Assessment (CERA) interactive Storm
Surge Visualization tool (https://cera.
coastalrisk.live) hosted by Louisiana State
University (Losego et al. 2013). The tool
was developed by the Coastal Hazards
Center of Excellence at the University of
North Carolina at Chapel Hill with sup-
port from the Department of Homeland
Security (DHS) (Losego et al. 2013). AD-
CIRC utilizes the Generalized Wave Con-
tinuity Equation (GWCE) for computing
water surface elevation (Luettich et al.
1992; Luettich and Westerink 2004). The
model operates on a flexible unstructured
mesh system with enhanced capabilities to

vary resolution and simulate tide propaga-
tion over open ocean and on land using
detailed topobathymetric information
(Luettich et al. 1992; Luettich and Wester-
ink 2004; Fleming et al. 2004; Dietrich et
al. 2012; Dietrich et al. 2013; Dietrich et
al. 2017). The use of an unstructured grid
minimizes both local and global error by
adjusting grid resolution to the solution
gradient (Luettich et al. 1992; Luettich
and Westerink 2004; Dietrich et al. 2013).
In areas where solution gradients are
large, ADCIRC supports high localized
grid resolution whereas in areas with
small solution gradients grid resolution
is low (Luettich et al. 1992; Luettich and
Westerink 2004; Dietrich et al. 2013). The
ADCIRC modeling output includes storm
surge height, inundation above ground,
wind speed, significant wave height, and
significant wave period (Luettich and
Westerink 2004). ADCIRC computes
storm surge as maximum water height or
maximum inundation above ground (Lu-
ettich et al. 1992; Luettich and Westerink
2004; Losego et al. 2013). Maximum water
levels and inundation depth indicate the
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highest modeled value at each grid point
over the forecast or hindcast period (Los-
ego et al. 2013). Possible storm surge water
depth above ground is computed as the
difference between local land elevation
derived from LIDAR and compound wa-
ter height above ground computed as the
sum of tide level, storm surge height, and
wave setup (Losego et al. 2013). Observed
high water marks data for Bay and Gulf
counties, Florida, were obtained from the
USGS STN Flood Event database (https://
stn.wim.usgs.gov/STNDataPortal/#). The
STN peak surge data were compared with
the CERA maximum water elevation
points at the same location. All measured
and simulated data were compiled in a
single-source file (Table 1). The data were
used to validate the storm surge heights
generated by ADCIRC by calculating the
root mean square error (RMSE).

Digital image analysis
The aerial imagery for both the pre-
disaster and post-disaster datasets were
compiled into two mosaic datasets. The
first mosaic contained the NOAA post-
disaster images, and the second contained
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Table 1.

Comparison of USGS high-water mark data and ADCIRC-generated maximum water level heights.

High water mark Ground elevation

Station ID m ft

FLBAY27701 5.32 17.47
FLBAY27706 5.46 17.91
FLBAY27709 5.38 17.64
FLBAY27591 5.18 16.98
FLBAY27711 5.15 16.90
FLBAY27713 5.61 18.41
FLBAY27714 5.18 16.99
FLBAY27715 5.70 18.69
FLBAY27716 5.53 18.15
FLBAY27501 5.27 17.28
FLBAY27718 5.63 18.46
FLBAY27720 5.11 16.78
FLBAY27659 4.40 14.45
FLBAY27657 4.03 13.22
FLGUL27670 5.03 16.50

ADCIRC-computed

USGS highwater mark

storm surge height

Difference
ft m ft
3.87 -0.13 -0.42
3.98 -1.16 -3.82
3.47 -0.74 -2.42
3.25 0.36 1.18
8.19 0.09 0.29
5.03 -0.15 -0.50
4.98 0.07 0.23
3.40 0.16 0.54
9.19 -0.47 -1.53
2.40 -0.03 -0.10
2.83 -0.47 -1.54
2.35 -1.29 -4.24
2.15 -0.13 -0.42
1.24 -0.21 -0.70
1.56 -0.11 -0.36

images from 2017 for the same location.
In an effort to differentiate the land cover
pre- and post-Hurricane Michael, a su-
pervised classification method via the
maximum-likelihood algorithm was run
through ESRI’s ArcMap 10.6.1 software.
The maximum likelihood algorithm is
one of the most frequently utilized clas-
sification methods in remote sensing
applications (Lu et al. 2013; Rawat et al.
2015). This classification method is heav-
ily weighted upon the probability that a
pixel within the image data belongs to a
specific class (Rawat and Kumar 2015).
The computation time needed to carry
out this method is significant due to the
algorithms consideration of class vari-
ability by using the covariance matrix
and as with most statistical analysis, a
greater number of samples would reduce
this error.

The two sets of aerial imagery were
reclassified using the method described
in Price (2010), which employs super-
vised classification based on the spectral
signatures of a set of features of interest.
Seven classes were chosen for classifica-
tion of the post-Michael imagery includ-
ing construction and demolition debris,
roofs, grass (non woody vegetation), trees,
sand, roads, and water. Each class was
trained using the Image Classification
Toolbar Training Sample Manager in
ArcGIS. Proper spectral training sample
datasets were pivotal to the methodology
employed in this study. Successful maxi-
mum likelihood is heavily dependent
upon adequate spectral training sample
datasets to teach the algorithm how to
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m ft m

1.31 4.29 1.18
2.38 7.80 1.21
1.80 5.89 1.06
0.63 2.06 0.99
2.41 7.90 2.50
1.69 5.53 1.53
1.45 4.75 1.52
0.87 2.86 1.04
3.27 10.72 2.80
0.76 2.50 0.73
1.33 4.37 0.86
2.01 6.59 0.72
0.78 2.57 0.66
0.59 1.94 0.38
0.59 1.92 0.48

Table 2.

Building damage classification.

Damage Control

Damage factor damage

state range (%) factor (%)

1 — Moderate 10-30 20

2 — Heavy 30-60 45

3 — Major 60-100 80

4 — Destroyed 100 100

1
build accurate relationships as well as
set clearly defined boundaries amongst
various classes for reliable classification.
Since each training sample is presumed
to be normally distributed, the classes
for this study were created with the most
robust training sample dataset possible
for both the pre- and post-storm land
cover classifications. Due to the extensive
size of the training sample datasets used,
slight over-classification of particular
groups such as water was observed in
the final output. Fortunately, the model
performed well classifying the groups
of chief concern, including buildings,
debris, and accessible roads. Roadways,
sandy or bare earth areas, debris fields,
and building roofs were clearly defined
and situated as expected in comparison to
the Mexico Beach aerial imagery utilized.

Housing damage assessment

Although the digital image analysis
provides information about the extent of
the overall post-landfall impact, it does
not provide sufficient detail to quantify
damage to structures. Building footprints
and tree coverage were derived from the
LiDAR point cloud using Lidar Analyst™
(Textron Systems 2018) and overlaid on

the post-disaster imagery to estimate
the total number of damaged buildings
as well as the level of damage. A clas-
sification scheme describing the damage
state of buildings in Mexico Beach, FL,
post-Hurricane Michael was developed.
A modified damage probability matrix
was created based on how FEMA clas-
sifies earthquake damage (FEMA 1998).
Each building footprint was given a single
point to identify the location and classify
the damage state of the structure. Minor
damage could not be identified or clas-
sified using the available ortho-imagery
and pixel-based image analysis approach
(Ramlal et al. 2018), and was therefore
omitted from the analysis. Therefore, the
study focused on the following four cat-
egories: (1) moderate: significant damage
to structures within the parcel warrant-
ing repair; (2) heavy: extensive damage
to structures within the parcel requiring
major repairs; (3) major: lack of roofing,
localized debris within the parcel, and
downed trees; and (4) destroyed: total
destruction of the once erect structure
within the parcel. The building damage
state classification is given within a range
of damage factor and control damage fac-
tors (Table 2). A hotspot analysis using
the Getis-Ord G * test statistic (Getis and
Ord, 1992) was conducted to identify the
areas with the highest concentration of
heavily damaged or destroyed buildings.
A high positive z-score and low p-value
of the Getis-Ord G* local test statistics
indicate a significant spatial clustering or
ahotspot (Getis and Ord, 1992). Overall,
higher positive z-scores suggest more
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Figure 4. Mexico Beach area devastated by Hurricane Michael: (a) post-hurricane Michael disaster area; (b) pre-
hurricane (2017) image of the area; and (c) comparison using the swipe tool to overlay before and after images.

intense clustering. Tax appraiser data
were used to estimate the value of the
extensively damaged property.

RESULTS
Hurricane Michael storm surge

hindcast and water levels above ground

Hurricane Michael intensified to a
Category 5 storm shortly before making
a landfall, and maintained its intensity
nearly 130 km (80 mi) further inland
with observed wind gusts of 185 km/h
(115 mph) (NWS 2018). Hurricane Mi-
chael’s wind swaths and the maximum
ADCIRC-computed storm surge water
levels illustrate the damaging conditions
experienced in Mexico Beach (Figure 2).

More detailed modeled storm-induced
extreme (98% exceedance) water levels
at Mexico Beach following Hurricane
Michael show that the storm caused peak
storm surge inundation of 2.7-4.2 m (9-14
ft) between the City of Mexico Beach and
Indian Pass (Figure 3). Large waves and
high winds caused severe erosion of the
beach leading to complete destruction of
the Mexico Beach pier and several build-
ings. The extent of the devastation within
the western portion of Mexico Beach
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before and after landfall of Hurricane
Michael can be easily recognized as a
contrast between the pre-disaster images
from 2017 and the post-hurricane impact
(Figure 4). Using the swipe tool in the Ef-
fects toolbar in ArcMap shows the differ-
ence between the images in real time and
can be useful in identifying properties
that have been affected by the hurricane.
The destruction of multiple structures
by storm surge and high winds led to
a large amount of debris and sand that
were transported further inland covering
roadways and obstructing emergency
response operations.

An objective evaluation of the CERA
storm surge data were conducted using
peak surge values in the Mexico Beach
area. Observed high water marks data
were obtained from 15 USGS STN Flood
Event stations and compared to the
ADCIRC-computed maximum storm
surge water level heights (Table 2). The
results indicate that ADCIRC simulation
slightly underestimates peak storm surge
in most locations with larger estimated
differences in the eastern portion of the
study area. The resulting RMSE of 0.5 m
(1.75 ft) indicates that there is an accept-

able level of agreement between the two
datasets.

Image classification to identify debris
fields and sediment deposition
Initially, ten samples of each class were
taken by drawing a polygon over where
a representative of the class appeared
in the image. Subsequently, additional
signature samples were collected. The
training sample size for the roof signa-
ture was increased to 100. In total, 50
training samples were collected for the
vegetation class and 25 training samples
were assigned to the water class. The
three remaining classes — roads, debris,
and sand — were each given 100 train-
ing samples assuming that a more robust
sample of the various classes would
increase the output resolution. Once the
samples were chosen, they were con-
verted into a signature file (Price 2010).
The next step in the process was to use the
maximum likelihood classification tool,
specifying the clipped mosaic image as
the input, setting the a priori weighting
to equal, and setting the signatures file
as the input signatures. The resulting
classified raster shows water in blue,
trees in dark green, sand in beige, roof

Shore & Beach ®m Vol. 87, No. 4 m Fall 2019
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Figure 5. Maximum likelihood classification of Mexico Beach area for pre- and post-Hurricane Michael landfall

showing the hurricane-induced change.

in red, road in grey, grass in light green,
and debris in rose. The processes were
then repeated for the 2017 pre-hurricane
Michael imagery omitting the debris class.
The procedure from (Mattupalli et al.
2018) was followed for all post-processing
of classified images. The majority filter
tool was used to smooth out the jag-
ged edges and obtain more continuous
feature boundary lines (Price 2010). The
resulting shapefile contained less isolated
pixels and was run through the boundary
clean tool to find groups of values with
the most pixels and give priority to these
bigger groups for further smoothing. The
final post-classification generalization
tool was the nibble tool. With this tool a
mask was overlain on the input raster data
specifying that small pixel clusters where
replaced by the value of the closest pixel
within Euclidian distance.

The immediate post-storm imagery
(one day) following Hurricane Michael’s
landfall near the City of Mexico Beach,
FL, provided the opportunity for rapid

assessment of the community devasta-
tion. Pooling water and sand deposition
(i.e. overwash) tens of meters inland from
the beach-dune systems were identified
from the post-storm imagery illustrating
the extent of inundation from storm surge
(Figure 5). Overwash occurred across
nearly the entire beach-dune system at
Mexico Beach, with approximately 3.9
km (2.4 mi) of beach-dune vegetation
lost due to burial or simply uprooted.
The apparent storm-induced erosion and
damage to the coastal vegetation likely
lead to the higher degree of obstructed
roadways and damaged seaside infra-
structure (Figure 5).

Misclassification of certain classes
occurred despite the high spatial resolu-
tion of the red, green, and blue (RGB)
imagery (Mattupalli et al. 2018). Changes
in water color and turbulence in the post
storm imagery (particularly in breaking
waves, small canals, waterways, creeks
and forested areas) caused the spectral
properties to more closely resemble the

Shore & Beach ® Vol. 87, No. 4 m Fall 2019

grass or tree classes. This is due to the
spectral signatures of vegetation having
the highest reflectance at the green bands
in contrast to water which has very low
reflectance across all RGB bands (Parece
and Campbell 2015; Zakaluk and Ranjan
2008). Another factor that affected the
land cover classification accuracy was the
presence of shadows in the imagery. It is
well-founded that shadows cause uncer-
tainty in the interpretation and analysis of
remotely sensed imagery (Bauer and Wu
2013; Zakaluk and Ranjan 2008).

Housing damage assessment

Assessment of initial damage to homes
in Mexico Beach, FL, following the land-
fall of Hurricane Michael was conducted
using photo-interpretation of a set of
damage classes based on the damage
factor ranges (in percent) identified in
Table 2. The results (Table 3) indicate
that 732 structures in the study area suf-
fered moderate to severe damage. Among
those, 355 residential, commercial, and
institutional buildings structures were
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extensively damaged. Most of the impact-
ed structures were single family homes.
Based on the photo-interpretation of
damage, 281 homes were identified as
reduced to rubble or bare foundation
slabs and 167 with major damages. Ad-
ditionally, 112 homes suffered heavy to
moderate damage warranting consider-
able repair. According to the 2017 tax
appraisal data, the total assessed value
of the affected structures amounts to
$118,663,321. At least 52 multi-family
structures also suffered severe damages.
The analysis also suggests that 73 mobile
homes were extensively damaged (24 of
them were completely destroyed and 29
suffered major damages). The findings
indicate that local businesses suffered
comparable level of damage and destruc-
tion including hotels, motels, restaurants,
financial institutions, office buildings,
and warehouses.

The highest percentage of damaged
structures occurred in the western part
of the study area. Overall, from a total

of 476 structures in the area, 379 were
severely damaged (79.6%). Figure 6
shows an overlay of the post-Hurricane
Michael landfall aerial imagery with the
maximum inundation depth simulated by
ADCIRC (based on Hurricane Michael
hindcast using NHC’s best track). A
hotspot analysis of the damages indicate
that a high proportion of the exten-
sively damaged structures occur in the
area most affected by storm surge. The
z-scores resulting from computing the
Getis-Ord Gi* test statistic were reclas-
sified to represent hotspots at 90%, 95%,
and 99% confidence levels (Figure 7).

DISCUSSION

Hurricane-force winds, storm surge,
and flooding create multiple risk factors
that can threaten property and infrastruc-
ture (Adams et al. 2010). In the aftermath
of a disaster, especially when infrastruc-
ture services such as power and com-
munications are disrupted, emergency
response photogrammetry can provide
valuable information needed to conduct
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damage assessments. This study used
NOAAs Emergency Response Imagery
database, LIDAR, and tax appraiser’s data
to conduct an assessment of the devasta-
tion inflicted by Hurricane Michael in
and around the City of Mexico Beach,
FL. Over 700 buildings in the area were
identified as extensively damaged by the
hurricane using visual reconnaissance
and classification of damage. Using
traditional aerial imagery taken at nadir
(when the camera axis is perpendicular
to the object on the ground) has advan-
tages in identifying roof damage (which
is a common indicator of high winds)
but has limitations when damages result
from storm surge and flooding (Adams
etal. 2010, Li et al. 2019). To this respect,
this study has certain limitations as it
may have underestimated the extent of
the damages to the building stock.

Using both ADCIRC-simulated
storm surge and image classification,
debris and sediment deposition analyses
were conducted using supervised image
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Table 3.

Total number of structures in Mexico Beach affected by Hurricane Michael by use, damage state, and assessed cumu-
lative value using 2017 tax appraisal data.

Damage state (number of structures)

Use description Destroyed Major Heavy Moderate
Camps 1

Churches 1 1 1
Condominiums 2

Financial institutions (banks, savings 1

and loan companies, mortgage

companies, credit services)

Hotels, motels 1 7

Mobile homes 24 29 12 8
Multi-family (10 units or more) 11 6 3
Multi-family (fewer than 10) 22 13 1
Municipal, other than parks, 1 3

recreational areas, colleges, hospitals

Office buildings, non-professional 2

service buildings, one-story

Parking lots (commercial or patron), 1

mobile home parks

Residential (common elements / areas) 4 1
Restaurants, cafeterias 3 1

Single family 281 167 30 82
Stores, one-story 1 1

Other commercial 4 1

Other governmental 1

Warehousing, distribution terminals, 1 1
trucking terminals, van and storage warehousing

Total 355 237 45 95

Assessed cumulative

Total number value of heavily

of structures damaged structures
1 $1,223,653
3 $1,009,131
4 $987,405
1 $392,308
8 $6,986,062
73 $5,297,970
20 $3,068,407
36 $8,257,826
4 $3,359,883
2 $542,171
1 $1,281,947
5 $510,494
4 $810,339
560 $118,663,321
2 $388,932
5 $1,098,615
1 $162,448
2 $649,966
732 $154,690,867

classification. These analyses provided
further background information for the
damage analysis. The hotpot analysis of
extensively damaged buildings confirmed
that a large proportion of the damages
(over 50%) occurred in the western part
of the City of Mexico Beach which also
overlaps with the area where maximum
inundation levels were computed based
on the ADCIRC-derived storm surge
hindcast. Although model validation
analysis revealed that ADCIRC slightly
underestimated observed storm surge
elevations, there was an overall agreement
between storm surge inundation, sand
and debris fields, and damage extent and
severity. The entire area of Mexico Beach
was impacted by the strong hurricane-
induced winds. As expected, higher dam-
ages correspond to the region of higher
onshore wind velocity and associated
storm surge in the northeast quadrant
of the storm and storm path. In addi-
tion, the hotspot analysis reveals higher
damages in the western part of the study
area, where the surge inundation inland
was greater. A greater density of building
damages in this area due to surge inunda-
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tion is due to the lower land elevation, as
compared to the area situated ~2 meters
higher along a coastal ridge further east
(Figure 8). Post-hurricane reconnais-
sance can be further improved with the
use of unmanned aerial vehicles (UAVs)
(Adams et al. 2010). UAVs provide capa-
bilities for collecting digital imagery at an
oblique angle that can display additional
details of damage undetectable from a
nadir perspective (Adams et al. 2010).

Damage assessments can play a critical
role in disaster recovery planning and im-
proving community resilience (Meyer and
Hendricks 2018). While Florida is known
nationally for upholding some of the most
stringent building codes, there are regional
differences in some requirements due to
lower probability of a hurricane strike
based on existing storm history records
(Viglucci et al. 2018). According to the
Building Code Wind Maps developed by
the Florida Division of Business and Pro-
fessional Regulation, the area of landfall
in Mexico Beach has comparatively less
stringent wind requirements (209 km/h
or 130 mph) compared to other areas of

Florida. Coastal areas in southwest and
southeast Florida are required to build to
design wind speeds of 260km/h (160 mph)
(FDBPR 2014). The difference is related to
fewer direct hurricane strikes historically
in the Mexico Beach area, with only seven
in existing records dating back to 1900
(NHC 2019). FDBPR (2014) uses wind
speeds corresponding to approximately a
15% probability of exceedance in 50 years
with an annual exceedance probability of
less than 0.3%. As a comparison, Sarasota
County has enforced more stringent wind
requirements of 240 km/h (150 mph), de-
spite having a similar number of historical
hurricane strikes between 1900 and 2010
as Bay County (NHC 2019). As the area
prepares to rebuild, reconsideration of
existing building code requirements and
enforcement of stricter strength, load
and resistance factor designed to protect
people and property could reduce future
exposure of local communities to high
wind and surge damage.

CONCLUSIONS
This study employed NOA A’s National
Geodetic Survey Emergency Response
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Figure 8. Building footprint elevations extracted from LiDAR DEM (value to points) in relation to ground elevation. The
northwest section of the study area where most of the destruction occurred lies at elevations below 3 ft. The areas to
the southeast are located along a coastal ridge with ground elevations between 5 and 7.5 ft.

Imagery database, LIDAR, and tax ap-
praiser data to assess storm damage in
Mexico Beach, Florida after Category 5
Hurricane Michael made landfall nearby.
In the Mexico Beach area, more than 700
buildings were classified as either consid-
erably damaged or completely damaged.
Many of these structures were single
family homes. The highest percentage
of damaged structures occurred in the
western part of the study area. In addi-
tion, debris and sand were transported
inland and deposited on roadways, with
overwash of nearly the entire beach-dune
system of Mexico Beach.

An independent hotspot analysis of
structural damages compared with maxi-
mum wave height and depth of storm
surge inundation both revealed a higher
proportion of extensive damage along
the lower-lying western portion of the
study area, with nearly 80% determined
to be severely damaged. Based on a com-

parison of the ADCIRC simulation with
USGS high water mark data, ADCIRC
slightly underestimated peak storm surge
inundation in the eastern portion of the
study area. The total assessed value of the
structures damaged in Mexico Beach due
to Hurricane Michael were estimated at
$118,663,321.

Results of this study could help im-
prove disaster response, recovery, and
planning, as well as improve community
resilience. As communities rebuild after
such natural disasters, reconsideration of
existing building code requirements may
reduce future risk to people and property.
Future efforts in prioritizing emergency
response efforts and restoration guidance
may benefit from the use of remote sens-
ing data to rapidly assess storm damages.
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