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Abstract: Hurricane Irma, in 2017, made an unusual landfall in South Florida and the unpredictability
of the hurricane’s path challenged the evacuation process seriously and left many evacuees clueless.
It was likely to hit Southeast Florida but suddenly shifted its path to the west coast of the peninsula,
where the evacuation process had to change immediately without any time for individual decision-
making. As such, this study aimed to develop a methodology to integrate evacuation and storm surge
modeling with a case study analysis of Irma hitting Southeast Florida. For this purpose, a coupled
storm surge and wave finite element model (ADCIRC+SWAN) was used to determine the inundation
zones and roadways with higher inundation risk in Broward, Miami-Dade, and Palm Beach counties
in Southeast Florida. This was fed into the evacuation modeling to estimate the regional clearance
times and shelter availability in the selected counties. Findings show that it takes approximately
three days to safely evacuate the populations in the study area. Modeling such integrated simulations
before the hurricane hit the state could provide the information people in hurricane-prone areas need
to decide to evacuate or not before the mandatory evacuation order is given.

Keywords: hurricane evacuations; evacuation modeling; storm surge modeling; ADCIRC+SWAN;
Hurricane Irma

1. Introduction

In recent decades, hurricanes have had devastating impacts on communities and
infrastructure in the U.S. due to the strong winds, flooding, and storm surges they bring,
especially along the coastal areas [1,2]. The National Oceanic and Atmospheric Administra-
tion (NOAA) estimates a total cost of USD 1.875 trillion in the U.S. from 1980 to 2020 due
to weather- and climate disaster-related damages [3]. Among the U.S. states, the State of
Florida, due to its unique geography which is surrounded on three sides by water and long
coastlines, is significantly vulnerable to severe storms and hurricanes [4]. Florida, with
15.8 million people living in the coastal region, ranks third after California and New York
based on a comparison of the populations who live in coastal counties [5]. During hurri-
cane seasons, many Floridians must evacuate to safer locations following the voluntary
and mandatory evacuation orders. Severe traffic congestion caused by hurricanes on the
roadways makes this problem even more challenging for the residents of affected regions
as they need to evacuate on time [6,7]. Recent hurricanes including Hurricanes Hermine
(2016), Irma (2017), Michael (2018), Dorian (2019), and Sally (2020) have clearly shown that
the evacuation process has been significantly affected by the hurricane track forecasting as
well as the number of people who want to evacuate via evacuation routes.

ISPRS Int. J. Geo-Inf. 2021, 10, 661. https:/ /doi.org/10.3390/ijgi10100661

https://www.mdpi.com/journal/ijgi


https://www.mdpi.com/journal/ijgi
https://www.mdpi.com
https://orcid.org/0000-0002-5651-7573
https://orcid.org/0000-0001-5510-6257
https://orcid.org/0000-0002-6444-8977
https://orcid.org/0000-0001-6006-7635
https://doi.org/10.3390/ijgi10100661
https://doi.org/10.3390/ijgi10100661
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/ijgi10100661
https://www.mdpi.com/journal/ijgi
https://www.mdpi.com/article/10.3390/ijgi10100661?type=check_update&version=2

ISPRS Int. ]. Geo-Inf. 2021, 10, 661

2 of 20

Hurricane Irma is a clear example of such a dependence on hurricane forecast tracks
within the cone of uncertainty. It posed a unique challenge for evacuees in Florida due
to the uncertainty associated with the projected path of the hurricane and its unusual
landfall in South Florida. Florida Governor Rick Scott declared a state of emergency for the
entire state and urged residents to evacuate [8]. Many evacuees in Southeast Florida (i.e.,
the Miami metropolitan area) evacuated to Southwest Florida based on the hurricane’s
initial forecasted track; however, they had to come back or travel further north since Irma
shifted its path toward the west rather than hitting the southeast. Enveloping the whole
state, Irma forced evacuees to drive farther and farther north, creating an evacuation route
longer than any recent storm [9]. Thousands of Floridians fled from Irma using major
interstates including I-95 and I-75 to travel north. However, heavy gridlocks along these
major highways increased the travel times for evacuees. In addition, fuel shortages due to
a high number of vehicles on major roadways and evacuation routes intensified the risk of
life losses during the evacuation process [10,11].

The decision process of evacuations begins with the forecasts on the track and intensity
of a storm, and subsequent determination of probable storm surge zones, which are
expected to be inundated by flood water. State emergency management agencies like
the Florida Division of Emergency Management (FDEM) determine such surge zones
using hydrodynamic numerical models. The surge zones are estimated by numerically
modeling a large number of hypothetical storms of different intensities. The second step
is to determine evacuation zones by the superimposition of digital elevation models over
storm surge zones [12], which are then used to answer key questions like how many people
need to evacuate and when to start the process. It is to be noted that a hydrodynamic model
is not used in this step, only an overlap of two layers is carried out. In short, surge and
evacuation zones are based on a long-term, probabilistic approach, whereas evacuation
decisions are given in a shorter time frame, constrained by track and intensity changes of
individual hurricanes.

This type of hydrodynamic modeling has some shortcomings as brought to light
during Hurricane Irma. Presently used numerical models consider only inundation due
to storm surge and do not include short period waves and river discharges that enhance
the floodwater levels significantly. In addition, the evacuation zones are fixed for a given
area, determined only by the forecasted intensity of the storm. The zones do not change
with changes in a hurricane track, and the size of its wind field. The effect of such changes
in a hurricane track further complicates the evacuation process, especially when there is
a limited time frame [13]. A post-storm assessment of Hurricane Irma indicates only a
moderate storm surge and wind damage near the landfall location of Marco Island on the
Southwest coast of Florida given its Category 5 strength [14]. However, it was expected
to hit the Miami metropolitan area based on earlier forecasts, bringing a much larger
population under risk, necessitating an evacuation of the whole region.

In this study, a coupled storm surge and wave model is used for numerical modeling
to address the first limitation, the results of which are then used to model the inland inun-
dation in order to improve the identification of storm surge zones. Additionally, such zones
are flexible and are subject to change with track and intensity changes between successive
forecasts, which help streamline hurricane evacuations. The coupled ADCIRC+SWAN
model is previously validated in terms of its long-term impact on storm surge on the Gulf
coast [15-17]. Inland inundation modeling requires a small, fine resolution finite element
domain to capture flood water behavior over small-sized land features [18]. This smaller
domain is nested within the larger coupled model domain as performed in a number
of studies [19-21].

There has been substantial research associated with hurricane evacuations [22-26].
In [22], a review was conducted on the highway-based evacuation modeling and simulation,
and its evolution over the past decade. This review included the current state of modeling
in the forecasting of evacuation travel demand, distribution and assignment of evacuation
demand to roadway networks to reach destinations, assignment of evacuees to various
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modes of transportation, and evaluation and testing of alternative management strategies to
increase capacity. Traffic impacts of large-scale and regional evacuations due to hurricanes
were studied in [23-25], with a focus on traffic simulations, dispersal patterns on secondary
roadways, and routing strategies, respectively. In [26], lessons learned and best practices in
evacuation planning based on Hurricane Katrina were identified.

Specifically, the focus of evacuation studies in recent years has changed mainly due
to the rise in the frequency and intensity of these disasters as well as the unpredictability
of these extreme events [27-30]. The efficiency of the contraflow (one-way) evacuation
has been studied in [27] whereas Hurricane Matthew and Sandy evacuation patterns
were studied in [28,29], respectively. Agent-based models have also been used in the
literature for simulation the emergency evacuations [30]. Zhang et al. [31] suggested
a conceptual framework to explore the concepts of risk, resiliency, and investment in
evacuation planning using a set of variables including evacuation demand and supply.
The concepts of evacuation modeling, as well as evacuation management strategies in
large-scale evacuations, were explained in detail in [32]. Please refer to [33-37] for more
information on the literature on evacuation studies with a focus on evacuation modeling,
emergency plans, policies, and current practices. Yabe and Ukkusuri [38] assessed the
effects of income inequality on evacuation behavior using mobile phone location data
during the Hurricane Irma evacuation process. The results revealed that higher-income
populations were more likely to evacuate to safe areas in comparison to lower-income
evacuees. Zhu et al. [39] proposed an integrated evacuation behavior model with an agent-
based simulation model built in MATSim to model hurricane evacuation for Northern
New Jersey.

Vitetta et al. simulated a transport system via the use of the decision support sys-
tems (DSS) in an evacuation scenario to support evacuation planning [40,41] whereas
Marciano et al. proposed a system of models for the signal setting design of signalized
intersections during evacuations. The authors defined an optimization problem (design
model) and used a heuristic genetic algorithm to solve this [42]. In addition, Di Gangi et al.
applied different static and dynamic models to simulate the evacuation of an urban area in
Italy [43,44]. Likewise, Russo and Rindone applied a Data Envelopment Analysis (DEA)
approach to evaluate different evacuation plans in an urban transport system [45]. Further-
more, Wong et al. [46] conducted an online survey to collect data based on the decisions
made by those impacted by Hurricane Irma. In this study, a latent class choice model
and, subsequently, a portfolio choice model (multi-dimensional choice modeling) were
developed to analyze the evacuation behavior. In another study, Yin et al. [30] developed
an agent-based travel demand model and applied this to the Miami-Dade region for a
hypothetical category 4 hurricane. More recently, Roy and Hasan developed an approach
to model the dynamics of evacuation behaviors using Twitter data of active users from
Hurricane Irma [47]. Sadri et al. [48] developed a mixed logit model to determine the
variables affecting residents in Miami Beach, Florida in selecting one of the six major
bridges while evacuating during a major hurricane. Elsewhere, Kocatepe assessed the
vulnerable citizens” evacuation in South Florida via a transportation evacuation model,
namely Transportation Interface for Modeling Evacuations (TIME), which was developed
by CDM Smith for the (FDEM) and Florida Department of Transportation (FDOT) [49,50].
In another effort, Marasco et al. [51] evaluated the evacuation travel times patterns in the
Hurricane Irma case using Google Distance Matrix API travel time estimates focusing on
Florida, Georgia, and South Carolina states.

Recently, a few studies have focused on analyzing spatial and temporal traffic patterns
during Hurricane Irma utilizing real-world traffic datasets [52]. For instance, Ghorban-
zadeh et al. [53] assessed the spatiotemporal traffic impacts of Irma on Florida’s major
highways including 1-95, I-75, I-10, I-4, and turnpike (SR-91) using real-time traffic data
before, during, and after the landfall. The authors conducted the analysis in an interval
of six hours between 5 September 2017 and 15 September 2017 given Irma’s landfall on
10 September 2017. Their findings showed high levels of congestion a few days before
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and after hurricane landfall. More recently, Huang et al. [54] assessed the feasibility of
integrating storm surge modeling and traffic analysis to evaluate the Hurricane Irma evac-
uation in Florida. Results revealed that the uncertainty of hurricane forecasting caused
an overreaction in the evacuation process. This massive evacuation caused serious traffic
congestions and a shortage of gasoline in the entire state.

Reviewing the underlying literature, there is still a research gap regarding the inte-
gration of storm surge and evacuation modeling, specifically for a large-scale hurricane
evacuation. As such, this study aims to develop a methodology to integrate evacuation
and storm surge modeling with a case study analysis of Hurricane Irma hitting Southeast
Florida. More specifically, this paper intends to address the following research question:
What would have happened in the context of evacuations if Hurricane Irma hit Southeast Florida?
Answering this question and studying the findings would help the emergency officials in
understanding the impact of potential hurricane tracks bounded by the hurricane cone and
their uncertainties on the potential hurricane impact area. As such, this study provides a
methodology to integrate storm surge modeling with evacuation modeling focusing on
the hurricane evacuations by considering potential hurricane tracks bounded by the hurri-
cane cone, with a case study application on Hurricane Irma. The storm surge modeling
portion provides a novel approach to identifying the risk of a hurricane’s occurrence at a
specific location. Evacuation modeling, on the other hand, contributes to the reduction in
this exposure on the impacted populations. This type of modeling will provide valuable
information to the residents in the potential hurricane impact area so that they can make
informed decisions in evacuating or not.

For this purpose, a coupled storm surge and wave finite element model (ADCIRC+SWAN)
was used to determine the inundation zones and inundated roadways in Broward, Miami-
Dade, and Palm Beach counties in Southeast Florida. The water levels at the coast, forced
by hurricane winds, were determined first. The domain covers the hurricane track in
the ocean until landfall. The obtained surge and wave water levels were applied as
boundary conditions to a numerical inundation model which derives inland inundation
water levels. The model results were then exported ArcGIS to determine the inundation
zones and to identify the risk of inundation of roadways in the study area. This was fed
into the evacuation modeling in order to estimate the regional clearance times and shelter
availability in the selected counties. The findings of this study can provide vital insights for
emergency management agencies and state officials to prepare more efficient preparedness
and response plans for potential hurricanes in Florida. The proposed approach and results
will be discussed in detail in the following sections.

2. Methods
2.1. Study Area and Hurricane Irma

Irma, with maximum sustained wind speeds of 185 mph, was the most powerful
Atlantic Ocean hurricane ever recorded in the history of the U.S. Hurricane Irma made
landfall in Florida as a Category 5 hurricane on 10 September 2017 [55-57]. Irma with a
total approximate cost of USD 50 billion is the fifth most costly hurricane in the U.S. and
caused 47 direct deaths [58]. Over six million people were ordered to evacuate ahead of the
storm, which is the largest hurricane evacuation in the history of Florida [46,56]. In 54 out of
67 Florida counties, evacuation orders were issued, including 42 counties with mandatory
and 12 other counties with voluntary orders. This massive evacuation resulted in extreme
traffic delays and bottlenecking along the highways in the entire state, specifically major
interstates [59]. Moreover, the uncertainty surrounding Irma’s path seriously challenged
the evacuation process and left many evacuees clueless. Irma was likely to strike Southeast
Florida but suddenly shifted its path to the west coast of the peninsula. While thousands
of residents moved to the west to flee from the hurricane, the unexpected path change of
Irma made them go back. This quick mobilization also resulted in heavy traffic congestion
and bottleneck along several major highways across Florida [10]. Figure 1a—d obtained
from the National Hurricane Center (NHC) and NOAA present Hurricane Irma’s track
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NWS National Hurricane Center

Hurricane Irma Current information: x Forecast positions:

Wednesday September 06, 2017 Center location 18.1 N 63.3 W @ Tropical Cyclone  Q Post/Potential TC
8 AM AST Intermediate Advisory 29A  Maximum sustained wind 185 mph ~ Sustained winds: D <39 mph
Movement WNW at 16 mph

on 6 September 2017, 7 September 2017, 8 September 2017, and 10 September 2017, at
8 a.m., respectively [60]. These figures are given to clearly show the unpredictability of the
hurricane’s path. As seen, Hurricane Irma’s predicted path varied from affecting the east
coast to the west coast. As such, this study aimed to assess the impact of Hurricane Irma if
it had hit Southeast Florida rather than the west coast of the state. Hence, we considered
three counties located in South Florida for the proposed case study, including Broward,
Miami-Dade, and Palm Beach counties. Figure 2 illustrates the selected counties along with
the transportation network.

Hurricane Irma Current information: x ~ Forecast positions:

Thursday September 07, 2017 Center location 20.1 N 69.0 W @ Tropical Cyclone QO Post/Potential TC
8 AM AST Intermediate Advisory 33A  Maximum sustained wind 180 mph  Sustained winds: D <39 mph

NWS National Hurricane Center Movement WNW at 17 mph $39-73mph H74-110 mph M > 110 mph

$39-73mph H74-110 mph M > 110 mph

Potential track area: Watches:
Q\vay13 EEZoays5 | Huricane

Warnings: Current wind extent: Potential track area: ~ Watches: Warnings: Current wind extent:
TopSm  [MHurricane [l Trop Sim  [MHurricane 110 Trop Stm Q\vay13 CXoayss Huricane  TropStm  [MHurricane [l Trop Stm M Hurricane (10 Trop Stm

NWS National Hurricane Center

Hurricane Irma Current information: x Forecast positions:

Friday September 08, 2017 Center location 21.8 N 74.7 W @ Tropical Cyclone Q Post/Potential TC
8 AM EDT Intermediate Advisory 37A  Maximum sustained wind 150 mph ~ Sustained winds: D <39 my
Movement WNW at 16 mph

(a) (b)

Hurricane Irma Current information: x Forecast positions:

Sunday September 10, 2017 Center location 24.5N 81.5 W @ Tropical Cyclone  Q Post/Potential TC
8 AM EDT Intermediate Advisory 458 Maximum sustained wind 130 mph ~ Sustained winds: D <39 mph

NWS National Hurricane Center Movement NNW at 8 mph $39-73mph H74-110 mph M > 110 mph|

ph
$39-73mph H74-110 mph M > 110 mph

Potential track area: ~ Watches:

Q\oay1a EEZoayss Huricane

Warnings: Current wind extent: Potential track area: ~ Watches: Warnings: Current wind extent:
Topsim  MMHuricane Il Trop Sim  IMHurricane I Trop Stm Q0w 13 GZR0ay 45 Huricane  TropSim  WMHuricane MM Trop Sim  IMHurricane W Trop Sm

(©) (d)

Figure 1. Hurricane Irma’s track (a) 6 September 2017; (b) 7 September 2017; (c) 8 September 2017; (d) 10 September 2017 [60].
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—— Roadway Network

Selected Counties

- Florida State
0 125 25 50 Miles

Esri, Garmin, GEBCO, NOAA

Figure 2. Study area.

2.2. Data Description

In this study, several data sources were used to develop the proposed integrated
methodology to estimate the evacuation clearance times. Demographic, socioeconomics,
shelters, and behavioral assumptions data were obtained from the Statewide Regional Evac-
uation Study Program (SRESP) and South Florida regional planning councils (SFRPC) [61,62].
The roadway network was based on the FDOT Statewide Model Network [63]. In addition,
NHC data of Hurricane Irma’s track and intensity were used to derive wind fields for the
storm surge numerical model. Table 1 summarizes all the data were used in the present
study for modeling purposes along with their types and sources.

Table 1. Data types and sources.

Data Type Source
Demographics mdb SRESP and American Community Survey
Shelters mdb SFRPC
Behavioral Assumptions mdb SRESP and SFRPC
Hurricane Irma’s Track and Intensity Ccsv NHC
Evacuation Zones mdb NHC
Roadway Network shp, NET FDOT Statewide Model Network

2.3. Methodology under Hurricane Irma-Hypothetical Track Hitting Miami

This study proposes an integrated methodology that utilizes storm surge and hurri-
cane evacuation modeling with a case study application of Hurricane Irma in Southeast
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Florida. This type of analysis can provide valuable information for emergency management
agencies to develop more efficient evacuation plans for potential hurricanes in the state
that they may encounter in the future. Figure 3 illustrates the conceptual flowchart of the
research methodology. The methodology steps are discussed in the following subsections.

Storm Surge Modeling

Evacuation Modeling in TIME

v Y

Hurricane Forecast Data (Track and Intensity)

Modify the roadway network in

CUBE

hd

Generate wind field of the Hurricane to force the numerical model

Y

Define a variety of evacuation conditions in

TIME

Run Coupled ADCIRC+SWAN on a large scale oceanic mesh

l

Run the hurricane evacuation scenario in TIME

A 4

Storm surge water levels (ADCIRC) enhanced by inclusion of short-
period waves (SWAN)

based on the modified roadway network

l

Run Nested Inundation model (ADCIRC) on a small scale
(regional) land based mesh

Determine the evacuation clearance

times and sheltering demand

Determine inundated readways with a higher
risk of inundation using GIS Geo-processing
tools

Figure 3. Methodology conceptual flowchart.

2.3.1. Storm Surge Modeling

ADCIRC is a finite element numerical model which solves the 2D depth-integrated
shallow water equations to determine surge water levels at the coast due to hurricanes.
SWAN is a spectral wave model dynamically coupled with ADCIRC, adding the effect of
water levels due to short period waves. The coupled model was forced with Irma’s wind
field, hypothetically making landfall in the Miami area (Figure 4a). Hourly wind fields
were calculated by the method used and validated for the region [64]. Figure 4b shows a
snapshot of the hurricane wind field near the landfall. The large-scale model was simulated
for a 5-day period. The output of the coupled model around landfall, when maximum
surge levels were obtained, was used as the boundary condition for a 6-h simulation of
inland inundation which subsequently resulted in the storm surge zones. A regional
domain nested inside the larger domain was used here. The ADCIRC model has been
previously validated in the study of storm surge induced by Hurricane Irma [54]. Further
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enhancement was performed by dynamic coupling of storm surge (ADCIRC) and wave
(SWAN) models.

pE°N

paN

,,,,,,,,

86°W

[

W W 760 74w

(a) (b)

Figure 4. (a) Hurricane Irma-hypothetical track hitting Miami; (b) Wind field used in the coupled model—a snapshot close

to landfall. Location of the nested domain shown in rectangle.

2.3.2. Integrating Storm Surge and Evacuation Modeling

At this stage, a hurricane evacuation scenario was developed in Transportation Inter-
face for Modeling Evacuations (TIME) software given the inundated zones and roadways
that had the risk of flooding obtained through the first step. In 2010, CDM Smith initially
developed TIME software to be used by the Northeast Florida Regional Council and the
FDEM as part of the SRESP. Generally, TIME is used to analyze evacuation scenarios under
a variety of conditions and estimate evacuation clearance times [65]. Clearance time is the
time it takes for all evacuees to leave the vulnerable areas following an evacuation order.
In other words, clearance time is the total time it will take for the residents of an impacted
area to prepare for an evacuation and leave that region before the hurricane hits. TIME
integrates CUBE transportation demand modeling software of Bentley Systems and Esri’s
ArcGIS Desktop.

Although evacuations generally happen before the hurricane hits and therefore road-
ways would be open, Hurricane Irma, with its uncertain path, also brought a lot of rain to
a very large region leading to a higher risk of flooding on vulnerable roadways. As such,
first, those roadways that had a higher risk of inundation were considered as flooded in
CUBE. Then, an evacuation scenario was created using the modified roadway network
as well as other assumptions to model the hurricane evacuation in the selected counties
of Florida.

2.3.3. Scenario Assumptions

To develop an evacuation scenario within the TIME software, there are a variety of
evacuation conditions that should be defined precisely, including evacuating counties,
analysis year for socioeconomic data and transportation network, behavioral assumptions,
shelters, and tourist population. TIME emergency evacuation model was used in this
research to find the dynamic travel times during an evacuation. This model provides a
realistic evacuation simulation based on the evacuation demand loading curves for each
time segment, considering the evacuation zones, response rates, shadow evacuation, back-
ground traffic, and shelter usage. In this study, population projections and transportation
networks for 2020 were utilized. The study area network was obtained from the Florida
Standard Urban Transportation Modeling System (FSUTMS) [66]. In each evacuation
scenario, the number of student populations in residence (university population) were
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assigned to the model. Since Irma happened in September 2017 in which the major uni-
versities and colleges were open at the time of the hurricane evacuation process, 100% of
students in residence were considered in the model.

Moreover, evacuations were modeled in the Statewide Regional Evacuation Study
Program (SRESP) model by designating an intensity of evacuation for each county. The
evacuation level has a direct impact on the amount of evacuation traffic that is ultimately
loaded onto the model’s highway network. Evacuation level ranges from A through E with
E being the most intense (category 1 to 5). The level of the evacuation is consistent with the
evacuation zone being ordered to evacuate. For each county, there may be up to five major
evacuation zones ranging from Zones A to E as well as an inland area. Evacuation zones
were designated based on the storm surge impact. During evacuation orders, inland areas
are not always mandated to evacuate; however, including inland areas in the scenarios
helps in accounting for shadow evacuations. This is since people living in these areas
may also decide to evacuate even if evacuation orders are placed in other zones of a
county [67]. The number of individuals who evacuate from evacuation zones as well as
inland areas (areas other than the designated evacuation zones) or shadow evacuation is
considered as “demand”. Based on the storm surge zones obtained in the previous step,
an evacuation level D (based on category 4 hurricane impact) was assigned to the three
selected counties. Evacuation zones corresponding to Broward, Miami-Dade, and Palm
Beach counties are illustrated in Figure 5a—c, respectively. Additionally, those counties
can experience shadow evacuations during the evacuation process. As seen in Figure 5b,
Miami-Dade has all evacuation zones from A through E. Broward and Palm Beach counties
have four evacuation zones.

In addition, there are two types of evacuation participation rates for each scenario:
planning assumptions and 100% response rates. An evacuation scenario with a 100%
response assumes that 100% of people including those who live in site-built homes and
mobile homes in evacuation zones will evacuate. Furthermore, this also assumes that
some people located outside the evacuation zones will also evacuate (shadow evacuations)
corresponding to the planning assumptions of the SRESP. For an evacuation scenario using
planning assumptions, the evacuation participation rate is based on the participation rates
from the behavioral analysis portion of the SRESP. Here, a 100% response scenario was
implemented in the counties based on the SRESP for the South Florida region. Furthermore,
due to the tourist attraction of the State of Florida and more specifically in the selected
counties, we included the tourist population for each county in the evacuation analysis. In
addition, there are two types of shelters that can be considered in the scenario: all open
and primary open. “All open” considers that all public shelters are open and “primary
open” only uses those primary shelters in the evacuating counties. According to the SRESP
base scenario, we assumed that “all open” shelters are open in the evacuation scenario.
There are 478 shelters with a total capacity of 258,188 in the study area. The regional
destination rates represent the percentages of the evacuees who stay in their county or
evacuate to other regions. Florida’s ten RPCs are shown in Figure 6 [68]. Table 2 also
presents the destination rates corresponding to the different regions. These rates were
selected in accordance with the planning assumptions developed by the SRESP and South
Florida RPC [62]. This is derived from behavioral surveys and analyses conducted in
Southeast Florida. These values were assigned to the 10 regions in TIME software to
develop the evacuation scenarios. “Others” in Table 2 show those evacuees who leave the
State of Florida. As seen, “South Florida”, “Others”, and “East Central Florida” have the
highest destination rates compared to other regions. We also note that this study assumes
all evacuation zones to begin the evacuation process at 7 a.m. of the next day when an
evacuation order is issued.



ISPRS Int. ]. Geo-Inf. 2021, 10, 661

10 of 20

Table 2. Regional destination rates.
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Apalachee 1.85821
Central Florida 2.44308
East Central Florida 19.96652
North Central Florida 2.16183
Northeast Florida 3.37536
South Florida 24.96993
Southwest Florida 3.90035
Tampa Bay 5.61075
Treasure Coast 10.97532
Emerald Coast 3.15146
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Figure 5. Evacuation Zones (a) Broward; (b) Miami-Dade; (c) Palm Beach.
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Figure 6. Florida’s 10 regional planning councils (RPCs).

In the present study, the CUBE Voyager macroscopic travel demand model was
used which is based on a four-step modeling process (trip generation, trip distribution,
mode choice, and trip assignment). It utilizes the Bureau of Public Roads (BPR) function
to move the vehicles throughout the highway network. CUBE Avenue is an add-on to
the CUBE Voyager that facilitates the dynamic traffic assignment through a mesoscopic
approach. [69,70]. In general, TIME runs the evacuation scenarios on top of CUBE Voyager
and CUBE Avenue [71]. Please refer to [72] for more information on using DTA in FSUTMS
for transportation planning in Florida. Table 3 summarizes the scenario assumptions that
were considered in this paper to build the hurricane evacuation model in Southeast Florida.
Clearance times and sheltering demand in the selected counties were estimated based on
the following scenario assumptions:

12-h S-curve loading was used.
Evacuation level D (based on a category 4 hurricane) was considered.
Inland areas (areas other than the designated evacuation zones) usually experience
a shadow evacuation, which was accounted for in the proposed methodology. Evac-
uations emanating from areas under mandatory evacuation orders were modeled
in accordance with the planning assumptions developed by the Statewide Regional
Evacuation Study Program (SRESP).

e  Background traffic was implemented as link capacity fluctuations due to the computa-
tional power limitations of the TIME software.

e Highway network was modified based on the roadways that have a higher risk of
inundation to model a post-disaster network.
All public shelters were considered.
Dynamic travel times were obtained for the time segment where evacuation volume
was the highest overall in the network.

e  Weassumed a passenger per vehicle rate of 1.8 during the evacuation in the TIME software.
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Table 3. Scenario assumptions.
Demographic Data 2020
Highway Network 2020
One-Way Operations None
University Population Include
Tourist Rate Include
Shelters All open
Response Curve 12-h S-curve Loading
Behavioral Response 100% Response
Evacuation Level Level D (Category 4)
Regional Destination Rates South Florida RPC
Counties Evacuating Broward, Miami-Dade, and Palm Beach

3. Results and Discussions

As stated previously, the first step in this study was to accurately model the storm
surge and subsequent inland flooding. Here, a category 4 hurricane hypothetically hitting
Miami was modeled using the coupled ADCIRC+SWAN model. Results indicate that the
storm surge water levels on the coast were as high as 6 m, which is enhanced by the waves
in the model (Figure 7a). This maximum occurred during the landfall of the hurricane
in the model. This water level was applied to the nested model as an ocean boundary
condition. This nested model was not coupled since the wave model SWAN was incapable
to work on land-based domains. The maximum inundation water level obtained in this
phase was of the same order close to the bay area (~6 m). Note that the water level reduces
as it propagates further inland (Figure 7b). This was then exported to ArcGIS, where the
roadways that had the highest risk of inundation were determined based on the obtained
surge zones. (Figure 7c). It should be noted that the zones were discretized into eight
bands based on the water level. The zones indicate regions that would be flooded if a
category 4 hurricane along the track shown in Figure 4a hits Southeast Florida. These zones
were then exported to ArcGIS so that roadways of higher flooding risk were found out for
subsequent use in hurricane evacuation models. The inundated roadways are shown in
Figure 8. It is important to note that interstates such as I-95 and I-75 are all elevated and
it is very unlikely that they would be flooded. Hence, the flooded roadways are mainly
minor arterial or coastal roads that have sections at the same level of the ocean.

After conducting the storm surge model, a transportation evacuation model was
created based on the inundation zones and roadways to determine the evacuation clearance
times for Broward, Miami-Dade, and Palm Beach counties in Southeast Florida. The
evacuating population and vehicles, sheltering demand as well as clearance time for each
county, are summarized in Table 4. As seen, the total evacuating population ranges from
more than 564,000 to more than 2 million people within the three counties. According
to the results, Miami-Dade County, with a total evacuating population of over 2 million
people and more than 746,000 of total evacuating vehicles, has the highest evacuation
demand compared to other counties. Broward ranks second in terms of the number of
evacuees and evacuating vehicles. Another interesting finding is that Broward County
has more than 51,000 mobile homes, which is the highest compared to others. However,
Miami-Dade County still ranks first in terms of site-built population (more than 1.9 million)
and evacuating vehicles (more than 682,000). Additionally, Broward is the only county
without a university population and university evacuating vehicles.
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Figure 7. (a) Maximum water levels—output from the coupled ADCIRC+SWAN model; (b) Water level obtained from the
nested inundation model; (c) Surge zones from the inundation model using ArcGIS.
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Table 4. Evacuation demand and clearance times.

Broward Miami-Dade Palm Beach Total
Site-Built Population 636,667 1,955,245 505,201 3,097,113
Mobile Home Population 51,155 37,902 46,652 135,709
Tourist Population 37,977 93,387 11,987 143,351
University Population 0 1539 355 1894
Total Evacuating Population 725,800 2,088,072 564,196 3,378,068
Sheltering Demand 33,785 98,542 35,226 167,553
Site-Built Evacuating Vehicles 275,323 682,627 246,934 1,204,884
Mobile Flome Evacuating 22,547 16,037 19,939 58,523
Vehicles
University Evacuating Vehicles 0 1539 355 1894
Tourist Evacuating Vehicles 18,989 46,693 5994 71,676
Total Evacuating Vehicles 316,858 746,895 273,222 1,336,975
County 61 60.5 68
To Shelter 40 60.5 28
68

Regional Clearance Time:

According to Table 4, shelter demand in the three counties ranges from more than
33,500 persons in Broward and Palm Beach counties to more than 98,000 persons for Miami-
Dade. Shelter demand in each county is the number of the population who will seek
public shelter during the evacuation process. Furthermore, Miami-Dade County due to the
existence of the City of Miami and Miami Beach has the highest tourist population and
therefore, tourist evacuating vehicles. In addition, the obtained evacuation clearance times
via the TIME model are provided for each county in Table 4. “County” clearance time
values show the time it takes when an evacuation order is issued until the last evacuee
leaves the evacuation zone or reaches a safe shelter within the county. Clearance time “To
Shelter” is the time when an evacuation order is issued until the last vehicle reaches a safe
shelter within the county. In contrast to Miami-Dade County, Broward and Palm Beach
counties have clearance times to shelters less than the county clearance times (Figure 9).
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Based on the evacuation scenario results, Palm Beach County with a total clearance time
of 68 h has the highest clearance time in comparison to other counties. Miami-Dade also
has the highest evacuation clearance time to shelter (60.5 h) compared to others, which
possibly shows the combined vulnerability of the roadways against evacuation congestion
and flooding. Broward, with a county clearance time of 61 h and 40 h to shelter, ranks
second among the other counties. Based on the findings, the regional clearance time is 68 h.
Regional clearance time here is defined as the time required to safely evacuate vulnerable
people to a point of safety within the Southeast RPC region. The obtained results reveal
that it takes approximately three days to safely evacuate residents only in Broward, Miami-
Dade, and Palm Beach counties in South Florida. This means that, if a category 4 hurricane
like Irma hits Southeast Florida, it could still cause serious traffic problems for people in
those areas in terms of evacuation. Comparing the obtained regional clearance time for the
selected counties to what occurred in September 2017 during Hurricane Irma’s evacuations,
it can be concluded that it is very close to what happened in South Florida (72 h). Scanning
the literature, Lindell et al. estimated hurricane evacuation times for Hurricanes Lili,
Katrina, and Rita based on the collected data in surveys of the evacuations [73].
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Figure 9. Clearance times.

4. Conclusions, Limitations, and Future Work

This study aimed to develop a methodology to integrate evacuation and storm surge
modeling with a case study analysis of Hurricane Irma hitting Southeast Florida. For this
purpose, a coupled storm surge and wave finite element model (ADCIRC+SWAN) was
used to determine the inundation zones and roadways with higher inundation risk in
Broward, Miami-Dade, and Palm Beach counties in Southeast Florida. This was fed into
the evacuation modeling using TIME and CUBE software in order to estimate the regional
clearance times and shelter availability in the selected counties. The aim was to answer
the following research question: What would have happened in the context of evacuations if
Hurricane Irma hit Southeast Florida? Answering this question and studying the findings
would help the emergency officials in understanding the impact of potential hurricane
tracks bounded by the hurricane cone and their uncertainties on the potential hurricane
impact area. Findings indicate that Miami-Dade had a higher number of evacuees and
evacuating vehicles compared to other counties. Therefore, the highest shelter demand
was observed in Miami-Dade County. Results show that it takes approximately 3 days
(68 h) to safely evacuate the vulnerable residents in the selected counties. Comparing the
obtained clearance times to what happened in 2017 reveals the vulnerability of those areas
to severe hurricanes and serious challenges that residents will face during the evacuation
process from those affected regions.

The actual Irma’s evacuations led to approximately 6.5 million Floridians evacuating
with nearly 700 hurricane shelters that were opened to house 191,764 people. Of these
people, 40% stayed at the shelters in the South Florida counties selected in this study [74].
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The evacuation clearance time was around 72 h [53]. In this study, compared to Hurricane
Irma’s actual impact, we assessed the evacuation patterns in the event that it hit Southeast
Florida. Note that this is the area with the highest population in the entire state. We observe
that clearance times out of the county reach up to 60 h and more, which shows the criticality
of the problem. Since we are talking about more than 3,000,000 people evacuating, and
more than 150,000 people in need of shelters, this would still have a huge impact on the
state’s roadways and therefore require extra attention. Especially for such a slow onset
disaster like Irma, modeling such integrated simulations before the hurricane hit the state
could provide the information people in hurricane-prone areas need to make the decision
to evacuate or not before the mandatory evacuation order is given, potentially avoiding
traffic congestion.

The findings of this study can help emergency management planners and state offi-
cials better assess the hurricane evacuations based on the uncertainty of its track for the
South Florida region, specifically based on what would happen with uncertain hurricane
tracks (e.g., the potential tracks of Hurricane Irma). Given the high number of the aging
population who live in South Florida, more attention can be given to the evacuation of
these vulnerable groups in the case of such a severe hurricane. This type of analysis would
be vital for state and municipal authorities to develop more efficient statewide hurricane
evacuation plans. From a policy perspective, the insights and obtained knowledge of
this research could provide valuable information for decision-makers and Utilities and
Transportation Commission (UTC) operators in the state to have a better understanding of
the emergency evacuation process. This can lead to mitigating the traffic congestion during
the evacuation process, especially in those highly populated areas such as South Florida.
Based on the proposed methodology that integrated evacuation and storm surge modeling,
new hypothetical scenarios could be modeled and the findings of these scenarios can
inform the emergency officials to be prepared in advance of a hurricane. They can also help
identify the hurricane-prone areas and more specifically the vulnerable populations and
infrastructures located in those regions. As a result, more efficient resilience-focused evacu-
ation plans can be developed by emergency managers and policymakers. This can raise the
awareness of society and help people in vulnerable areas to evacuate in a timely manner
which has the potential to reduce the risk of loss of many lives for potential hurricanes
and storms in the future. To summarize, this type of research can improve transportation
planning in the context of facilitating more informed emergency evacuations. This can
reduce the risk that has three main components: occurrence, in terms of event probability
or frequency, vulnerability, related only to the resistance of the infrastructures when the
event has occurred, and exposure, that is an equivalent homogeneous weighted value of
people, goods and infrastructures affected during and after the event.

There are certain caveats and limitations to this study worth noting. For example,
in the current study, the total evacuating population was considered in the evacuation
scenario. Focusing on the vulnerable populations including people with disabilities or
elderly residents as well as evacuee’s behavior would be interesting directions for further
research. Additionally, in the present paper, the total evacuating vehicles were used in the
model. However, considering different types of vehicles such as public transit and how
they can affect the evacuation process can be an interesting future research direction. In
addition, population projections for 2020 were used in this study to develop the evacuation
scenarios. The United States Census of 2020 data can be a more accurate dataset and can
provide more reliable results given the data availability. Furthermore, the TIME evacuation
model that was used in the present study can only evacuate individuals to designated
locations. Hence, a new model could be developed to address this limitation in order to
evacuate people to other locations.

In terms of other future research directions, assessing the spatial accessibility of
evacuees to safe shelters given the capacity of these facilities and roadways would be
interesting. As another potential future research, the integrated methodology was proposed
in this paper could be extended to other case studies in different locations given the data
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availability. This has the potential to raise the awareness of individuals in hurricane-
prone regions to decide whether evacuate or not ahead of a storm. The role of training in
evacuation planning and how training and education can contribute to risk reduction are
also important issues that should be assessed in future studies [75].
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