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Abstract

Hurricane Irma caused widespread evacuation activity across Florida and some of
its neighboring states in September of 2017. The researchers gathered estimated
travel times from the Google Distance Matrix API over about a month to identify
and analyze evacuation periods on roads in Florida, Georgia, and South Carolina
during this time. Travel time data was mathematically adjusted to show more
realistic estimations. Both sets of travel times were then graphed, with the
assumption that elevated travel times prior to and during hurricane landfall were
indicative of evacuation activity. The study generally corroborated the well-
established daytime evacuation preference. However, not all evacuation periods
followed the daytime travel preference, and at least one nighttime evacuation may
have been caused by flooding. In another case, later elevated travel coincided with
significant power loss. Finally, the Florida data suggest that most of the evacuation
traffic departed before local jurisdictions’ recommended evacuation start times.
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1 Introduction
Hurricane Irma’s approach in September 2017 led to a variety of evacuation
announcements in the southeastern United States. Florida Governor Rick Scott urged
residents to prepare for rapid evacuation on September 5 (Mitchell 2017), and, two
days later, he issued another public statement to emphasize the danger the storm
posed (WFLA staff 2017). These warnings were accompanied by local advisories
around Florida. Also on September 5, Florida Keys emergency management officials
issued a mandatory evacuation order for both tourists (beginning the next morning)
and residents (beginning the evening of Sept. 6th) (NWS Key West 2017a,b). Irma
made landfall near Cudjoe Key as a category 4 hurricane around 9:00 a.m. on
September 10 and a subsequent landfall near Marco Island, FL around 3:35 pm local
time (Stein et al. 2017; Weather Underground 2018). As Irma approached the Florida
coast, some communities received advisories while others received mandatory
evacuation notices (e.g., the differences between areas in the Florida panhandle, as
shown by Etters (2017) and Payne (2017)). The announcements, initial concern, and
uncertainty surrounding the storm’s path resulted in evacuation traffic across Florida.
The traffic continued into Georgia and South Carolina, as those states were both
evacuation destinations and possible secondary targets for [rma (Stein et al. 2017).
This study uses travel time estimates from the Google Distance Matrix API
(Google Maps’ data source) recorded from September 5 to October 2, 2017 to gain
more insight into aggregate evacuation behavior. Google Maps uses historical data
and real-time data from sensors and cell phones to produce travel time estimates and
route recommendations (Brindle 2020 and references therein). In this study, travel
time estimate data is considered along with power outage information where
available (recorded at UM-Ann Arbor from Florida Power and Light, Gulf Power,
and Duke Energy) to provide more context. These datasets were used to address five
research questions:

1. How do the estimated travel times at departure compare with travel times that
have been adjusted to better reflect driver experiences?

2. When did evacuation noticeably begin and end in different areas, based on the
travel time data indicating high travel times?

3. How do the evacuations align with official evacuation notices?

Do power outages have a discernible association with evacuation activity?

5. What were the best times (i.e., the moments with shortest travel times) for
evacuees to leave their respective areas prior to Irma?

s
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This paper is divided into four sections. First, a literature review covers some
key points related to the choices to evacuate and when. Then, the methodology and
results are presented. The paper concludes with a discussion of the findings and
suggestions for further investigation.

2 Literature Review

There has been substantial research into the factors associated with the decision of
whether or not to evacuate. Since this paper is based on aggregate data, the following
discussion 1s focused on broader factors, rather than individual or household level
characteristics.

Based on survey responses, Baker (1991) found that safety during an event is
a primary concern and perceptions of safety are influenced by public announcements
and advice from others. Similarly, Sorensen (2000) indicated moderate levels of
empirical support for perceived risk being associated with warnings and response to
the warnings increasing with higher risk perception. Murray-Tuite and Wolshon
(2013) and Thompson, Garfin, and Silver (2017) also reported consistency in the
literature of higher risk perception and receiving warnings as factors associated with
evacuating across hazard types.

Areas that are geographically vulnerable during hurricanes often have
evacuation rates over 80 percent; areas with lower perceived risk have much lower
evacuation rates. However, low-risk areas also tend to produce evacuees that are not
necessarily accounted for in the overall calculus, because they are not seen as likely
candidates to join the evacuation stream (Baker 1991). This secondary group creates
a “shadow” evacuation (Zeigler et al. 1981), which may contribute a non-trivial
traffic volume.

Evidence also suggests that personal risk perception tends to encourage
evacuation decision making. In focusing on the Florida Keys and Hurricane Georges,
Dash and Morrow (2001) found that residents made their decisions to evacuate based
on their awareness of their precarious situation and their monitoring of the storm.
Even though there was a mandatory evacuation in the Keys, only around 53% of
residents evacuated, with a much higher percentage evacuating in the region that
actually experienced landfall. This suggests that Keys residents had a good feel for
how their respective communities would be affected by Georges, and also that the
mandatory evacuation order was a secondary consideration for them (Dash and
Morrow 2001). It is possible that because of the unique circumstances in the Keys
(one route of evacuation; isolated and exposed to hurricanes on the south side of
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Florida; limited shelter availability) (Chen et al. 2005), the residents have developed
a heightened awareness of hurricane impacts.

To properly manage hurricane evacuations, it is necessary to understand not
only the factors involved in making the decision to evacuate, but also the timing of
the evacuation trips. In Urbanik et al.’s (1980) function of the time it takes a
household to evacuate are three terms not including travel time and thus associated
with departure time: the time it takes for authorities to decide to issue an evacuation
notice, the time it takes a household to receive the warning, and the time it takes a
household to prepare to evacuate. These terms are not necessarily additive in the
hurricane context since a household may begin preparing to evacuate based on
weather forecasts and other information and may even leave before an evacuation
notice. However, announcements from authorities can affect evacuation urgency, as
was believed to have been the case in Hurricane Floyd in 1999. Voluntary and
mandatory evacuation announcements spaced just five hours apart appeared to
contribute to the ensuing severe traffic congestion on the interstates heading inland.
Though the announcements probably did not give people the initial idea to leave, the
rapidity with which the bulk of the evacuation ensued thereafter (61% left the same
day) suggests that the decision of when to leave was affected by the announcements
(Dow and Cutter 2002). Lindell, et al. (2005) found that during Hurricane Lili in
2002, the evacuation on the U.S. Gulf Coast began on the same morning that the
National Hurricane Center (NHC) issued a hurricane warning, indicating that some
evacuees in this region had also decided to leave prior to an official announcement.
This may have been due in part to the fact that the NHC had also declared a hurricane
watch the previous night, and also because authorities in the affected areas issued
their own warnings (Lindell et al. 2005).

Fu and Wilmot’s (2004) logit model for household evacuation decision-
making was created from data from Hurricane Andrew in 1992. Consistent with the
above discussion, they found that increased risk levels (for example, living in a
flood-prone area versus not) raise the likelihood of evacuation, and that warning
announcements tend to hasten evacuation. The model also showed a strong
preference for evacuation during daylight hours, consistent with many other studies,
e.g., Baker (1991), Dow and Cutter (2002), and Lindell et al. (2005).

Hurricane Irma provides an opportunity to evaluate how travel time estimates
fluctuated during different time periods. The travel times are examined in the context
of available announcement information, hurricane arrival times, and power outages
to see if associations can be discerned.
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3 Method

3.1 Data Acquisition and Selection of Origin-Destination Pairs

Evacuations are often characterized by higher than usual traffic volumes and related
travel times. Evacuation periods therefore may be able to be inferred by examining
travel times and finding increased travel time intervals that correspond to the onset
of an evacuation-causing event. The likelihood of an identified period being
attributable to evacuation behavior increases when the period features travel times
that are significantly higher than those during normal peak hours.

The researchers used Google’s Distance Matrix API to record travel time
estimates along routes in Florida, Georgia, and South Carolina that lead inland and
north, away from the threatened coastal areas. Florida was anticipated to be the
primary impact area for the hurricane, and the Carolinas would potentially be subject
to at least storm surge. Georgia can be an evacuation destination for Florida residents.

Data recording began at 11:06 p.m. on September 5, 2017, and estimates were
gathered at roughly fifteen-minute intervals. When researchers recognized the
potential scope and force of Irma, more origin-destination pairs were added to the
list. This expanded collection effort began at approximately 11:45 p.m. on
September 6th. Each data group contains a set of routes that were assigned to the
same collection routine in the same general area; all routes within a given group
therefore have the same times assigned to their readings.

In assessing the data, researchers examined longer journeys in different parts
of the study area (Figure 1) to obtain a broad picture of the evacuation across the
impacted region, and particularly in Florida. The travel time estimates for the
selected pairs of locations were then plotted against time of day. The graphs illustrate
how traffic patterns evolved during Irma’s approach and landfall, and for a few
weeks thereafter (data collection stopped on October 2). Evacuation windows were
approximated based on the knowledge that statewide warnings were issued as early
as September 5. As discussed above, previous studies demonstrate that people in
hurricane-prone areas may respond to official announcements fairly quickly, and
also that they are often prepared to take action based on their own assessments
beforehand.

INSERT FIGURE 1 APPROXIMATELY HERE

The routes shown in Figure 1 are represented as straight lines because the
exact routes taken by drivers cannot be determined from the data sets. The only
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information is the origin-destination pair. Numbers in the pairs refer to major roads;
as shown in Figure 1, N75-275 is close to Tampa-St. Petersburg, 10 19 is just east
of Tallahassee, and 95 4 is beside Daytona.

3.2 Adjusting Travel Time Estimates
Because evacuations are not typical events, it is possible that the time estimated for
a longer trip at a given departure time is not what was experienced during the
evacuation. Some refinement of the data may yield a better picture of travel times
that were experienced by Irma evacuees.

A preliminary review of the raw data revealed situations where the travel
times reported for two or three adjacent time entries varied tremendously. For
example, if a vehicle departed from Orlando for Columbus on September 8 at 15:49,
its estimated travel time was 410 minutes. If the vehicle left 15 minutes later, the
journey was estimated to take 367 minutes. This 43-minute fluctuation suggests that
the raw data may not be an accurate reflection of experienced travel times, especially
on the longer routes. Thus, adjusted travel time estimates were developed based on
the strong, simplifying assumption that each vehicle on a route experienced the
travel time that applied to each 15-minute interval during which it was on the
roadway. Using the previous example to demonstrate, a vehicle that started from
Orlando at 15:49 on September 8 would initially travel at a speed based on 410.05
minutes of estimated road time for the first interval of'its journey to Columbus. Then,
at the next reading at 16:04, the vehicle’s speed would increase based on an overall
travel time of 366.53 minutes. The speed changes would continue at each interval
until the vehicle finished its journey. For this particular case, the adjusted estimated
travel times were 373.91 minutes for vehicles that started at 15:49, and 371.92
minutes for vehicles that started 15 minutes later. This is a much smaller fluctuation.

Determination of these adjusted travel time estimates began with estimating
the distance traveled during each interval. The total distance traveled was not known
with certainty for each pair of locations, since the actual route corresponding to the
estimate was not recorded. Distances between pairs were selected based on
recommended routes shown on Google Maps (determined in December 2017). The
selected total distance (D, in miles) was used to calculate the distance traveled during
each interval based on each raw total travel time (equation 1):

D
djj+1 = 7 *tjj+1 (1)
]

where
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djj+1 1s the distance traveled during an interval between two readings j and
j+1 in miles,

R, is the raw travel time corresponding to reading j,

t;j+1 1s the duration of an interval between readings j and j+/ in minutes, and

Jj is the record number of the observation.

At this point in the calculations, the sums of the interval distances were
checked for completed journeys. The minimum number of intervals that had one or
more results that sum to at least the total mileage for the journey was chosen as the
starting point for deriving adjusted travel time estimates, since this was the threshold
within the dataset at which vehicles began completing the journey. The summed
travel times were not accurate though, because a given vehicle finished its journey
at some point during the final interval that it was on the road. It was therefore
necessary to adjust the summed times based on the rate of travel during the last
interval (equation 2):

m; = (Z/27 i) = D (2)
where
m; 1S the amount of extra distance in a completed trip distance sum
assigned to record j (miles),
X is the number of intervals in a completed trip set, and
all other terms are as previously defined.

The travel times for the extra distances are based on equation (3), and these
values can then be subtracted from their associated interval sums to yield the desired
adjusted travel time estimates (equation 4):

Ljyx—1,j4+x
——— 3
dj+x—1,j+x ( )

Cj

= mj *
where
Cj is the number of minutes to be subtracted from a sum of intervals for a

completed trip as in equation (4) and other terms are as previously
defined.

i+x—1
Ty = T/ tigen) — ¢ (4)
where
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T; is the adjusted travel time estimate in minutes for record ;.

This computational approach assumes that the conditions on any particular
route were uniform along the length of the route for each time interval, based on the
raw travel times given.

After the adjusted travel time estimates were calculated and graphs were
produced, basic comparative calculations were carried out. These results include
ranges and range differences; differences between low-end/high-end raw travel
times and their respective corresponding adjusted travel time estimates; and
differences between the highest and lowest adjusted travel time estimates. These
figures are accompanied by estimated start and end times for each location pair
(where possible) and the shortest adjusted travel time estimates for daylight
departures.

4 Travel Times and Events

Because there were major announcements that predated the data collection start
times, the timings and potential effect(s) of those announcements cannot be analyzed
directly in this paper. The residents of the Florida Keys in particular were likely
sensitive to the approach of Irma, given what Dash and Morrow (2001) found for
that group over a decade ago. Based on the findings of Lindell et al. (2005) and Dow
and Cutter (2002), there is a chance that the largest part of the Keys evacuation
happened early on September 5, the day after the first major hurricane watch notice
was posted (NWS Key West 2017c). Similar evacuation peaks were observed the
day after the NHC issued a Hurricane Watch for Hurricanes Rita (Huang et al, 2016)
and Ike (Huang et al., 2012). This part of the evacuation would have taken place
almost a full day prior to the earliest data reading in this study, and thus it is not
reflected in the data. However, it was possible that some of the Keys traffic appeared
later in other states and/or the northern part of Florida during the sampling windows
of this study.

For each origin-destination pair, two graphs were developed: a graph showing
travel times for the recording period from September 6 to September 30 (only a few
of these are depicted here to save space, but the others are available from the authors
upon request) and an annotated graph showing travel times proximate to Irma
(September 6-13 where possible; September 7- 13 otherwise). The annotations give
the times of various hurricane warning and evacuation announcements and the first
and second landfall times. The first landfall refers to the one at Cudjoe Key, and the
second landfall refers to the one at Marco Island (Stein et al. 2017).
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4.1 Key Largo to Belle Glade

The Key Largo-Belle Glade pair represents a primary evacuation corridor out of the
Keys. Due to limited connectivity between the Keys and the mainland, the Keys
should be evacuated well in advance of the arrival of tropical storm force wind and
hurricane landfall. Both Figure 2A and Figure 2B show how the adjusted travel time
estimates differ from the recorded ones: the adjusted times have a smaller range
(lower high values and higher low values). The adjusted travel time estimate curve
is shifted slightly to the left of the original because of the way the adjusted estimates
are calculated (as described in section 3.2). This general relationship between the
adjusted and recorded travel times is consistent for all of the data sets due to the
calculation method employed.

Figure 2B shows an interval (September 6) that appears to have extended
travel times, approximately coinciding with the recommended evacuation start times
for visitors (morning) and residents (evening), but this may not be indicative of the
main evacuation period because Figure 2A demonstrates that these travel times also
occur on the route during non-hurricane conditions. Using detector data from the
Florida Department of Transportation (FDOT), Parr and Acevedo (2019) identified
the evacuation start time for the Keys as 120 hours (5 days) before landfall at Cudjoe
Key at 9am on September 10. They indicated the peak of the evacuation demand
occurred about 89 hours before landfall, which corresponds to the higher travel times
in the afternoon of September 6 shown in Figure 2B. The figure shows a sustained
period of slightly elevated travel times lasting from the evening of the 9th to the
evening of the 12th. FDOT’s detector near Key Largo indicated low traffic counts
(less than 100 vehicles) from noon on September 9 until 10 am on September 12,
suggesting that the travel time estimates were more based on historical data for that
time of day rather than real time data from travelers (Brindle, 2020; Palmer, 2014)
unless significant travel speed decreases occurred (e.g., because of debris).

Somewhat uniquely for the set of O-D pairs in this study, the Key Largo to
Belle Glade travel times increased close to landfall and afterwards compared to
September 8 and 9. Tropical storm force winds arrived between 2 and 8 pm on
September 9 (Varinsky, 2017). The islands were closed to tourism in the immediate
aftermath of Irma, and massive amounts of roadway debris impacted traffic flows
for weeks (Contorno 2017).

Gov. Scott said shortly after [rma passed that he wanted the Keys reopened
by October 1st. Although some Keys residents felt this goal was too ambitious, they
were aware that without a formal barrier, tourists would still start returning as soon
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as they had the opportunity. As of September 30th, this was indeed the case
(Contorno 2017), and the increased traffic heading out of the Keys could indicate
heightened activity on the roadways in general later in the month (Figure 2A).

INSERT FIGURE 2 APPROXIMATELY HERE

4.2 Port St. Lucie to Sebring

Port St. Lucie is located to the north of Miami on the east coast of Florida. As shown
in Figure 2C, there is a period at the beginning of the analysis that has inflated travel
times that do not occur again during the month. The higher travel times last for a
little more than two days from the morning of September 6 to the afternoon of the
8th. The bulk of the evacuation period appears to have immediately preceded the
recommended evacuation start time of 3 pm on September 8 and preceded the arrival
of tropical storm force winds by at least 42 hours. Port St. Lucie is two counties
north of what Parr and Acevedo (2019) grouped into Southeast Florida in their study
based on detector data, but Southeast Florida was their closest analyzed area. Parr
and Acevedo (2019) indicated an evacuation start time of 95 hours before landfall at
Cudjoe Key and peak demand at 66 hours before landfall. Despite being in different
counties, these timings well correspond to the higher travel times on September 6
and 7 shown in Figure 2D.

As shown in Figure 2D, even though the evacuation appears to have begun in
the early morning on the 6th, noticeably high travel times are present in the evening
and even close to midnight on the 7th. Within the main evacuation period
(September 6 and 7), the difference between the longest and shortest travel time is
nearly 12 minutes (see Table 2). Although travel speeds at night tend to be lower
than during the day, the values for September 6 and 7 exceed those of corresponding
hours on other days in September, as shown in Figure 2C (e.g., travel time at
12:00am on September 7 is approximately 7% higher than that of September 14).
This suggests the presence of an evacuation wave that chose to travel on roads in the
area during the night, something that goes against the general daylight evacuation
preference highlighted by Baker (1991) and many others. The nighttime travel may
have been somewhat attributable to school closures on the 7th and 8th that were
announced on the 5th (Atterbury 2017). The elevated travel times that persisted the
following night might have had the first mandatory evacuation notice as a
contributing factor. Although night is not the preferred time to travel, Lindell et al.
(2019) note that people will do so if necessary, such as for Hurricanes Eloise (Baker
et al. 1976), Elena (Baker 1986), and Opal (USACE Philadelphia District 1996).
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4.3 Fort Pierce to Turnpike Orlando

Fort Pierce is just north of Port St. Lucie on the east coast, and Orlando is inland to
the northwest. Like Port St. Lucie to Sebring, this route had elevated travel times at
the beginning of the analysis window (September 7 and 8) that did not appear for
the rest of the month. This pattern suggests this is a probable evacuation route, and
a heavily impacted one. The raw travel times during the evacuation window
approach 160 minutes (see Table 1), and even the adjusted values exceed 150
minutes (see Tables 1 and 2) (approximately 80% higher than the typical travel times
for the route post-evacuation - between 80 and 90 minutes). These highest travel
times were observed close to the evacuation announcement at 5:30pm on September
7 that indicated the evacuation orders would be in effect at 3:00pm on the 8. The
main evacuation period appeared to end more than 40 hours prior to the arrival of
tropical storm force winds at Fort Pierce. Like Port St. Lucie, Fort Pierce’s
evacuation may have been affected by the regional school closure announcement
(Atterbury 2017), leading to departures that preceded the mandatory evacuation
announcements. The timing of the official evacuation the next day coincided with
what appears to be the tail end of the evacuation period (Figure 3A). While there
was evacuation-type behavior throughout the 7th, it is not possible to tell if the
evacuation began earlier.

4.4 Orlando to Columbus

Orlando to Columbus is a long trip that has Interstate 75 as a prominent possible
component. [-75 is an interstate highway that connects Atlanta with major cities in
central Florida. As with Fort Pierce to Turnpike Orlando, the travel time estimates
suggest an evacuation period that may have begun before the 7th. The peak points
on the evacuation days (around mid-day) show a strong preference for daylight travel,
as travel times increased into the evening before declining to a local minimum
around midnight (Figure 3B). The peak adjusted travel time estimate occurred at
approximately 2:30pm on the 7" and was 16% greater than the corresponding
adjusted travel time estimate on the 14", The evacuation period ended on the 8%,
nearly two full days before the arrival of tropical storm force wind in Orlando.
Notably, much of the evacuation traffic preceded the timing of the local
jurisdiction’s notice for mobile home evacuation. Because this pair includes a major
roadway in central Florida, the evacuation travel times may have been primarily
attributable to through traffic from locations to the south and the east.
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INSERT FIGURE 3 APPROXIMATELY HERE

4.5 Daytona to Columbus

As with Orlando-Columbus, Daytona-Columbus had at least two days of elevated
travel times, indicating probable evacuation traffic (Figure 3C). The highest adjusted
travel time estimate occurred near noon on September 7 and was approximately 7%
greater than the corresponding time on September 21 (the 14™ was not used for
comparison due to power outages remaining). The pattern of the evacuation is also
similar to Orlando-Columbus, with the evacuation possibly starting before the 71
and ceasing on the 8", a preference for daylight travel, much of the evacuation
appearing to occur before the local jurisdiction’s notice for mobile home evacuation
(and beachside areas), and most of the evacuation appearing to end two days before
the arrival of tropical storm force winds.

Just after tropical storm winds arrived in Daytona on the evening of the tenth,
power outages began to manifest and escalate. On the 11" and 12" 80% of the
customers in the area were without power (Figure 3C). The heavy loss of power
coincided with another period of slightly elevated travel times, perhaps indicating
another evacuation wave that was catalyzed by the lack of power. People traveling
from Daytona to Columbus during the evacuation had the typical preference for
daylight travel, even during the possible second evacuation period.

4.6 95-4 to S95-Jacksonville

This journey originates in the Daytona area as well. The data shows the same basic
evacuation pattern as the two preceding origin-destination pairs (Figure 3D). The
evacuation period covers the 7™ and the 8", with much of the evacuation appearing
to precede the official evacuation order effective period by 1-33 hours and the arrival
of tropical storm force winds by approximately 48-81 hours. The data suggest a
preference for daylight travel with the highest adjusted travel time estimate
occurring near noon on September 7 (approximately 57% longer than the
corresponding time on September 14). The flat period before the travel times started
to rise on the 7" makes it difficult to determine if the evacuation carried over from
the previous day.

4.7 N75-275 to 10-19

N75-275 to 10-19 starts in the greater Tampa area and goes into the panhandle of
Florida, east of Tallahassee. This pair shows three days of evacuations,
approximately centered around the evacuation order that was issued for Zone A in
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Tampa (comprised of coastline areas; Office of Emergency Management 2017) in
the middle of September 8 (Figure 4A). The end of the third day of this evacuation
appeared to precede the arrival of high winds by about 24 hours. The data follows
the overall trend of featuring a pattern that implies a preference for daylight travel
(all three days, as in Figure 4A). While there is no way to know from the data if the
evacuation began on the 6' or earlier, it would be notable if it did because that would
extend the evacuation period to around four days.

Parr and Acevedo (2019) indicated that, based on detector data, the Tampa
region experienced an initial gain in the number of vehicles (potentially due to being
an evacuation destination before Hurricane Irma changed paths). However, an
evacuation of the Tampa area appeared to start approximately two days before the
first landfall (Parr and Acevedo 2019). This corresponds to the second peak in travel
times seen in Figure 4A. The highest adjusted evacuation time estimate on
September 8 occurred near noon and was approximately 28% higher than the
corresponding time on September 22 (the 15" was not used for comparison due to
the power outage).

The outage data (Figure 4A) shows a similar scenario to the one in Figure 3C,
where the onset of tropical storm-force winds portended power loss. In the N75-275
area, power loss was as high as 61% before recovering to about 40% on the 13th.
Note that there is not a discernable secondary evacuation that could be ascribed to
the power problems, possibly because this is a road location and not a specific
municipality.

INSERT FIGURE 4 APPROXIMATELY HERE

4.8 Jacksonville Beach to Lake City

Jacksonville Beach-Lake City does not appear to have had a typical evacuation,
since the travel times in the hurricane period were very similar to the ones that were
reported for the post-hurricane period later in the month (e.g., September 18-23; 26-
30 not shown here). Some variation in travel time exists throughout the day on
September 6-8 that drops on September 9 and 10. However, this area did experience
elevated travel times beginning just before the arrival of tropical storm force winds
late on September 10 and becoming more prominent on the 11" (Figure 4B). Similar
to Figures 3B and 3C, 4B shows increased travel times after [rma’s arrival. While
three FDOT detectors in Duval county indicated obviously lower traffic counts in
the Jacksonville area on the 11" compared to the 12" these counts were in the
multiple hundreds around 2pm. The elevated travel time period on the 11" followed
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the arrival of tropical storm winds the previous night. This could have been partially
due to flooding in the Jacksonville area (News4Jax staff 2017).

4.9 Jacksonville to 95-Savannah

Figure 4C for Jacksonville-Savannah shows probable evacuation traffic, again on
the 71 and 8™ with some evidence of preference for daylight travel. Though the travel
times are not drastically elevated, they are still consistently above the norm shown
in the post-hurricane weeks. The 8%, in particular, has a couple of recorded travel
times that are outliers; these were “smoothed” by the adjusted travel time estimate
calculation process. The highest adjusted travel time estimate occurred near noon
(more than 48 hours before the arrival of tropical storm force winds) and was 18%
greater than that for the corresponding time on the 15%. These highest travel times
on the 8™ occurred after the evacuation announcement, while the peak on the 7%
preceded the announcement.

4.10 10-19 to Montgomery
10-19 to Montgomery, which starts outside of Tallahassee in the Florida panhandle,
had the peak of its evacuation on the 8", more than 24 hours before the voluntary
evacuation notice and more than two days before power losses (see Figure 4D).
Evacuees may know well in advance of official evacuation orders that they are going
to do so. The highest adjusted travel time estimate occurred near 6pm on the 8" and
was 19% greater than that of the 22", The travel times between this pair of locations
could also be due to other evacuation traffic coming from the south of Florida, but
the absence of elevated travel times after the announcements suggests either there
were few evacuations in response, or that the roads were able to easily accommodate
the volume that was generated.

This location did not have powerful enough sustained wind speed to make it
easy to identify the arrival of tropical storm force wind (Weather Underground 2018).
However, it is likely that strong winds are associated with power losses (see the
power outage ratio line in Figure 4D). This area started to lose power around
midnight on the 11%, and this outage continued to expand until, by the evening of
the 11" approximately 90% of customers were without power. Since 10-19 refers
to a road location rather than a municipality, the outage severity probably did not
trigger another discernible evacuation; people could have been driving through on
the way to other destinations.

Though this path follows on directly from the terminus of the N75-275-to-10-
19 route, it does not have a similar evacuation profile. Like the N75-275 route, there
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is evacuation activity on the 8"; however, unlike N75-275, there is comparatively
little travel time inflation on the 7™ and 9™ (Figures 4A and 4D).

4.11 Charleston city center to Florence, SC

Unlike Florida, South Carolina employed contraflow in select locations to expand
evacuation capacity. It is possible that drivers traveling from Charleston to Florence
were able to benefit from contraflow, as it was implemented on Interstate 26 leading
out of Charleston (Haire 2017). The somewhat balanced travel times throughout the
month shown in Figure 5A suggest that contraflow was a success or, possibly, that
contraflow was unnecessary. However, as is visible in Figure 5B, there were still
discernible higher travel times during the evacuation period on September 7 and 8,
approximately 16 and 30 hours before implementation of the official evacuation
notice and 66 and 90 hours before the arrival of tropical storm force wind. The
highest adjusted travel time estimate occurred at approximately 6pm on the 8" and
was approximately 22% greater than that for the corresponding time on the 15, The
evacuation appeared to begin right after the announcement that there would be an
official evacuation start time and contraflow measures on the interstate. The data
implies that a late-day evacuation took place, perhaps partially in response to the
announcement, and then a larger one transpired the next day for the population
segment that either had to wait or had a strong daytime evacuation preference.

The Charleston situation stands out because evacuations in Florida largely
seem to have commenced well before official evacuation start times. In contrast, the
evacuation in Charleston appears to have been at least in part in response to the
official announcement on September 7, approximately four days before the arrival
of tropical storm force winds. Florida notices tended to be issued closer to the arrival
of tropical storm force winds.

INSERT FIGURE 5 APPROXIMATELY HERE

4.12 Calculated Differences Between Recorded and Adjusted Travel Times

In Table 1, the adjusted values provide travel times over a smaller range in all cases.
The differences between the recorded and adjusted travel time estimate ranges are
often substantial. Adjusted travel time estimates are important because people may
choose to evacuate based on a lower travel time estimate, only to be confronted by
a much more daunting figure 15 minutes later while enroute. The reality of their
travel situation would more likely lie somewhere in the middle, and this would be
shown by adjusted travel time estimates.
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For every high and low value in the recorded set, the corresponding adjusted
travel time estimate (the value in the same record slot, not the overall high/low
experienced time) is a more conservative travel time estimate (Table 1). The major
differences are shown with the recorded high-end values. The recorded high-end
values tend to be more extreme than the low-end values. As a result, the differences
between the highest values and their associated adjusted travel time estimates tend
to be larger by comparison. (Note: The calculations for the differences between the
recorded and adjusted travel time estimates were carried out using only data from
the evacuation windows defined in Table 2.) As can be seen in Table 2, the majority
of the evacuations started after midnight and before 6 a.m. While the early morning
hours are devoid of sunlight, evacuations likely started at these times because drivers
knew they would be on the road during daylight in the event of a large delay. The
notable exception in terms of timing was Jacksonville Beach, a coastline community
in the northeastern part of Florida. These increased travel times are possibly a
reaction to flooding and/or power outages which are post-impact environmental cues
(Lindell 2018; Lindell and Perry 2012).

4.13 High and Low Adjusted Evacuation Travel Time Estimates

The most common theme amongst the estimated departure times (Table 2) is that the
best time to leave was usually between midnight and dawn. This is logical
considering the well-established preference for daytime evacuation: on a given day,
there are simply fewer cars on the road during the early hours of the morning, and
thus lower travel times. The question for anyone evacuating in a personal vehicle
would be whether he/she values time saved over evacuating at a preferred hour. In
Table 2, time savings between the longest and shortest evacuation travel times range
from 11.72 minutes to 60.49 minutes (although these routes to not necessarily
constitute the entirety of an individual’s evacuation route). Only one difference
exceeds an hour (N275-75 to 10_19), and the longest routes by travel time only have
a difference of a little more than half an hour (Orlando to Columbus and Daytona to
Columbus). If a person were determined to evacuate during a peak travel time hour,
it would not seem that the extra time spent on the road would be a huge deterrent in
these cases. Unsurprisingly, the best post-sunrise time to leave was usually right after
the sun rose, because evacuations tend to build from the lowest travel times early in
the morning through the day.
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Table 1: Travel time ranges and comparisons between recorded and adjusted estimates

18

Recorded

Adjusted

Differ-

Differ-
ence
Range Correspon- (recor Correspon ence
differ- Record- ding ded — Record- -ding (recorded
Route* Low High Range Low High Range ed low adjusted . ed high | adjusted -
ence . adjust . .
estimate ed estimate adjusted
low) high)
Port St. Lucie
to Sebring 93.45 109.65 16.20 94.35 106.07 11.72 4.48 93.45 94.72 -1.27 109.65 105.74 3.91
Fort Pierce to
Turnpike 101.30 | 159.47 58.17 102.08 | 154.08 52.00 6.17 101.30 106.79 -5.49 159.47 148.04 11.43
Orlando
N75-275 to
10 19 192.22 | 261.12 68.90 193.21 | 253.69 60.48 8.42 192.22 194.23 -2.02 261.12 250.04 11.07
9>-410 595_ 63.32 107.52 44.20 63.59 97.73 34.14 10.06 63.32 64.08 -0.76 107.52 92.06 15.46
Jacksonville
Jacksonville
Beach to Lake | 81.32 131.53 50.22 82.37 131.34 48.97 1.25 81.32 82.37 -1.05 131.53 131.27 0.26
City
Orlando to
Columbus 350.52 | 420.17 69.65 365.18 | 402.20 37.02 32.63 350.52 371.81 -21.29 420.17 376.77 43.40
Daytona to
Columbus 349.07 | 400.58 51.52 351.86 | 382.75 30.89 20.63 349.07 368.15 -19.09 400.58 374.03 26.56
Daytona to
339.25 | 373.65 34.40 346.27 | 366.34 20.07 14.33 339.25 349.94 -10.69 373.65 363.25 10.40
Columbus (2)
Jacksonville ‘I 78 | 16377 | 5298 | 11071 | 12972 | 1802 | 3497 | 11078 | 11349 | 271 | 16377 | 12661 | 37.16
to Savannah
10_19to
228.32 | 331.77 | 103.45 | 230.59 | 283.36 52.77 50.68 228.32 233.51 -5.20 331.77 282.61 49.16
Montgomery
Ch?g‘::;‘l’;to 121.18 | 153.58 | 32.40 | 121.65 | 147.45 | 2580 | 6.60 | 121.18 | 122.19 -1.00 | 153.58 | 137.54 16.05

* Key Largo to Belle Glade is not shown here since the evacuation appeared to start earlier than the data collection.
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595  Table 2: Evacuation start and end times; longest and shortest travel times during evacuation
Main Evacuation Shortest Evacuation Travel Time (Irma Approach) Longest Evacuation Travel Longest Minus
Route* Start End Overall After Sunrise Time (Irma Approach) Shortest Time
Port St. Lucie to 9/6 at 9/7 at 94.35 min at 2:00 a.m. on 97.80 min at 8:15 a.m. on 106.07 min at 11:15 p.m. on 11.72 min
Sebring 2:00 a.m. | 9:33 p.m. 9/6 9/6 9/6 ’
Fort Pierce to 9/7 at 9/8 at 102.08 min at 9:00 a.m. on 102.08 min at 9:00 a.m. on 154.08 min at 6:45 p.m. on 52.00 min
Turnpike Orlando | 1:15a.m. | 11:00 a.m. 9/8 9/8 9/7 ’
9/7 at 9/9 at 193.20 min at 5:02 a.m. on 202.15 min at 7:17 a.m. on 253.69 min at 11:32 a.m. on .
N75-275t010.19 | 5 35 am. | 11:47 am. 9/9 9/9 9/8 60.49 min
95-4 to S95- 9/7 at 9/8 at 63.59 min at 5:15a.m. on 74.37 min at 12:15 p.m. on 97.73 min at 11:45 a.m. on 34.14 min
Jacksonville 5:15a.m. | 1:30 p.m. 9/7 9/8 9/7 )
Jacksonville 9/10 at 9/11 at
Beach to Lake City | 4:48 p.m. | 2:34 p.m. NA NA NA NA
Orlando to 9/7 at 9/8 at 365.18 min at 11:48 p.m. 383.22 min at 7:18 a.m. on 402.20 min at 2:34 p.m. on 37.02 min
Columbus 2:33a.m. | 9:33a.m. on 9/7 9/7 9/7 )
Daytona to 9/7 at 9/8 at 351.86 min at 12:33 a.m. 365.73 min at 7:34 a.m. on 382.75 min at 12:04 p.m. on 30.89 min
Columbus 12:33a.m. | 9:18 a.m. on9/7 9/8 9/7 ’
Daytona to 9/11 at 9/11 at
Columbus (2) 6:03a.m. | 2:34p.m. NA NA NA NA
Jacksonville to 9/7 at 9/8 at 111.36 min at 7:45 a.m. on 111.36 min at 7:45 a.m. on 129.72 min at 1:00 p.m. on 18.36 min
Savannah 7:45 a.m. 2:30 p.m. 9/7 9/7 9/8 )
10_19to 9/8 at 9/9 at 230.59 min at 2:47 a.m.on | 247.83 min at 7:17 a.m. on 283.36 min at 6:17 p.m. on 52 77 min
Montgomery 1:02a.m. | 8:32a.m. 9/9 9/9 9/8 )
Charleston to 9/7 at 9/8 at 121.65 min at 5:16 a.m. on 122.19 min at 7:01 a.m. on 147.45 min at 6:01 p.m. on 25.80 min
Florence 9:01a.m. | 8:02 p.m. 9/8 9/8 9/8 )
596 * Key Largo to Belle Glade is not shown here since the evacuation appeared to start earlier than the data collection.
597 (Note on Tables 1 and 2: The specific evacuation end times were taken from the peak region of the last perceivable evacuation wave on each graph, since there is
598 no good way to define a moment for the “end” of a given evacuation on the downside of its last interval. By choosing the last peak instead of a point later in time,
599 the most and least favorable leaving times are kept within a window in which evacuation traffic can be safely assumed to have still been entering the road segments.)
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5 Discussion of Results and Conclusions

5.1 Summary of Observations

The Irma evacuation origin-destination pairs in this analysis conformed to some of
the commonly observed features of hurricane evacuations. Consistent with Baker
(1991), Dow and Cutter (2002), and Lindell et al. (2005), evacuees often
demonstrated a preference for daylight travel. This preference was less pronounced
in at least one case (Port St. Lucie to Sebring), but the overall trend in the data
reinforces this preference.

Many evacuations in this analysis seemed to finish before official start times
were announced. This appears to support the finding by Lindell et al. (2005) that
people start to prepare and make their decisions to evacuate when they have
significant information about the probable approach of a hurricane (through news
services, friends, online forums, etc.); official evacuation announcements then only
serve as confirmations. Because of the time period of the data recording, the early
Irma statements issued by Florida Governor Scott could not be matched with travel
times in this paper. However, Governor Scott did make a statewide announcement
about school closure in Florida on the evening of September 7 (Postal 2017), which
overlaps with the evacuation activity apparent in the southern part of Florida on the
same day. Based on what Dash and Morrow (2001) found for residents of the Keys
specifically, it is likely that many people knew well in advance of even Governor
Scott’s notices that they were going to evacuate inland for at least a few days.

In this study, it is not possible to definitively state the starting times of all of
the evacuations. However, due to the preference for daylight travel, it is likely that
any evacuation traffic that preceded the data collection would have followed a
similar pattern (high travel times in the middle of the day, with the lowest times
generally occurring just before and just after midnight). Considering this finding,
someone who wants to avoid delays could leave well before dawn on the chosen
departure day. On the planning side, finding a way to better distribute traffic over a
24-hour period would perhaps help even out travel times in future events, and reduce
the travel time for those who have to evacuate during daylight hours exclusively
(such as people with poor night vision).

In Figures 3C and 4A, a significant power outage seems to coincide with late
evacuation behavior. Power outages leading to later evacuation surges is an issue
that should be more thoroughly investigated, if only so officials can prepare for
sudden evacuations under compromised circumstances. While the preference for
daytime evacuation seems to hold under power outage circumstances, it does not



637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672

21

seem to be as reliable (Figure 3C has a local travel time peak close to midnight on
the 11th). This may make sense, because if one already has no light or cooling, the
preference for staying at night might be diminished. This implies that evacuations
stemming from power loss may happen suddenly regardless of hour, so disaster
officials have to be prepared for egress roads to be accessible and navigable for large
volumes of traffic at any time of day.

5.2 Conclusions
This study investigated the evacuation travel time patterns for selected locations for
Hurricane Irma. Five questions were central to the research:

1. How do the estimated travel times in the data match up with travel times that
have been adjusted to better reflect driver experiences?

The adjusted travel times have smaller estimate ranges than those recorded
from the Google API, and this is a function of their more moderate overall values.
This is to be expected. Since the adjusted values “look ahead” in the recorded data
to arrive at their results, they shift the overall travel time curves marginally to the
left on the graphs.

The recorded travel time estimates may have reduced accuracy for longer
routes because unexpected conditions can arise (as acknowledged when Google
Maps provides a travel time). Using the travel time adjustment method in this paper
thus provides a way to create a more reasonable picture of the long-route experienced
travel times. This can be helpful to residents and officials alike during evacuations.

2. When did evacuation noticeably begin and end in different areas, based on the
travel time data?

In most cases, evacuations began in the early morning before dawn. The only
evacuations appearing to start after dawn were on the Jacksonville-Savannah (Figure
4C) and Charleston-Florence (Figure 5B) routes. The Jacksonville Beach-Lake City
evacuation began in the late afternoon (Figure 4B), and that was perhaps due to
flooding and/or power outages. This general pattern somewhat reinforces the
daytime travel preference that has been observed in many previous evacuation
studies. The occurrence of an evacuation that started well into the afternoon implies
that there are other events that can cause more spontaneous evacuations.

3. How do the evacuations match up with official evacuation notices?
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Evacuations were typically already underway by the time official evacuation
notices were issued or the evacuations were officially supposed to begin; in addition,
most evacuations had already largely ended by the time evacuation announcements
were officially made. Figures 4A (N75-275 to 10-19), 4C (Jacksonville to Savannah),
and 5B (Charleston to Florence) might be considered exceptions, as they show
notices being issued right before or during a potential evacuation wave. All of these
locations are either in northern Florida or another state. It is possible that since
Hurricane Irma approached from the south, evacuees in these locations had a greater
opportunity to monitor the conditions before making a decision. In all three locations,
strong winds did not arrive until at least 12 hours after the first landfall. In the case
of Charleston, SC, people largely did not evacuate until official confirmation was
issued. After declaring a state of emergency for South Carolina on September 6
(Waters 2017), Governor McMaster announced a contraflow plan for [-26 into
Charleston on the 7" (for implementation on the 9"; Haire 2017) — four days before
the arrival of tropical storm force winds, preceding a NHC Watch and logically
preceding most household departures. He then issued mandatory evacuation notices
for the barrier islands in the Charleston area on the 8™ (Shain and Lovegrove 2017).
Though Charleston residents had sufficient warning, they waited until later to leave.

4. Do power outages have any discernible association with possible evacuation
activity?

There is some potential evidence of power outages being associated with
evacuations; hence, they might be a causative factor. The circumstances surrounding
these kinds of quasi-spontaneous evacuations and the means of safely facilitating
them is an area for further exploration. In particular, is there heightened risk during
an evacuation attributable to a power outage? And if so, how can this risk be
mitigated efficiently?

5. What were the best and worst times for evacuees to leave their respective areas
prior to Irma?

The best times to leave were early in the morning before dawn, on a given day,
in all but one pre-Irma case featured in this analysis. Only Jacksonville-Savannah
and Fort Pierce-Turnpike Orlando featured advantageous departure times that
occurred after sunrise in the morning. The worst time to leave before Irma was often
between 11am and 1pm; in three cases, it was after 6pm (Table 2). This timing is
problematic for people who have strict 9-to-5 work schedules or have other
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responsibilities prior to a hurricane, because unless they can alter their usual
schedules, they will experience heavier afternoon/evening evacuation traffic.

5.3 Limitations

This study used a dataset not typically used to identify evacuation periods. More
traditional data types are based on surveys and traffic counts/speeds available from
detectors. This initial study faced several limitations that can be addressed in future
studies. First, the data collection for this study began potentially after some early
evacuees departed, particularly from the Florida Keys. Starting the collection earlier
will capture the whole evacuation period. Second, the travel time adjustment process
used a distance based on recommended routes, which may not match with the travel
times. Future studies should collect both the route distance and the travel time
simultaneously. Third, the travel times were based on the shortest travel times, which
may not align with evacuee route preferences. Evacuees tend to use Interstates
regardless of whether an alternate route’s travel time is shorter (Dow and Cutter
2002; Lindell et al. 2019). Future data collection efforts should obtain data for
multiple routes. Fourth, the adjustment process used a strong assumption that each
vehicle on a route experienced the travel time that applied to each 15-minute interval
during which it was on the roadway. This assumption could be relaxed in the future
by creating smaller route segments as well as alternative data generation systems
(e.g., individual vehicle tracking).

5.4 Future Directions
In this study, adjusting the instantaneous travel times smooths very high and low
travel time values (especially high ones). This narrows the range of estimated travel
times for a given route, and it shifts the travel time curve slightly to the left as a
byproduct of the method. The next logical step is to try to verify the adjusted travel
times by obtaining travel time data recorded during a pre-event evacuation on
specific routes. These recorded times could also be used to compare travel speeds
after dark with those during daylight for corresponding traffic counts to determine
how much travel speed is affected by lighting conditions during an evacuation.
This study also revealed limited information about the phenomenon of an
evacuation caused by flooding and/or power loss. An approach to predicting the
occurrence of one of these comparatively spontaneous evacuations might include
information about how much experience a given community has with hurricanes, as
well as its likelihood of being hit with a strong storm and susceptibility to water
inundation. The duration of tropical storm force wind in an area could also be
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explored for a relationship with travel, particularly travel occurring after the wind’s
arrival with and without associated power losses. Hurricane Irma was significantly
weakened and well inland by the time it affected communities like Jacksonville and
Charleston with heavy rains and storm surge. The degree to which the Jacksonville
area in particular could have mitigated roadway congestion after the storm by
effecting a preemptive evacuation would make for interesting further inquiry.

The research findings have reinforced two of the established notions about
evacuation behavior: daytime preference and living in risk-prone areas leading to
advanced evacuation planning. Other features of this study that require further
investigation are power outage evacuations and the question of why some
households begin their evacuations before state and local officials issue evacuation
notices. The relationship between inferred evacuation travel and evacuation notices
in this study seem to contradict Baker’s (2000) conclusion that typically less than
15% of evacuees depart before evacuation notices are issued. These conflicting
results could be due to changes in evacuation behavior over two decades or the
difference in research methods. The difference in results warrants additional
exploration and the study of evacuation departure times, in general, still has room
for additional research (Lindell et al. 2019).

Data Availability
The travel times and calculations are available from the authors upon request.

References

Alert Tampa (2017) ATTENTION: @CityofTampa issues evacuation order for all
residents in zone A. Twitter.
https://twitter.com/AlertTampa/status/906189280334274560. Accessed 11
December 2017

Atterbury A (2017) Treasure coast schools closed Thursday, Friday as Hurricane
[rma approaches. Tcpalm.

https://www.tcpalm.com/story/news/education/2017/09/05/st-lucie-county-
closes-schools-thursday-friday-hurricane-irma-approaches/634065001/.
Accessed 19 March 2018

Baker EJ, Bringham JC, Paredes JA, Smith DD (1976) Social Impact of Hurricane
Eloise on Panama City Florida. In Immediate Response Project. Gainesville,
FL: State University System of Florida Sea Grant Program

Baker EJ (1986) Hurricane Elena: Preparedness and response in Florida. Florida
Policy Review 1 (2): 17-23



783
784
785
786
787
788
789
790
791

792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820

25

Baker EJ (1991) Hurricane evacuation behavior. International Journal of Mass
Emergencies and Disasters 9(2):287-310.

Baker EJ (2000) Hurricane evacuation in the United States. In R. Pielke, Jr. and R.
Pielke, Sr. (eds.). Storms Vol. 1, Routledge, London, pp 306-319Bartelme T
(2017) Area sees ‘incredible’ flooding as Irma pounds Charleston, coastal South
Carolina. The Post and Courier. https://www.postandcourier.com/news/area-
sees-incredible-flooding-as-irma-pounds-charleston-coastal-
south/article b752803e-96¢e-11e7-9¢8a-3f6a906b40d4.html.  Accessed 27
February 2018

Brindle B (2020) How Does Google Maps Predict Traffic? How stuff works.
https://electronics.howstuffworks.com/how-does-google-maps-predict-
traffic.htm. Accessed 18 May 2020

Chen X, Meaker JW, Zhan FB (2006) Agent-based modeling and analysis of
hurricane evacuation procedures for the Florida Keys. Natural Hazards 38(3):
321-338. DOI: 10.1007/s11069-005-0263-0

City of Tampa (2017) City of Tampa issues evacuation order for all residents in zone
A. City of Tampa. https://www.tampagov.net/news/city-tampa-issues-
evacuation-order-all-residents-zone. Accessed 11 December 2017

Contorno S (2017) "It's not the same place": Florida keys reopen, but still need to
rebuild. Tampa Bay Times.
http://www.tampabay.com/projects/2017/photo/florida-keys-gallery/irma-
wreckage/. Accessed 19 March 2018

Dash N, Morrow BH (2001) Return delays and evacuation order compliance: The
case of Hurricane Georges and the Florida Keys. Environmental Hazards 2:
119-128. DOI: 10.1016/S1464-2867(01)00008-0

Dhanoa F (2017) Hurricane Irma: Jacksonville orders mandatory evacuations.
Jacksonville Patch. https://patch.com/florida/jacksonville/hurricane-irma-
jacksonville-orders-mandatory-evacuations. Accessed 19 March 2018

Dow K, Cutter SL (2002) Emerging hurricane evacuation issues: Hurricane Floyd
and South Carolina. Natural Hazards Review 3(1): 12-18.
DOI:10.1061/(ASCE)1527-6988(2002)3:1(12)

Etters K (2017) Big Bend coastal dwellers prepare to evacuate. Tallahassee
Democrat. http://www .tallahassee.com/story/news/2017/09/09/big-bend-
coastal-communities-ordering-evacuations/645925001/. Accessed 11
December 2017

Fu H, Wilmot CG (2004) Sequential logit dynamic travel demand model for
hurricane evacuation. Transportation Research Record: Journal of the
Transportation Research Board 1882: 19-26. https://doi.org/10.3141/1882-03



https://www.postandcourier.com/news/area-sees-incredible-flooding-as-irma-pounds-charleston-coastal-south/article_b752803e-96ee-11e7-9c8a-3f6a906b40d4.html.%20Accessed%2027%20February%202018
https://www.postandcourier.com/news/area-sees-incredible-flooding-as-irma-pounds-charleston-coastal-south/article_b752803e-96ee-11e7-9c8a-3f6a906b40d4.html.%20Accessed%2027%20February%202018
https://www.postandcourier.com/news/area-sees-incredible-flooding-as-irma-pounds-charleston-coastal-south/article_b752803e-96ee-11e7-9c8a-3f6a906b40d4.html.%20Accessed%2027%20February%202018
https://www.postandcourier.com/news/area-sees-incredible-flooding-as-irma-pounds-charleston-coastal-south/article_b752803e-96ee-11e7-9c8a-3f6a906b40d4.html.%20Accessed%2027%20February%202018
https://electronics.howstuffworks.com/how-does-google-maps-predict-traffic.htm
https://electronics.howstuffworks.com/how-does-google-maps-predict-traffic.htm
https://doi.org/10.3141/1882-03

821
822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848
849
850
851
852
853
854
855
856
857
858
859

26

Haire C (2017) Hurricane Irma: McMaster sets time for evacuation order, Irma shifts
west. Greenville Journal.
https://greenvillejournal.com/2017/09/07/hurricane-irma-26-set-reversed-
mcmaster-sets-time-evacuation-order/. Accessed 11 December 2017

Huang S-K, Lindell MK, Prater CS (2016) Toward a multi-stage model of hurricane
evacuation decision: An empirical study of Hurricanes Katrina and Rita. Natural
Hazards Review, 18(3): 05016008 1-15

Huang S-K, Lindell MK, Prater CS, Wu HC, Siebeneck LK (2012) Household
evacuation decision making in response to Hurricane lke. Natural Hazards
Review 13: 283-296

Hyman A (2017) Mandatory evacuations lifted in St. Lucie County. WPTV.
https://www.wptv.com/news/region-st-lucie-county/mandatory-evacuations-
lifted-in-st-lucie-county. Accessed 2 December 2017

Lindell, MK (2018) Communicating imminent risk. In Rodriguez H, Trainor J,
Donner W (eds.) Handbook of Disaster Research, 2" ed. New York: Springer,
New York, pp. 449-477.

Lindell MK, Lu J, Prater CS (2005) Household decision making and evacuation in
response to Hurricane Lili. National Hazards Review 6(4):171-179.
DOI:10.1061/(ASCE)1527-6988(2005)6:4(171)

Lindell MK, Murray-Tuite P, Wolshon B., Baker EJ (2019) Large-Scale
Evacuation: The Analysis, Modeling, and Management of Emergency Relocation
from Hazardous Areas. Routledge, New York.

Lindell MK, Perry RW (2012) The Protective Action Decision Model: Theoretical
modifications and additional evidence. Risk Analysis, 32: 616-632.McBride J
(2017) Is Port St. Lucie evacuating because of Hurricane Irma? Heavy.
http://heavy.com/news/2017/09/is-port-st-lucie-evacuating-because-of-
hurricane-irma-county-mandatory-evacuation-evacuated-routes/. Accessed 2

December 2017
Milolucci V (2017) Jacksonville beaches under mandatory evacuation as Irma nears.
News4JAX. https://www.news4jax.com/weather/hurricane-

irma/jacksonville-beaches-prepare-for-irma. Accessed 15 December 2017

Mitchell T (2017) Gov. Rick Scott urges Floridians to prepare, stay alert ahead of
Hurricane Irma. The Florida-Times Union.
http://www .jacksonville.com/news/florida/2017-09-05/gov-rick-scott-urges-
floridians-prepare-stay-alert-ahead-hurricane-irma. Accessed 11 December
2017

Murray-Tuite P, Wolshon B (2013) Evacuation transportation modeling: An
overview of research, development, and practice. Transportation Research -
Part C 27:25-45. https://doi.org/10.1016/j.trc.2012.11.005



860
861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
881
882
883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898

27

NWS Key West (2017a) Keys officials: Mandatory visitor evacuation begins

Wednesday morning. Twitter.
https://twitter.com/NWSKeyWest/status/905099934596202500. Accessed 15
December 2017

NWS Key West (2017b) Keys officials: Resident evacuation to begin Wednesday at
7 p.m. Twitter.
https://twitter.com/NWSKeyWest/status/905163097069035520. Accessed 15
December 2017

NWS Key West (2017c¢) Major  Hurricane Irma. Twitter.
https://twitter.com/NWSKeyWest/status/904818321278869509. Accessed 15
December 2017

News4Jax staff (2017) Jacksonville Irma updates: Damage, historic flooding across
area. News4JAX. https:// www.news4jax.com/weather/hurricane-irma/the-
latest-possible-tornado-rips-through-st-augustine. Accessed 26 March 2018

Office of Emergency Management - City of Tampa (2017) Are you ready Tampa
Bay?
https://tampa.maps.arcgis.com/apps/MapSeries/index.html?appid=df0f2aec5
13648cdbba58afb8dabf6a7. Accessed 19 March 2018

Orange County Government (2017) Orange County issues mandatory evacuation
notice for residents of mobile homes due to expected impact. Orange County
Government. https://newsroom.ocfl.net/media-advisories/press-
releases/hurricane-irma-information/. Accessed 1 December 2017

Palmer B (2014) How mapping software gathers and uses traffic information. The
key element is you. The Washington Post.
https://www.washingtonpost.com/national/health-science/how-mapping-
software-gathers-and-uses-traffic-information-the-key-element-is-
you/2014/02/14/693606d4-9263-11e3-b46a-5a3d0d2130da_story.html.
Accessed 18 May 2020

Parr S, Acevdo L (2019) Hurricane Evacuation: Analysis & Lessons from Harvey,
Irma, Florence, & Michael. Governor's Hurricane Conference, West Palm
Beach, FL.

Payne K (2017) Leon County declares voluntary evacuation for mobile home
residents. WFSU. http://news.wfsu.org/post/leon-county-declares-voluntary-
evacuation-mobile-home-residents. Accessed 11 December 2017

Postal L (2017) Hurricane Irma: Governor orders all schools closed Friday through
Monday. Orlando Sentinel.
http://www.orlandosentinel.com/weather/hurricane/os-hurricane-irma-
central-florida-schools-open-closed-20170907-story.html.  Accessed 26
March 2018



https://www.washingtonpost.com/national/health-science/how-mapping-software-gathers-and-uses-traffic-information-the-key-element-is-you/2014/02/14/693606d4-9263-11e3-b46a-5a3d0d2130da_story.html
https://www.washingtonpost.com/national/health-science/how-mapping-software-gathers-and-uses-traffic-information-the-key-element-is-you/2014/02/14/693606d4-9263-11e3-b46a-5a3d0d2130da_story.html
https://www.washingtonpost.com/national/health-science/how-mapping-software-gathers-and-uses-traffic-information-the-key-element-is-you/2014/02/14/693606d4-9263-11e3-b46a-5a3d0d2130da_story.html

899
900
901
902
903
904
905
906
907
908
909
910
911
912
913
914
915
916
917
918
919
920
921
922
923
924
925
926
927
928
929
930
931
932
933
934
935
936
937

28

Shain A, Lovegrove J (2017) Gov. Henry McMaster orders evacuation of coastal
barrier islands in 3 counties as Hurricane Irma approaches. The Post and
Courier. https://www.postandcourier.com/news/gov-henry-mcmaster-orders-
evacuation-of-coastal-barrier-islands-in/article 238e0268-9498-11¢7-942d-
7bb7a9f6calb.html. Accessed 2 December 2017

Sorensen J (2000) Hazard warning systems: Review of 20 years of progress. Natural
Hazards Review  1(2):119-125.  https://doi.org/10.1061/(ASCE)1527-
6988(2000)1:2(119)

Stein P, Berman M, Lowery W (2017) Hurricane Irma makes second landfall in
Florida and will roar up the state's gulf coast. The Washington Post.
https://www.washingtonpost.com/news/post-
nation/wp/2017/09/10/hurricane-irma-makes-landfall-in-florida-keys-
targets-gulf-coast/?utm_term=.06ecaa003e36. Accessed 11 December 2017

Thompson RR, Garfin DR, Silver RC (2017) Evacuation from natural disasters: a
systematic review of the literature. Risk Analysis 37(4):812-839.
https://doi.org/10.1111/risa.12654

Urbanik T, Desrosiers A, Lindell MK, Schuller CR (1980) An analysis of techniques
for estimating evacuation times for emergency planning zones. US Nuclear

Regulatory Commission.
http://www.iaea.org/inis/collection/NCLCollectionStore/ Public/35/053/350
53342 .pdf

USACE—US Army Corps of Engineers Philadelphia District (1996) Hurricane
Opal assessment: Review of the use and value of hurricane evacuation study
products in the Hurricane Opal Evacuation, Alabama and Florida, October
34, 1995. Accessed 8 December 2016 at
coast.noaa.gov/hes/docs/postStorm/H_OPAL ASSESSMENT REVIEW U
SE VALUE HES PRODUCTS OPAL EVACUATION AL FL.pdf

Varinsky D (2017) Hurricane Irma’s winds are already hitting Florida. Business
Insider. https://www.businessinsider.com/hurricane-irma-winds-hit-florida-
2017-9. Accessed 18 May 2020

Volusia County Sheriff (2017) “Countywide curfew begins at 4 p.m. Sunday. We
will update when it's lifted -- depends on conditions.” Twitter.
https://twitter.com/VolusiaSheriff/status/906242783652048896.  Accessed
15 December 2017

Volusia County Sheriff (2017) "Irma curfew update: Curfew now starts at 9pm
Sunday and expected to lift 9am Monday. Give us that 12hr period to make
the area safe.” Twitter.
https://twitter.com/VolusiaSheriff/status/906525002111094784. Accessed 15
December 2017



https://www.businessinsider.com/hurricane-irma-winds-hit-florida-2017-9
https://www.businessinsider.com/hurricane-irma-winds-hit-florida-2017-9

938
939
940
941
942
943
944
945
946
947
948
949
950
951
952
953
954
955
956
957
958
959
960
961
962
963

964
965

29

Volusia Emergency Management (2017) "Beginning at 5 pm today, there is a
mandatory evacuation for the beachside, low-lying areas & people in RVs,
mobile and manufactured homes." Twitter.
https://twitter.com/VCEmergencylInfo/status/906247498917961733.
Accessed 15 December 2017

Waters D (2017) Gov. McMasters tells residents to prepare for the worst as
Hurricane Irma approaches. Charleston City Paper.
https://www.charlestoncitypaper.com/TheBattery/archives/2017/09/06/gov-
mcmaster-tells-residents-to-prepare-for-the-worst-as-hurricane-irma-
approaches. Accessed 1 December 2017

Weather Underground (2018) Historical weather information for U.S. cities.
https://www.wunderground.com/. Accessed 27 February 2018

WFLA staff (2017) Gov. Scott doubles down on evacuation orders, activates more
national guard members to help with Irma readiness. WFLA.
http://wfla.com/2017/09/07/gov-scott-doubles-down-on-evacuation-orders-
activates-more-national-guard-members-to-help-with-irma-preparedness/.
Accessed 11 December 2017

WPDE staff (2017) S.C. governor: Only Beaufort, Jasper, and Colleton counties
under evacuation order. WPDE. http://wpde.com/news/local/second-news-
conference-to-be-held-friday-by-gov-mcmaster-ahead-of-hurricane-irma.
Accessed 2 December 2017

Yin W, Murray-Tuite P, Ukkusuri SV, Gladwin, H (2014) An agent-based modeling
system for travel demand simulation for hurricane evacuation. Transportation
Research Part C 42:44-59. doi:dx.doi.org/10.1016/j.trc.2014.02.015

Zeigler DJ, Brunn SD, Johnson Jr, JH (1981) Evacuation from a nuclear

technological disaster. Geographical Review, 71: 1-16.


https://www.wunderground.com/

966

967

968
969
970
971

972
973
974
975
976
977
978
979
980
981
982
983
984
985
986
987
988
989
990
991
992
993

994
995

30

Figure Captions

Fig. 1: Routes in this study represented by Euclidian paths with Hurricane Irma's
track and strengths; base layer credit to Esri, HERE, DeLorme, Mapmylndia,
OpenStreetMap contributors, and the GIS user community; Irma data from Weather
Underground (2018)

Fig. 2: Key Largo to Belle Glade travel times, 9/6 through 9/30 of 2017 (2A); Key
Largo to Belle Glade travel times with announcements and events, 9/6 through 9/13
of 2017 (2B); Port St. Lucie to Sebring travel times, 9/6 through 9/30 of 2017 (2C);
Port St. Lucie to Sebring travel times with announcements and events, 9/6 through
9/13 0of 2017 (2D)

Fig. 3: Fort Pierce to Turnpike Orlando travel times with announcements and
events, 9/7 through 9/13 of 2017 (3A); Orlando to Columbus travel times with
announcements and events, 9/7 through 9/13 of 2017 (3B); Daytona to Columbus
travel times with announcements, events, and portion of power out, 9/7 through
9/13 0f 2017 (3C); 95-4 to S95-Jacksonville travel times with announcements and
events, 9/7 through 9/13 (3D)

Fig. 4: N75-275 to 10-19 travel times with announcements, events, and portion of
power out, 9/7 through 9/13 of 2017 (4A); Jacksonville Beach to Lake City travel
times with announcements and events, 9/7 through 9/13 of 2017 (4B); Jacksonville
to 95-Savannah travel times with announcements and events, 9/7 through 9/13 of
2017 (4C); 10-19 to Montgomery travel times with announcements, events, and
portion of power out, 9/7 to 9/13 of 2017 (4D)

Fig. 5: Charleston to Florence travel times, 9/7 through 9/30 of 2017 (5A);
Charleston to Florence travel times with announcements and events, 9/7 through
9/13 0of 2017 (5B)
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