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This article introduces an accumulated cyclone energy (ACE) approach for estimating the return period of

tropical cyclone (TC) wind risk in Florida. As opposed to calculating return periods directly from maximum

sustained wind speed, the ACE-based approach also describes the duration of the strong winds, giving an

additional dimension to the assessment of TC wind risks. Because Florida is a peninsula, TCs can move

across the state within six hours of landfall, causing an underestimation of the inland wind footprint if only

the six-hour reanalysis track points are employed as an input data source. This study uses four different

scenarios and an inland exponential decay function to interpolate the wind speed between the six-hour

reanalysis track points to feed the ACE-based return period calculation based on a 121-year record from

1900 to 2020. South Florida has the shortest return period (five to ten years) of TCs with an ACE

equivalent to one hour of hurricane intensity (� 64 kt; 1 kt � 0.51m s�1) caused by intense historical

hurricane strikes, and Polk County in inland central Florida has an equal return period due to frequent and

long-duration TC occurrences, acting as an intersection for landfalling TCs in the Florida peninsula.

Key Words: Florida peninsula, hurricane, inland wind risk.

A
mong all weather and climate disasters, tropi-

cal cyclones (TCs) have dominated both

damage and fatalities in the continental U.S.

during the past forty years (National Oceanic and

Atmospheric Administration [NOAA] 2022). Of all

coastal states along the Gulf of Mexico and the

Atlantic East Coast, Florida is considered to be the

hot spot for TC strikes in terms of frequency and

intensity (Blake, Landsea, and Gibney 2011; Jagger

and Elsner 2012). The state historically has had

about 40 percent of all landfalling hurricanes in the

United States based on data from 1851 through

2006 (Blake, Rappaport, and Landsea 2007) and had

the second-highest population growth rate nation-

ally, growing by more than 200,000 residents from 1

July 2020 to 1 July 2021 (U.S. Census Bureau

2021). Given the high exposure to TC-related risks,

both the emergency management community and

the research community have expended considerable

effort estimating return periods for TCs in Florida.

Earlier studies have attempted to construct the

return period of associated risks from Florida landfal-

ling hurricanes. These include the estimation of the

wind risk return period for major cities (Malmstadt,

Elsner, and Jagger 2010) and the frequency of TCs

that strike the Florida coast (e.g., Keim, Muller, and

Stone 2007; Parisi and Lund 2008). Although TCs

are expected to diminish rapidly following landfall,

recent findings highlighting a weakening of the TC

inland decay rate (Li and Chakraborty 2020; Zhu

and Collins 2021) and slower inland translation

speed (Kossin 2018; Hall and Kossin 2019) have

raised the concern for greater and longer exposure of

inland communities to TC risks. Moreover, due to

the shape of the narrow peninsula, TCs making

landfall in Florida tend to maintain most of their

intensity while crossing the state (DeMaria, Knaff,

and Kaplan 2006; Zhu, Collins, and Klotzbach

2021b). For example, Hurricane Charley in 2004

made landfall at Saffir Simpson Category 4 intensity

and remained at hurricane intensity across the state,

causing three deaths in two inland counties (Polk

and Orange Counties; Federal Emergency

Management Agency [FEMA] 2005). Studies that

estimate TC return period have mostly focused on

the frequency of strikes (not limited to the moment

of landfall) and the maximum wind that occurred.

The duration of TCs is usually overlooked, however,

especially for inland counties that are often less pre-

pared for TC risks. Therefore, we believe that it is

Annals of the American Association of Geographers, 113(9) 2023, pp. 2013–2030 # 2023 by American Association of Geographers
Initial submission, August 2022; revised submissions, November 2022 and February 2023; final acceptance, May 2023

Published by Taylor & Francis, LLC.

http://crossmark.crossref.org/dialog/?doi=10.1080/24694452.2023.2230288&domain=pdf&date_stamp=2023-10-25
http://orcid.org/0000-0001-7828-9148


important to revisit the return period of TC risk in

Florida, particularly accounting for the duration of

TC wind over inland areas.
Accumulated cyclone energy (ACE; Bell et al.

2000) has been commonly used as a quantification

metric to evaluate seasonal TC activity (Villarini

and Vecchi 2012; Collins and Roache 2017;

Klotzbach et al. 2018). ACE is defined as the sum of

the square of the maximum wind speed for all TCs

that are at least of tropical storm (�34 kt, 1 kt �
0.51m s�1) intensity. Due to its capability of captur-

ing both TC intensity and duration, ACE has also

been applied to assess inland TC activity, including

seasonal landfall activity (Truchelut and Staehling

2017) and TC postlandfall rate (Zhu, Collins, and

Klotzbach 2021a). Therefore, employing ACE as a

metric for estimating TC risks has the advantage of

including TC wind duration as opposed to just using

maximum wind. ACE uses one-minute maximum

sustained wind speed (MSW), but it is worth noting

that minimum sea-level pressure (MSLP) is also a

widely used metric to quantify the intensity of a TC

and its damage potential. MSLP has been demon-

strated as a more skillful predictor of normalized

damage from major hurricanes (Malmstadt,

Scheitlin, and Elsner 2009; Klotzbach et al. 2020),

due to its improved relationship with storm surge.

Apart from other TC risks (e.g., storm surge and

rainfall), however, MSW has been shown to be a

key indicator of property losses and building damages

(Murnane and Elsner 2012; Done, Simmons, and

Czajkowski 2018), which is considered more relevant

for inland communities.
Using ACE as the primary metric, this study

employs a 121-year Florida landfall TC record from

1900 to 2020 to construct TC return period wind

risks. A simple algorithm for interpolating inland

wind estimates between the six-hour reporting inter-

val of our TC data set (discussed in the next section)

is introduced by using a widely applied exponential

decay function for inland moving TCs (Kaplan and

DeMaria 1995; Li and Chakraborty 2020). The ACE-

based return period presented in this article could

serve as a reference for implementing TC wind risk

mitigation plans, particularly for inland communities.

Although the primary analyses in this study are con-

ducted on the ArcGIS platform, the research frame-

work and the logical flow of the study can also be

used by researchers from many other geography disci-

plines as well as the private sector.

Methods

TC Data Set

TC data were taken from the National Hurricane

Center’s (NHC) North Atlantic hurricane database

(HURDAT2; Landsea and Franklin 2013) as archived

in the International Best Track Archive for Climate

Stewardship (IBTrACS; see https://www.ncdc.noaa.gov/

ibtracs/) version 4 (Knapp et al. 2010). Along with sev-

eral other TC characteristics, the data set reports the

location of the storm center (where the MSLP occurs)

with a spatial resolution of 0.1� and one-minute aver-

aged MSW at 10m for each six-hour interval. The

MSW reflects the NHC’s best estimate of the maxi-

mum wind and does not necessarily occur at the storm

center but typically occurs within the eyewall. The

radius of maximum wind (RMW) has only been

tracked since 2004, with an average of 73.7 km (median

¼ 55.6 km) for TCs over Florida. For this study, only

TCs that made landfall in the state of Florida with

MSW � 34kt are included in this study, yielding a

total of 169 landfalling TCs during the period from

1900 to 2020. Data accuracy, including intensity esti-

mates, has increased during the past fifty years with

improved satellite coverage and an increased number of

coastal weather stations. Although the lack of satellite

imagery prior to 1966 could cause underestimates in

TCs over the open ocean, landfalling TCs over the

continental United States including Florida, are consid-

ered relatively reliable since 1900 (Landsea et al. 1999;

Landsea 2007; Truchelut, Hart, and Luthman 2013).

The accuracy of the wind estimates earlier than the

1960s in the TC data record has improved with the

NHC’s Atlantic Hurricane Database Reanalysis Project

(Delgado, Landsea, and Willoughby 2018).

Inland Wind Estimates

The six-hour interval HURDAT2 best track

storm data have been widely used in observational

studies on continental U.S. TC landfalls (e.g., Li

and Chakraborty 2020; Zhu and Collins 2021; Zhu,

Collins, and Klotzbach 2021a). The relatively coarse

six-hour interval records, however, are not capable

of describing the footprint of inland MSW for fast-

moving TCs such as Hurricane Andrew (1992) and

Hurricane Charley (2004), both of which crossed

the narrow peninsula of Florida within just a few

hours of landfall (Pasch, Brown, and Blake 2004).

Although previous studies have interpolated inland

2014 Zhu et al.
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wind speed during the six-hour period assuming a

linear trend in MSW within the six-hour interval

(Kruk et al. 2010) or have used linear or spline

interpolation between adjacent track points (Jagger

and Elsner 2006; Truchelut and Staehling 2017), the

nature of rapid intensity decay from postlandfalling

TCs might not be well represented by these meth-

ods. Because postlandfall wind decay from TCs gen-

erally follows an exponential decay function (Kaplan

and DeMaria 1995), the inland MSW estimates at

time t (vt) in between six-hour track points are

interpolated in this study as:

vt ¼ vi � e�aðt�iÞ (1)

where vi is the MSW from the preceding six-hour

track point at time i (i< t	 iþ 6), a is the decay

constant derived from the adjacent pair of six-hour

track points vi and viþ6 :

a ¼ ½ln við Þ�lnðviþ6Þ
=6 (2)

We next divided the six-hour track into 100 parts,

with each part equivalent to a temporal resolution of

3.6minutes. The combination of Equation 1 and

Equation 2 was then used to determine the inland

wind speed where both vi and viþ6 occurred when the

TC was inland (Scenario 1; Figure 1A), but this only

represents one of the four scenarios shown in Figure 1.

For cases when vi is over the ocean and viþ6 is

inland (Scenario 2; Figure 1B), we observed that

nearshore intensification within six hours of landfall

could result in underestimation of vt (e.g., Hurricane

Andrew [1992], which intensified in just about three

hours from 130 kt at 06:00 UTC to a landfall wind

speed of 145 kt at 09:05 UTC). Therefore, we used

the exact landfall intensities from the Atlantic

Oceanographic and Meteorological Laboratory

(AOML 2022). The vi is replaced by the landfall

MSW(vtLF) except for landfalls from 1971 to 1982,

the period for which the Atlantic Hurricane

Database Reanalysis Project (Delgado, Landsea, and

Willoughby 2018) has yet to be completed. Figure 2

illustrates the vt during Hurricane Andrew’s landfall

in 1992 using the given estimation procedure.
For Scenario 3 (Figure 1C) when vi is over land

and viþ6 is over the ocean (vi > viþ6), we follow the

same procedure as in Scenario 1. In the case of rein-

tensification (vi 	 viþ6), we assumed constant inland

MSW (vt¼viÞ, as the reintensification of TCs is more

likely to occur over the ocean than over land. In situa-

tions when a TC crosses the peninsula within a six-

hour period (vi and vt both over the ocean; Scenario

4), we derived vt by linear interpolation because land

interaction is likely minimal.
The vt values estimated by the four scenarios are

then compared to the real-time operational records as

archived by the NHC. The NHC issues three-hour

intensity updates when tropical storms are near land-

fall. In more recent years, hourly updates are available

for landfalling hurricanes. The MSW is converted to

kt from mph (1mph � 0.87 kt) as mph was reported

in the NHC operational advisories, whereas kt is used

in HURDAT2 and in this study. The number is then

rounded to the nearest multiple of five because the

MSW in HURDAT2 are reported in 5-kt increments.
Figure 3 compares the vt with the real-time esti-

mated MSW for recent landfalling named storms and

hurricanes after 2000. The estimated vt aligns well with
the real-time estimates, in which the errors generally

fall within the uncertainty level (±7kt) for TCs in the

North Atlantic basin after 2000 (Knapp 2019). The

goodness of fit is evaluated by R2 for all paired model

and operational estimates, which gives R2 ¼ 0.93. The

NHC advisory archives provides intensity changes at

short time intervals, but these advisories are based on

operational data. Following the hurricane season, NHC

conducts a thorough reanalysis of all TCs. As a conse-

quence of this reanalysis, operational advisory intensities

might differ from what ends up in HURDAT2. For

example, the real-time landfall intensity of Tropical

Storm Emily (2017) was assessed at 40kt but was

increased to 50kt after reassessing Doppler radar in

reanalysis (Pasch, Latto, and Cangialosi 2019).

Accumulated Cyclone Energy

This study follows the approach of Truchelut and

Staehling (2017), which normalizes ACE by the

MSW of interest. We chose 64 kt as the reference

MSW so that one ACE unit is equal to a 64 kt

Category 1 hurricane on the Saffir-Simpson Hurricane

Wind Scale (SSHWS; NOAA 2012) for a six-hour

period. Because each vt represents 0.06 hour temporal

resolution, we define an ACE unit as:

ACE unit ¼ v2t =ð642 � 100Þ (3)

so that from an energetic perspective, the ACE from a

tropical storm at 34kt is � 28 percent of that from a

Category 1 hurricane with 64kt MSW, and a major

hurricane at 96kt is 225 percent of a 64-kt hurricane.

Accumulated Cyclone Energy-Based Tropical Cyclone Return Periods 2015



ACE-Based Return Period

By using the ACE unit as our TC metric, for each
county in Florida, we first count the years based on the
value of

P
ACE unit: The

P
ACE unit describes the

sum of ACE, where a value � 0.167 implies an annual
TC energetic exposure of the county equivalent to a

one-hour occurrence of a Category 1 hurricane.
The return period is then calculated by dividing
the 121-year record by the number of years that met

or exceeded the threshold. Similarly, the return period
of energetic exposure equivalent to one hour of a
major hurricane (MSW � 96 kt, Category 3 in

SSHWS) can be derived by setting the threshold of

Figure 1. Scenarios used for estimating inland wind decay. Neighboring six-hour track positions are highlighted with circles, and every

tenth position of the inland tracks are highlighted with dots. (A) Scenario 1 occurs when the tropical cyclone (TC) is inland for the full

six-hour period. (B) Scenario 2 occurs when the TC is over water at the start of the six-hour period and is inland at the end of the six-

hour period. (C) Scenario 3 occurs when the TC is over land at the start of the six-hour period and emerges over water by the end of

the six-hour period. (D) Scenario 4 occurs when the TC is over water at both the start and end of the six-hour period but crosses land

at some point during the six-hour period.

2016 Zhu et al.



P
ACE unit � 0:375: As noted, the return period

based on an energetic perspective is flexible in indicat-
ing the annual risk exposure of a region to TC occur-
rence. The energetic exposure equivalent to a

one-hour major hurricane with
P

ACE unit � 0:375

can also be interpreted approximately as the occur-

rence of two lower end SSHWS Category 1 (MSW ¼
64 kt) hurricanes (

P
ACE unit ¼ 0:33Þ and one

weak tropical storm (MSW ¼ 34 kt;
P

ACE unit ¼
0:046Þ: The

P
ACE unit generally increases by a

Figure 2. Outline of Hurricane Andrew’s landfall in 1992 and our estimation of its intensity crossing the state of Florida. (A) Overview

of Hurricane Andrew’s track crossing the Florida peninsula. (B) Intensity estimates for Hurricane Andrew from the time of its landfall to

the time of its reemergence in the Gulf of Mexico. (C) Enlarged view of the area in the black box from (A). The six-hour track

positions are marked with red circles, where the cross represents the landfall location. vt estimates are illustrated with purple dots, which

split the track between the neighboring six-hour position into 100 sections. Every tenth position is marked with purple dots, with those

inland highlighted by larger blue circles.
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power of two with increasing MSW. Using Polk

County in 2004 as an example, three TCs passed over

the county (Charley: �100minutes with an average

MSW of 82 kt; Frances: �350minutes with an average

MSW of 60 kt; and Jeanne: �280minutes with an

average MSW of 69 kt), generating a total of

�2.2
P

ACE unit:

Results

Florida Landfalling TC Climatology

Spatially, the frequency of TC strikes is higher

along the west coast including the Panhandle com-
pared with the east coast of the peninsula (Figure
4). We used the boundary between Taylor County

Figure 3. Comparison of the model estimated maximum sustained wind speed (MSW in dashed line) with the real-time operational

estimate (in solid line) for selected landfalling tropical cyclones in Florida.

2018 Zhu et al.



and Dixie County to distinguish the Panhandle from

the west coast and the longitude of 80.85�W (near

the west boundary of Miami-Dade County) is

employed as the border between the west and east

coasts (Zhu, Collins, and Klotzbach 2021b).

Historically, storms making landfall along the east

coast of Florida tend to be stronger. The lower 25

percent, median, upper 25 percent, and maximum

MSW for the east coast of Florida all exceed their

corresponding levels for the Panhandle or the west

coast of Florida.

Unlike TCs that are mostly making direct landfall

along the east and west coasts of Florida (fifty in

fifty-three landfall cases and fifty-eight in sixty-four

landfall cases, respectively), TC strikes along the

Panhandle include landfalls (eleven of sixty-five)

that traveled across the peninsula and back to the

ocean before making their final landfall (e.g., 1995

Hurricane Erin). Five out of eleven were over the

Gulf of Mexico in less than twenty-four hours. The

average intensity of their first landfall along the east

coast of Florida is 74 kt, and their average MSW still

Figure 4. Florida tropical cyclone landfall locations color coded by their landfall region where yellow dots denote Panhandle landfalls,

blue dots denote west coast landfalls, and red dots denote east coast landfalls. Also included are box and whisker plots of translation

speed and landfall maximum sustained wind speed (MSW).
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remained �52 kt when striking the Panhandle (not

shown in Figure 4). This implies that land impacts

on these storms were relatively weak. The transla-

tion speed during the six-hour time window at land-

fall (between the first inland track point and the last

track point over the ocean) shows similar median

levels for each part of the Florida coastline, but east

coast landfalls have relatively less spread, with most

landfalling TCs having a translation speed of

�10 kt. It is worth noting that the average forward

speed of TCs making their second landfall in the

Panhandle is relatively slow (�10 kt, not shown in

Figure 4), allowing TCs to gain sufficient energy

from warm waters in the northeastern Gulf of

Mexico.

Spatial Distribution of ACE Units

Because TC intensity sometimes changes little

while transiting Florida, we next focus on inland TC

intensity. The frequency and intensity of TCs byP
ACE unit is derived by a moving 50� 50 km area

based on the median of the available RMW

(55.6 km TCs over Florida and 46.3 km for TCs that

reached hurricane intensity). The calculation is

based on the Extended Best Track database that has

data available since 1988 (Demuth, DeMaria, and

Knaff 2006). The output cell size was set to

10� 10 km to account for the 0.1� (�10 km) track

uncertainties from the TC data source. Because

ACE describes total energetic exposure, areas with

higher values imply more frequent TCs, or greater

MSW, from each TC (Figure 5A).
The southeast coast and central Florida have

exhibited the largest exposure to TCs in the state

over the past 121 years, with
P

ACE unit � 6 in

most of these areas. As noted earlier, the sum of the

ACE unit provides a total exposure of one area to

TC wind risk. Hence, one interpretation could be

that in the preceding 121 years, the total TC wind

that passed over an area within a 2,500 km2 catch-

ment is equivalent to at least thirty-six hours of

SSHWS Category 1 hurricane or higher. We note

that although the moving sum of the ACE unit is a

good indicator for highlighting areas with high levels

of TC activity, coastal regions might be misinter-

preted due to errors at the margins. Figure 5B, as a

supplement to Figure 5A, describes the average vt in

Figure 5. (A) Sum of accumulated cyclone energy (ACE) units in a moving 50� 50 km catchment with the original 10� 10 km

resolution bilinearly resampled to 1� 1 km for better visualization purpose. (B) As in (A) but for a moving average of the estimated

inland maximum sustained wind speed (vt).

2020 Zhu et al.



a moving 50� 50 km box. In Tampa Bay, for exam-

ple, the occurrence of TCs is not as frequent as seen

on the southeast coast, but the average MSW from

both regions exceeds the SSHWS Category 1 thresh-

old. In general, counties along the west coast are less

exposed to intense hurricane strikes compared to the

east coast. This agrees with previous studies on spa-

tial return periods (R. A. Muller and Stone 2001;

Keim, Muller, and Stone 2007).

ACE-Based Return Periods

At the county level, the ACE-based return period

reflects the frequency of annual accumulated TC

wind with an ACE equivalent to one hour of

hurricane wind � 64 kt (Figure 6A), or a major hur-

ricane � 96 kt (Figure 6B). The majority of counties

in central and South Florida and the west

Panhandle regions of the state are expected to

receive annual ACE greater than a sustained one-

hour Category 1 hurricane wind every ten to thirty

years. Polk, Collier, Palm Beach, and Miami-Dade

counties are at the top of the list with a less than

ten-year return period. With a more intense thresh-

old applied (annual ACE greater than a one-hour

Category 3 hurricane), Miami-Dade County has the

highest return period, with most of the rest of south-

ern Florida, the central part of the east coast of

Florida, and inland central Florida having less than

a thirty-year return period. The Big Bend region has

Figure 6. County-level return period based on the sum of the accumulated cyclone energy (ACE) unit and its distribution. (A)

Equivalent to a hurricane strike with an intensity level of at least Saffir-Simpson Hurricane Wind Scale (SSHWS) Category 1 that is

maintained for one hour. (B) As in (A) but for SSHWS Category 3 and above.
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relatively low exposure to TC wind risk due to rela-

tively weaker TCs over the region (Figure 5B), espe-

cially those that move from south to north across

Florida, which have likely weakened considerably by

the time that they approach the Big Bend region.
As previously mentioned, because ACE describes

both TC duration and intensity, counties with

higher ACE exposure could be due to more frequent

occurrences of TCs, more intense TCs, or both.

Figure 7 displays the return period by only consider-

ing years with an occurrence of vt >64 kt (Figure

7A) and > 96 kt (Figure 7B). Similar to the pattern

from the ACE-based return period, northern and

west-central Florida see the least frequent hurricane

strikes in the state, whereas the southern portion of

the state typically has the most. By comparing the

return period based on ACE unit and MSW, it is

worth noting that for Polk County, although we see

a return period in the ten- to thirty-year category for

the annual sum of an ACE unit that is equivalent to

a major hurricane, there have been no major hurri-

canes in the county. This implies that the return

period from the ACE approach does not necessarily

indicate intense TC strikes but could also imply fre-

quent occurrences or long duration of weaker TCs

over the county.

Discussion

The general spatial patterns of TC risks for coastal

communities are in line with the results from earlier

studies but show more conservative estimates. Keim,

Figure 7. Track-based county-level return period and its distribution. (A) For an occurrence of Category 1 hurricane and above (�
64 kt). (B) As in (A) but for Category 3 hurricane and above (� 96 kt).

2022 Zhu et al.



Muller, and Stone (2007) suggested the shortest

return period of TC landfall occurred in South

Florida, with Miami Beach, Palm Beach, and Key

Largo having return periods of hurricane strikes under

five years. The Florida Panhandle sees a less than ten-

year return period, and Tampa Bay is estimated at

twenty-six years. These return periods are shorter

than those estimated by this study. The discrepancies

can be explained by two factors. First, we only

included the number of years, such as whether the

annual accumulated ACE unit surpasses the ACE

that is equivalent to a one-hour sustained hurricane

wind (Figure 6A) or whether there is a hurricane

landfall in a given year (Figure 7A). By comparison,

Keim, Muller, and Stone (2007) considered each

landfalling hurricane as a separate case, resulting in

more occurrences to be counted during years with

multiple landfall hurricane landfall events. Second,

we only considered direct landfall events in which the

storm center was over land. Keim, Muller, and Stone

(2007) applied the uniform intensity–storm size model

of Pielke and Pielke (1997) so that nearshore hurri-

canes, either within a distance parallel to the coast or

those with hurricane intensity offshore but decaying

to a tropical storm at landfall (<64 kt), were all

counted in the return period calculation for the occur-

rence of hurricane strikes in coastal cities. We agree

that, by including the storm size together with the

MSW, the exposure of coastal communities to hurri-

cane risks could be better represented (Zhai and Jiang

2014). Because the actual storm size varies on a case-

by-case basis and the storm size changes after landfall,

implementing a uniform storm size model in our case

could lead to large uncertainties, especially for inland

regions. To test the sensitivity of the location of the

storm MSW, we performed a random perturbation of

20 km and 50 km of radius to the six-hour best-track

and reran the analysis for the return period of the sum

of ACE units that are equivalent to an hour of

SSHWS Category 1 hurricane exposure (Figure 8).

With random perturbations applied to TC locations,

nearshore storms that did not make landfall, such as

Hurricane Matthew (2016), might now be included.

The perturbation adds small uncertainties but the

overall spatial patterns remain similar to the results

from the observed data.
Malmstadt, Elsner, and Jagger (2010) applied a 100-

km radius around the centroid of Florida’s major cities

and gave a shorter return period given the same wind

level. By comparison, with the same 100-km radius

applied but using a synthetic TC data set equivalent to

about 10,000 years of hurricanes, Bloemendaal et al.

(2020) found an approximately ten-year return period

for a SSHWS Category 1 hurricane in Miami, which is

similar to the derived return period from both ACE

and MSW in this study but without considering the

inland TC durations in Florida at the county level.
The return period for TC wind risks can be esti-

mated by historical data or by a combination of data

and statistical models (Malmstadt, Elsner, and Jagger

2010), but the calculations are somewhat limited by

the data that are available. The HURDAT2 data-

base currently extends back about 170 years for the

Atlantic basin, with the accuracy of TC intensity

and location improving with time with more

advanced monitoring technologies and denser inland

observation stations (Vecchi et al. 2021). One

potential way to extend hurricane landfall data far-

ther back in time is through the use of paleotempes-

tology (Donnelly et al. 2001; J. Muller et al. 2017;

Cerrito, Mock, and Collins 2021).

Several paleotempestology studies from Florida

indicate return periods different from those presented

in this article. Paleotempestology-derived return peri-

ods from Mullet Pond in Franklin County, located on

the Florida Panhandle, indicate an average of 3.9

storms per century on a 4,500-year overwash record

(Lane et al. 2011). From the track-based record

between 1900 and 2020, Franklin County only

received one direct landfall event that was over

SSHWS Category 1 in the past 121 years (�0.83 per

century), with three years (�2.5 per century) that

contributed to the annual ACE equivalent to a one-

hour Category 1 hurricane. By comparison, the 1,000-

year paleotempestology derived return periods from

Island Bay, near Naples, in Collier County in south-

west Florida, suggest 0.9 high-threshold events

(potentially from hurricanes with SSHWS Category 3

and above) per century (Ercolani et al. 2015). The

corresponding event frequencies in the post-1900 por-

tion of the sediment record were two high-threshold

events per century. This estimate agrees with the

wind-based return period (Figure 7B) but is lower

than the ACE-based return period from this study

(Figure 6B). Therefore, the paleotempestology record

does indicate higher high-threshold storm return peri-

ods along the Panhandle than that seen in southwest

Florida, where ACE-based return periods would indi-

cate a higher occurrence of high-threshold events for

southwest Florida than for the Florida Panhandle.
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Discrepancies between the return periods derived

from paleotempestology and the modern track-based

data (1900–2020) are likely due to how TC signals

are detected. Because paleotempestology relies on

storm surge (J. Muller et al. 2022), whereas the ACE-

based approach depends on inland wind speed, TC

return periods for inland regions are not suitable for

comparisons between the two approaches. It is also

important to note that the hurricane-deposited signa-

ture can vary from site to site, depending on the hurri-

cane’s duration and intensity, the site’s position

relative to the landfall location, the influence of local

coastal geomorphology, and the integrity of preserva-

tion of the hurricane signature. Some studies find that

paleotempestology archives often record more intense

events with greater storm surge (e.g., Liu and Fearn

Figure 8. Sensitivity test runs for Figure 6A (the return period of tropical cyclone [TC] activities equivalent to the exposure of one-hour

Category 1 hurricane) with random perturbations of storm locations applied. (A) Control run. (B) R ¼ 20 [km] perturbation run. (C) R

¼ 50 [km] perturbation run 1. (D) R ¼ 50 [km] perturbation run 2.
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1993, 2000; Donnelly et al. 2001; Donnelly and

Woodruff 2007; Brandon et al. 2013; van Hengstum

et al. 2014). Lower category storms, however, such as

those that are larger in size and moving with a slower

forward speed, can produce significant storm surge,

thereby overwashing barrier islands and depositing

storm layers (Hawkes and Horton 2012; Williams and

Denlinger 2013; Lin et al. 2014).
Whereas each vt represents 3.6minutes (six

hours/100) of TC occurrences, the total number of vt
reflects the duration of all TCs within each county

(e.g., TC hours). Counties with higher calculated TC

hours could be due to more frequent TC strikes, or

slower moving TCs. Figure 9A depicts the spread of

all sixty-seven Florida counties in terms of the total

TC duration, averaged vt, and
P

ACE unit: Counties

with TC hours or averaged vt greater than or less than

1.5 standard deviations from the mean are labeled.

Miami-Dade and Collier are two South Florida coastal

counties with the highest ACE exposure due to both

a high frequency of TC occurrences and intense TC

strikes with averaged in-county vt above SSHWS

Category 1 (� 64 kt). Although coastal counties dom-

inate high ACE exposure, Polk County, as mentioned

earlier, had the highest amount of TC hours across

the state, making it an intersection point for TCs

tracking across Florida from either the Gulf of Mexico

or the North Atlantic (Figure 9B; inland counties are

marked with a bold outline). In 2004 alone, three

SSHWS Category 1 hurricanes (table in Figure 9)

struck Polk County in less than two months. Because

TCs are expected to quickly weaken after landfall due

Figure 9. (A) Distribution of tropical cyclone (TC) duration and average estimated wind speed for all sixty-seven Florida counties with

total accumulated cyclone energy (ACE) depicted. Inland counties are marked with bold outlines. The gray lines (both horizontal and

vertical) represent the threshold of 1.5 standard deviations from the mean. (B) Tracks of TCs that struck Polk County between 1900

and 2020. The table lists the year, name, TC hours, and average maximum sustained wind speed for the TCs displayed in (B).
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to the loss of the storm’s primary energy source (e.g.,

the warm ocean), the observed high vt (Figures 5B

and 7A) for inland Florida counties, especially in the

southern part of the state, deserves special attention.

Here, relatively weak TC postlandfall decay due to

potentially sufficient latent heat flux (Andersen and

Shepherd 2017), moisture supply from the Everglades

(Hlywiak and Nolan 2021), as well as some portion of

the TCs (especially large TCs) remaining over the

ocean (DeMaria, Knaff, and Kaplan 2006) is impor-

tant to recognize.

Limitation and Future Works

This study examines TC activity in Florida

between 1900 and 2020 and reveals exposure fre-

quency for various counties in the state, but there are

several limitations of this study that should be noted.

The first is that ACE only considers the track point

as an indicator of the spatial location of the TC

MSW. In the real world, the area of destructive

winds can extend more than 100 km away from the

center. Both the RMW and the four-quadrant aver-

age radius of 34 kt (R34) wind can serve as a good

approximation for the area exposed to TCs. The

Extended Best Track database (Demuth, DeMaria,

and Knaff 2006) provides RMW and R34 for each

storm back to 1988, but R34 was not reanalyzed until

2004, and RMW was not reanalyzed during our study

period. Consequently, R34 from 1988 to 2003 and

RMW from 1988 to 2020 are from operational esti-

mates. With both quantities now being reanalyzed,

integrated kinetic energy (IKE) can be employed as

an alternative way of assessing the TC damage poten-

tial along the U.S. coast (Powell and Reinhold 2007;

Misra, DiNapoli, and Powell 2013), particularly along

the Atlantic East Coast. IKE has served as a better

predictor of hurricane damage than MSW for land-

falls from Georgia to Maine but not for lower latitude

landfalls from Texas to Florida (Klotzbach et al.

2022). In addition, TC winds are only one part of the

TC risk, as storm surge and torrential rainfall are also

important parameters to consider for future studies

when composing a comprehensive return period of

TC risks for the region of interest (Zhou et al. 2018;

Chin et al. 2019).
Temporal variations should also be considered

when analyzing TC return periods from historical

records. Figure 10 shows annual accumulated ACE

hours in Florida from 1900 to 2020. One unit of

ACE hours represents an hour of wind exposure

equivalent to 64 kt. TC activity in Florida during the

second half of the 121-year period is generally qui-

eter, especially during 1970 to 2000, when compared

to the first half from 1900 to 1960, although the

long-term downward trend is not significant (slope:

�0.05 ± 0.08). Therefore, the estimated return period

can be influenced by the time window selected.

Studies choosing only 1970 to 2020 as the reference

period for TC occurrences could result in longer

return periods when compared to the 121-year record.

Future studies are encouraged to regularly update

return periods to reflect temporal variations and

changes in TC activity in a changing climate.

Conclusion

This research uses ACE as an approach to derive

the historical return period for TCs in Florida. An

algorithm for estimating TC inland wind between

Figure 10. Tropical cyclone activities in Florida as represented by accumulated cyclone energy (ACE) hours. One ACE unit can be

interpreted as a 1-hour exposure to 64-kt wind or about 3.5 hours exposure to 34-kt wind.
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the six-hour track points is introduced. The algo-

rithm covers different scenarios that could occur

when either of the six-hour track points is not over

land. The ACE-based return period reflects strong

TC occurrences but also examines the total annual

exposure of a region to TC wind. The majority of

central and South Florida are expected to experience

an ACE equivalent of at least one-hour exposure to

a SSHWS Category 1 hurricane with a return period

of less than thirty years. The expected short TC

return period shown in southeast Florida is mainly

due to the intensity of the storms making landfall

there. The ACE-based return period, however, also

reveals a high clustering of TC wind duration in

central Florida, especially in Polk County.
The general pattern of the ACE-based return

period across the Florida peninsula agrees with the

existing modern track-based literature but shows var-

iations caused by the different methods applied.

Examples include taking a fixed hurricane radius

into consideration for the wind impact (Keim,

Muller, and Stone 2007) or using a city-oriented

search radius (Malmstadt, Elsner, and Jagger 2010)

rather than county-based as used in this study.

By comparing the results with paleotempestology-

derived return periods, the ACE-based approach

suggests a longer return period for TCs than the

paleotempestology approach for the Florida

Panhandle. Because long-term paleotempestological

records are created using the preserved hurricane

overwash signature from storm surge as a hurricane

nears the coast, it is more sensitive to TC-induced

storm surge rather than TC intensity by itself. This

is likely the major cause for different return period

estimates derived from the wind-based ACE and the

storm-surge-based paleotempestology data.
Because the primary analysis of this study is con-

ducted on the ArcGIS platform, it can benefit geog-

raphers from different disciplines, or professionals

using ArcGIS in the insurance industry and opera-

tional agencies that are interested in integrating

inland TC wind risk into their specific projects.
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