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KEYWORDS: ABSTRACT: Since 1900, landfalling hurricanes have been the costliest of all weather-related
disasters Coastal to afflict the contiguous United States. To provide a present-day (2022) reevaluation of this risk,
meteorology; this study employs an improved normalization approach to better understand potential economic
Hurricanes/ event losses in the context of contemporary societal conditions. The updated methodology
identityphoons; fies impacted coastal counties using the newly available radius of maximum winds at landfall.
Anthropogenic Hurricane Katrina is the most expensive hurricane since 1900, with a likely 2022 normalized cost
effects/forcing; of $234 billion. Combined losses from the 50 most expensive hurricane events are ~ $2.9 trillion
Damage in normalized economic losses. The study also explores some “analog storms” where comparisons
assessment; can be made between two historic storms with similar landfall locations. For example, Economic
value; category 5 Andrew (1992) has lower 2022 normalized losses than category 4 Great Miami (1926),
Vulnerability at $125 billion versus $178 billion, most likely due to the significantly different radius of maximum
wind size (10 vs 20 n mi; 1 n mi = 1.852 km). As with previous studies, we conclude that
increases in inflation, coastal population, regional wealth, and higher replacement costs
remain the primary drivers of observed increases in hurricane-related damage. These
upsurges are especially impactful for some coastal regions along the U.S. Gulf and
Southeast Coasts that have seen exceptionally high rates of population/housing growth in
comparison to countrywide growth. Exposure growth trends are likely to continue in the
future and, independent of any influence of climate change on tropical cyclone behavior,
are expected to result in greater hurricane-related damage costs than have been
previously observed.

SIGNIFICANCE STATEMENT: Normalization takes historical estimates of damage arising
from landfalling hurricanes since 1900 and adjusts these to estimate the damage that
would be caused if these events were to recur in 2022, given changes in inflation, coastal
population, and wealth. Our updated normalization approach improves upon previous
methodologies by allowing for greater consistency through time. This updated
normalization finds that Hurricane Katrina is the costliest hurricane since 1900, causing an
estimated $234 billion if it were to reoccur in 2022.
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1. Introduction

Of all recorded weather disasters in United States (U.S.) history, hurricanes have caused the
most property destruction and loss of life. The risk is particularly serious for coastal
communities, such as those in Florida and the Gulf of Mexico, which over the last few decades
have seen rapid increases in assets at risk (e.g., exposure) (Klotzbach et al. 2018). As a result,
hurricane damage has increased substantially over the last 120 years, with a particularly
rapid increase since the turn of the twenty-first century. Directly comparing historical
hurricane losses is meaningless without considering these background changes in society, such
as property values that are exposed. To bring historical losses into a comparable state, it is
possible to adjust historic storm losses based on monthly changes in inflation as seen in the
U.S. Consumer Price Index, which is the methodology used by NOAA/NCEI (2024). While
this type of adjustment analysis is useful for accounting for how much damage incurred at
the time of an event would cost today, and while such data do inherently capture changes in
population or exposure and macroeconomic metrics such as inflation with time, more detailed,
geographic-specific methodologies exist.

In seeking to better understand how the risk has changed over time, our study builds on
previous efforts, particularly those of Pielke and Landsea (1998), who introduced a loss
normalization methodology to estimate the direct economic losses if historical hurricane
events were to impact today’s exposure. To this end, they used inflation, wealth, and
population measures to adjust nominal damage estimates from the historical catalogue of
contiguous United States (CONUS) hurricanes (1925-95). Collins and Lowe (2001) also
normalized landfalling hurricane losses from 1900 to 1999 using inflation, wealth, and
importantly, housing units (HUs) as normalizing factors. Pielke et al. (2008) updated
normalized loss estimates from 1900 to 2005 using both the Pielke and Landsea (1998) and
Collins and Lowe (2001) approaches. Weinkle et al. (2018) updated estimates of normalized
losses using both methods, finding the 2017 normalized losses from CONUS hurricanes since
1900 to sum to $2 trillion or ~$17 billion annually over the 118-yr period. As with other
studies, these normalized losses showed no obvious trends over time, mirroring the results of
Klotzbach et al. (2018), who found no trends in landfalling hurricanes or major hurricane
frequency.

There have been further normalization studies, such as those of Neumayer and Barthel
(2011) and Grinsted et al. (2019), who sought to identify changes in spatial, not just temporal,
wealth. For example, Grinsted et al. (2019) looked at the “area of total destruction,” which
defined the area impacted and population wealth within that area rather than the per capita
wealth of entire counties. This methodology did not, however, allow for a housing unit
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adjustment, as employed by Collins and Lowe (2001). Martinez (2020) developed a
normalization that considered building cost inflation. Martinez found that recent damage
from individual hurricanes was considerably less than the costliest storms in the early
twentieth century and attributed this to a combination of better forecasts, recent hurricanes
not directly striking large and vulnerable exposures and adaptation through improved
building techniques and the construction of sea walls (Martinez 2020). Since the above studies
were published, population and exposure along the coastlines of Florida and Texas have
continued to increase in tandem with high levels of inflation. There have also been several
major landfalling hurricanes (category 3+) and an important economic reanalysis by NOAA
of the nominal loss record for prominent historic storms such as Hurricane Katrina.

This study updates the Pielke and Landsea (PL) and Collins and Lowe (CL) studies. In
particular, it features as follows:

1) An updated normalization dataset to 2022.

2) Arevised normalization method using the newly available landfalling radius of maximum
wind (RMW) to identify impacted coastal counties for landfalling hurricanes in
HURDAT2.

3) Open access provided for all raw data and calculations via GitHub.

2. Methodology

We used two existing normalization methods in this study, which we evolved to more precisely
and transparently determine counties affected by historical hurricanes. The original Pielke
and Landsea (1998) normalization was the baseline method used in Pielke et al. (2008) and
presented most recently in Weinkle et al. (2018). Our calculations using this underlying
methodology are referenced throughout as PL22. We also used the Collins and Lowe (2001)
normalization method that was also used as an alternative method in both Pielke et al. (2008)
and Weinkle et al. (2018). Our calculations using this methodology are referenced throughout
as CL22. Details of both methodologies are provided below.

a. Pielke-Landsea (2022) normalization method. The general formula for the PL22- normalized
losses is

D2022 = Dyx xIy, RWPCyxP20221y,

where Dz is the normalized damage in 2022 U.S. dollars, D, is the reported damage in
landfall-year U.S. dollars, I, is an inflation adjustment, RWPC, is the real wealth per capita
adjustment, and P22y is the county population adjustment. Previous normalizations have
used the terms damage and loss interchangeably; thus, any reference to either within this
paper is one and the same.

The reported damage in landfall-year (D)) is taken from a newly constructed dataset that
sources the base economic damage for storms between 1900 and 1979 from the original
reports (see data availability statement and GitHub repository). These damage records are
mostly sourced from Monthly Weather Review discussions of each storm, while several storms
have updated damage numbers due to incomplete reporting of the original damages in
Monthly Weather Review. Within this dataset, each storm has an individual citation to the
damage estimate source. We then use National Centers for Environmental Information
(NCEI) for storms from 1980 onward. NCEI disaggregated damage (for multiple landfalling
storms) is sourced from the individual National Hurricane Center tropical cyclone reports.
Because there is not one agency reporting on hurricane damages through time, uncertainty
arises in the consistency of the historical damage estimates between 1900 and 2022. For
example, the Monthly Weather Review estimates (1900—79) represent a highly variable and
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subjective combination of losses from the American Red Cross, the U.S. Office of Emergency
Preparedness, insurance companies, and press reports (Blake et al. 2011). NCEI (1980-2022)
has more detailed reporting efforts that likely include more complete flood attribution to the
overall damage estimate using National Flood Insurance Plan (NFIP) claims data. While it is
difficult to determine how flood damage was handled in early Monthly Weather Review
estimates, it is clear that such water-related damage was included in many event totals. It is
important that users of this dataset be aware of the uncertainty through time, and for this
reason, authors refrain from trendline analysis in this study. Please see the GitHub repository
for more information on the damage dataset explanation and raw, disaggregated damage data
for each storm, with individual citations. The reader is referred to README GitHub for
details on “damage estimates through time.” For some storms, often those occurring after
2018, damage data are sometimes available for the coastal landfall state, as well as inland
states separately. In this case, and the case of multiple landfalling storms, we normalized each
state damage estimate separately and aggregated data to get a total normalized loss for each
storm (see below for the population and housing unit adjustment).

To adjust for inflation, the implicit price deflator for gross domestic product IPDGDP) for
the years 1900-2022 was used. We used calculations from Johnson and Williamson (2023),
which was based on data from the U.S. Department of Commerce’s Bureau of Economic
Analysis (BEA). The inflation factor I, is the ratio of the 2022 GDP deflator to the GDP
deflator of the year that the hurricane made landfall.

To adjust for real national wealth, we used the estimate of current-cost net stock of fixed
assets and consumer durable goods between 1925 and 2022 (U.S. Bureau of Economic
Analysis 2023). Adjustment factors are needed to consider national wealth without the
influence of inflation and population. The population of the country was used because wealth
per capita is estimated for the entire United States. Years between the census years were
linearly interpolated from the decadal U.S. Census Bureau data between 1900 and 2000, while
annual data were available between 2000 and 2022 (U.S. Census Bureau 2022). Using the same
approach as Pielke et al. (2008), wealth from 1900 to 1924 was estimated to increase by 3%
per year based on the lower of the average annual change in wealth from 1925 to 2005 (6%)
and from 1925 to 1928 (3%). Because real GDP increased by ~3% per year for 1900-24, and
wealth typically increases at a faster rate than GDP, the assumption for pre-1924 changes in
wealth are likely conservative (Johnston and Williamson 2006). The fixed assets ratio, V202,
is the ratio of fixed assets in year 2022 to year y, with the year y denoting the year of the
hurricane landfall. Because the wealth data are reported in billions of landfall-year dollars
for the entire nation, these data are adjusted for inflation and population. Wealth is
disaggregated to a noninflated real per capita metric to allow the independent roles of
inflation, wealth, and population to be distinguished.

To adjust for population, we use data from the U.S. Census for the counties impacted by
each hurricane. The county population factor, P,, is a ratio of the county population in 2022
to the year of the hurricane’s landfall (interpolated and extrapolated census data also used
here). To determine the coastal counties impacted by historic storms, we employed a new
method. We took the newly released landfalling RMWs for each historic hurricane from
HURDAT?2 (Colén-Burgos and Landsea 2023; Landsea et al. 2013) and input these RMWs
into Environmental Systems Research Institute (ESRI)’s ArcGIS Pro software (Fig. 1). RMWs
are available for all top 50 storms except for Tropical Storm Allison. This RMW was sourced
from the 6-hourly position prior to landfall in the Extended Best Track (Demuth et al. 2006).
We follow the landfall definition as established by the National Hurricane Center (NHC) as
“the intersection of the surface center of a tropical cyclone with a coastline” (latitudes and
longitudes obtained from HURDAT?2) (Landsea et al. 2013). Using the spatial tools in ArcGIS
Pro, we identified coastal counties that fell within the RMW field for each historic storm. If
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the storm had multiple landfalls, and loss estimates were provided for those multiple landfalls,
we included each landfall using this method. To deal
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Fig. 1. Landfalling RMWs for the top 50 CONUS landfalling historic hurricanes. The regions displayed are the (a) northern Gulf Coast, (b) Northeast
United States, (c) Southeast United States, and (d) Florida.

with issues introduced by complex coastline shapes over small spatial scales, we define
multiple landfalls only by the number of distinct loss records per storm from our updated loss
tables (GitHub repository).

The updated PL22 and CL22 normalizations using the new RMW method to determine
coastal counties have some trade-offs. For example, for a storm like Harvey where the
majority of the losses did not occur in the landfall counties, our population and housing unit
adjustments may not reflect well the population and housing units’ changes in the counties
where the damage occurred. Weinkle et al. (2018) classified “rain event” storms, and for these
storms, the entire state population, or housing unit, adjustment was applied, rather than just
the landfall counties. We have kept our methods standard across all storms in order to avoid
subjectivity.

In addition, for stronger storms, such as categories 4-5 hurricanes, it is likely that the
damaging wind field extends beyond the RMW, and therefore may include additional counties
to those used in this set of 2022 normalizations. There are possible ways of addressing this
issue in the normalization. For example, for an arbitrary RMW of 1.5 or 2 times the RMW
could be applied to model the NHC’s terminology of “direct landfall” (2 x RMW on the right-
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hand side of the storm versus 1 x RMW on the left-hand side of the storm). In the
supplemental documents and GitHub repository, we discuss the methodology for this and the
subsequent normalized results. However, within the paper itself, we use 1 X RMW only to
identify coastal counties. We do this in order to avoid subjectivity, because without reliable
and long-term wind radii data, we would have to address this with an arbitrary adjustment
(like the one used above) or a subjective model (parametric wind profile, or model simulation
with subjective estimates of the wind field). All of these approaches would be moving toward
modeling and away from a purely observational data methodology. Therefore, for this current
study, we use the 1 x RMW method for all storms, but note that there are grounds for
improvement that will be explored in future work. We also note that giving users full access
to raw data and code and therefore the option to select the best methodology for their use case
may be the best way forward.

If multiple landfall and loss estimates are available, we normalize the loss for each landfall,
and then aggregate all losses, to generate the total loss per storm. We do not include losses in
U.S. territories (e.g., Puerto Rico, U.S. Virgin Islands). For very recent storms (Laura,
Michael, Ida, and Ian) and older storms [Cuba—Florida (1944), Agnes (1972)] where damage
estimates are also available for inland states, we use the population adjustment for the entire
state. This allows us to capture a total loss number by aggregating the landfalling state loss
estimate and the inland state loss estimates. Finally, for a small number of storms, namely,
Great Atlantic (1944), Carol, and Sandy, loss estimates are provided for states in which
“landfall” did not occur. For example, Sandy made landfall in New Jersey, but approximately
half of the losses were in New York State. In this case, similar to above, we use the population
adjustment for the entire state for non-landfalling states.

By way of example, Fig. 2a illustrates our updated PL normalization in the case of
Hurricane Alicia (Fig. 2a). Alicia’s Texas damage estimate from 1983 was $3 billion. Wealth
in 2022 was $93.6 trillion and was $12.6 trillion in 1983. The ratio of 2022 to 1983 was 7.40.
The inflation adjustment for 1983 was 2.48, so the inflation-corrected wealth adjustment (i.e.,
real wealth) for 1983 = 7.40/2.48 = 2.98. Finally, to adjust the inflation-corrected wealth
adjustment for the change in U.S. wide population, we use the U.S. population in 1983 and
2022 which is estimated to be 233 195 025 and 335 990 029 people, or 1.44, respectively. The
final wealth adjustment for 1983 is the real wealth adjustment of 2.98 corrected for the U.S.
population change of 1.44, which equals 2.07. Therefore, each person in the United States has
(on average) 2.07 times more wealth in 2022 than did each person in 1983.

Finally, we calculate the population adjustment by using coastal counties impacted by
RMW. The RMW for Alicia was 10 nautical miles (n mi; 1 n mi = 1.852 km), only impacting
Brazoria and Galveston Counties. Populations for Brazoria and Galveston were 184 143 and
213 333 (sum =397 467) in 1983 and 388 181 and 357 117 (sum = 745 298) in 2022. We divide
745 298/397 467 = 1.87 to calculate the population adjustment. Our final calculation for Alicia
is as follows: D222 =3 000 000 000 x 2.48 x 2.07 % 1.87. Therefore, the 2022 PL-normalized
losses for Alicia are $28.8 billion. To better understand the effect of each adjustment, Fig. 2¢
shows the individual adjustments for Alicia in any given year between landfall in 1983 and
2022. For example, in the landfall year of 1983, the adjustments would be 3 000 000 000 x 1 x
1 x 1, in 2000, they would be 3 000 000 000 x 1.52 x 1.32 x
1.24 ($7.5 billion), and as mentioned above, in 2022, they would be 3 000 000 000 x 2.48 x
1.87 x 1.97 ($28.9 billion).

b. Collins and Lowe (2022) normalization method. A normalization methodology based on
population could underestimate the magnitude of contemporary losses because in many
exposed coastal locations, the amount of property at risk to damage has increased at a rate
that exceeds local population growth (Collins and Lowe 2001). Collins and Lowe (2001) take
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Fig. 2. Adjustments for Hurricane Alicia PL and CL normalization calculations. (a) Flowchart of adjustment factors used
in the PL22 normalization. (b) Flowchart of adjustment factors used in the CL22 normalization. (c) Adjustments
through time for Hurricane Alicia PL and CL normalization calculations. The GDP deflator used for the inflation
adjustment in both PL22 and CL22 (year of normalization/1983) is displayed with the purple line. The Current-Cost
Net Stock of Fixed Assets and Consumer Durable Goods (CCNSFACDG) (also adjusted for inflation and U.S. population)
used for the real wealth per person adjustment in PL (year of normalization/1983) is displayed with the red dotted
line. The county population (Pop) adjustment used in PL (year of normalization/1983) is displayed with the orange
dashed line. The CCNSFACDG (also adjusted for inflation and U.S. HUs) used for the real wealth per HU adjustment in
CL (year of normalization/1983) is displayed with the blue dotted line. The county HU adjustment used in CL (year of

normalization/1983) is displayed with the green dashed line. this into account using a housing unit
adjustment, rather than a population adjustment. The general formula for the CL22-
normalized losses is

D2022= Dyx xIy, RWHUyxHU2022/y,

where Dz is the normalized damage in 2022 U.S. dollars, D, is the reported damage in
landfall-year U.S. dollars, I, is the inflation adjustment, RWHU, is the real wealth per housing
unit adjustment, and HUzo22 is the county housing unit adjustment.

The calculation of CL22 involves the same inflation adjustment as PL22. The wealth
adjustment is different, as it corrects for national changes in housing units, rather than
population. The final adjustment in CL22 is county housing units. As above with population,
we use ArcGIS Pro to identify coastal counties that fall within the RMW field for each historic
storm. For those coastal counties, we draw on U.S. Census information. Housing unit data are
provided by decade in U.S. Census reports, and these numbers we manually entered from
historic reports are not yet digitized and published by the agency in spreadsheet format.
Linear interpolation was used between decadal counts (U.S. Census Bureau 2020). Finally, the
housing unit adjustment was calculated based on the ratio of county housing units in 2022 to
that of the year in which the storm originally made landfall.

Using Hurricane Alicia as example, the inflation adjustment is 2.48 (Fig. 2b). However, here
we adjust the inflation-corrected wealth adjustment for the change in U.S. wide housing units
in 1983 and 2022, which is estimated to be 92 510 204 and 145 322 999 units, or by a factor of
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1.57 respectively. The final wealth adjustment for 1983 is the real wealth adjustment of 2.98,
adjusted for the U.S. housing units of 1.57, which equals 1.89. Therefore, each housing unit in
the United States has (on average) 1.89 times more wealth in 2022 than did each housing unit
in 1983. Finally, we calculate the housing unit adjustment by using coastal counties impacted
as above. Housing units for Brazoria and Galveston were 64 672 and 87 858 (sum = 152 530)
in 1983 and 150 595 and 162 101 (sum = 312 696) in 2022. We divide the total 2022 housing
units by the total of 1983 housing units (312 696/152 530 = 2.05) to calculate the housing unit
adjustment. Our final calculation for Alicia is as follows: D222 =3 000 000 000 x 2.48 x 1.89 x
2.05. Therefore, the 2022 PL-normalized losses for Alicia are $29 billion. Figure 2¢ also shows
the CL individual adjustments for Alicia in any given year between landfall in 1983 and 2022.
For example, in the landfall year of 1983, the adjustments would be 3 000 000 000 x 1 x 1 x 1,
in 2000, they would be 3 000 000 000 x 1.52 x 1.27 x 1.33 ($7.8 billion), and as mentioned
above, in 2022, they would be D222 =3 000 000 000 x 2.49 x 1.71 x 2.05 ($29 billion).

3. Results

Figure 3 shows the top 50 most damaging hurricane landfalls, ranked by 2022 normalized
losses, using the Collins and Lowe approach and our RMW methodology (CL22). The top
nine storms all have losses greater than $100 billion (Fig. 3). The total normalized costs for
the top 50 storms amount to $2.9 trillion, with the top 10 storms on this list accounting for
approximately half of that damage ($1.4 trillion). The order of our top 10 storms is somewhat
different to those of Weinkle et al. (2018) (see supplemental data Table 1 in the online
supplemental material). Hurricane Ian (2022) also made our top 10 list. Ian had not occurred
at the time of the Weinkle et al. (2018) study. Below we provide more detail on the top five
most damaging hurricanes.

Hurricane Katrina is now ranked as the most damaging storm at $234 billion in CL22-
normalized losses (PL22 $226). The population and housing units in counties affected by
Katrina have decreased since landfall in 2005, and therefore, the increase in Katrina’s
normalized loss in comparison to Weinkle et al. (2018) is driven by different baseline damage
estimates, inflation, and wealth factors. We use a baseline damage estimate of $125 billion
unadjusted (the same as listed in NCEI), which is compared to an $82.2 billion unadjusted
estimate used in Weinkle et al. (2018).

Itis possible to compare our normalized losses with losses generated from a tropical cyclone
(TC) catastrophe model; although models are private, some model developers publish results
(please see supplemental material for “catastrophe models and their history”). In 2020, Swiss
Re used their probabilistic tropical cyclone loss model (catastrophe model) to generate loss
estimates for a Hurricane Katrina—like event with the observed wind and storm surge from
2005, however with 2020 exposure information and updated flood protection and
vulnerability assumptions. They concluded that the total economic toll from such an event in
2020 could likely exceed $175 billion (Schwartz 2020). This figure is higher than the 2005
Katrina economic losses ($125 billion) despite the city having 80% of the population it did in
2005 (our normalization population and housing unit adjustments are <1). The catastrophe
model, and our normalized results, illustrate that despite New Orleans’ lower population and
strengthened flood protection system, economic losses from natural hazards like Katrina are
expected to continue to increase (Schwartz 2020).

The reason our normalized losses are higher than the 2020 Swiss Re estimate is due to small
increases in inflation and wealth between 2020 and 2022, alongside an additional factor that
is often referred to in catastrophe modeling as secondary uncertainty. Secondary uncertainty
refers to the uncertainty in the damage estimation arising from impacts of a
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2005 Katrina 20
1926 Great Miami 18
2017 Harvey 18
1915 Galveston 16
1928 Lake Okeechobee 15
1992 Andrew 15
2022 lan 14
2012 Sandy 13
1938 Great New England 11
1960 Donna
1954 Hazel
2021 Ida
2017 Irma
1965 Betsy
2008 lke
1964 Dora
1969 Camille
1989 Hugo
1900 Galveston
1972 Agnes
1944 Cuba-Florida
2004 Ivan

2004 Charley

2005 Wilma

1954 Carol

1919 Florida Keys
2005 Rita

1949 Florida

2018 Florence

Storm Year and Name

2016 Michael
1999 Floyd
1983 Alicia
2001 Allison
1996 Fran
1979 Frederic
1947 Fort Lauderdale
2011 Irene
2004 Frances
1995 Opal
2020 Laura
1945 Homestead
1933 Chesapeake-Potomac
2004 Jeanne
1961 Carla
2016 Mahew
1975 Eloise
1944 Great Atlanc
2003 Isabel
1970 Celia 2008 Gustav

0 50 100 150 200 250

Normalized Losses CL22 USS Billions

Fig. 3. 2022 normalized losses of the top 50 storms ranked by CL22.

single event and ultimately captures the inherent randomness in the system, reflecting the fact
that small changes in hazard attributes can lead to very different loss outcomes. This is as
opposed to primary uncertainty, which is more often defined as the uncertainty in the
occurrence/frequency of the hazard event itself.

In the context of 2005 Hurricane Katrina, flood wall and levee failure were a major driver
of overall losses (which resulted in flooding 80% of the city). Due to the strengthened flood
system now in place post—-Hurricane Katrina, the Swiss Re model is predicting a lower overall
economic loss than that calculated by our normalized loss because our initial damage estimate
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only captures flood system failure, as opposed to the full distribution of potential outcomes if
the flood system did not fail. Secondary uncertainty is a complex but important concept for
understanding the limits of information that exist in historical loss records. Here, secondary
uncertainty can lead to differences in normalized losses for individual events between studies
and ultimately evidences why deriving trends from loss data of these rare, single events is
fraught with difficulty.

The Great Miami hurricane is ranked second, but with lower CL22-normalized losses of
$178 billion (PL22 $207 billion) in comparison to the previous CL17 estimate of $208 billion
in Weinkle et al. (2018). This may be due to the use of different population and housing unit
adjustments. Our study uses Miami—-Dade County given that the hurricane had an RMW of
20 n mi, consequently only impacting Miami—Dade County with its strongest winds. This
county saw lower population and housing unit increases between 1926 and 2022 than did
Broward County to the north. Note here that the PL22 normalization computes higher losses
than the CL22 normalization. This is due to a higher population growth rate, in comparison
to housing units growth rate in these counties since 1926.

The damage estimates for Hurricane Harvey make it the third costliest storm in this
normalization (CL22 $161 and PL22 $165 billion). As with Hurricane Katrina, the county
population and housing units have also decreased since Harvey’s landfall, and therefore, like
Katrina, it is the NCEI baseline, inflation, and wealth driving the difference in damage
estimates [compared to the previous Weinkle et al. (2018) normalization] for Hurricane
Harvey. It is also worth noting here that previous studies (Weinkle et al. 2018) have handled
storms such as Harvey differently, due to the extreme precipitation associated with the storm.
In these studies, population and housing unit adjustments were calculated for the entire state.
While we agree with the theory behind this methodology, we choose to remain consistent with
our methodology between storms, using the RMW at landfall to identify counties. More details
on this choice are provided in the supplemental material.

The 1915 Galveston hurricane is the fourth costliest storm, with CL22-normalized losses of
$138 billion (PL22 $158 billion). This hurricane had an RMW of 25 n mi, affecting three
counties (Brazoria, Galveston, and Harris) that have seen major population increases between
1915 and 2022. Interestingly, the 1900 Galveston hurricane has moved out of the top 10
storms. These storms have similar tracks; however, the 1900 Galveston hurricane had a more
westward landfall position and a smaller RMW (15 n mi) (Fig. 1). Our RMW adjustment
factor includes only Brazoria and Galveston counties in the population and housing unit
adjustment, normalizing this storm to CL22 $53 billion (PL22 $58 billion) making it now the
19th costliest storm. Indeed, the damage estimate from Monthly Weather Review states that
“damage was from Galveston Island only. Other damage inland was noted, but not
quantified” (Garriott 1900). This highlights the importance of landfall location and RMW,
given that the 1900 Galveston and 1915 Galveston hurricanes had similar maximum sustained
wind and minimum sea level pressures at landfall [120 kt (1 kt = 0.51 m s™!) and 936 hPa for
the 1900 Galveston hurricane and 115 kt and 940 hPa for the 1915 Galveston hurricane]. See
supplemental material for further discussion on Galveston 1900.

Large increases are also seen with the Okeechobee hurricane (RMW of 30 n mi) due to the
major growth in Palm Beach, Martin, and Broward counties since 1928. We normalized here
using the coastal counties at landfall, even though the highest death tolls were seen in
Okeechobee County. This is also in line with the damage description in the Monthly Weather
Review article that states “25 million in total property loss at West Palm Beach, Palm Beach,
and other places in FL” (Mitchell 1928). Another historic report reflects: “Damage in coastal
Palm Beach County was severe, especially in the Jupiter area where the eyewall of the
hurricane persisted longer than at any other location because of where the storm crossed the
coast. A storm surge around 10 ft with waves likely as high as 20 ft crashed into the barrier
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islands including Palm Beach.” (UF Digital Collections 1928). Considering this, a 22CL $129
billion (PL22 $147) normalized loss for the Okeechobee hurricane may be reasonable.

See supplemental Fig. 2 for the top 50 most damaging hurricane landfalls using the Pielke
and Landsea approach with our RMW (PL22) methodology. A comparison between the CL22
and PL22 and the CL17 and PL17 (Weinkle et al. 2018) normalization results can be found in
supplemental Table 2. When comparing the results between the CL22 and PL22, we note small
differences in 2022 normalized losses for many of the top 50 storms. However, for coastlines
that have seen a more rapid growth in population than that of housing units, like the Florida,
Southeast, New England, and Texas coastlines, we see higher normalized losses using the PL
methodology. We see this, for example, with the 1926 Great Miami, the 1915 Galveston, the
1928 Lake Okeechobee, and the 1938 Great New England hurricanes, where the PL method
yields normalized losses $18-28 billion greater than the CL-normalized losses. The opposite
is true for coastlines like west Florida and the Carolinas, where housing unit growth has
outpaced population growth. We see this, for example, with 1960 Donna and 1954 Hazel,
where the CL method yields normalized losses $22—26 billion greater than the PL-normalized
losses.

4. Discussion

a. Inflation. Inflation raises the nominal value of buildings, motor vehicles, and other fixed
assets that insurers cover, pushing up claims to cover the cost of repairs. According to the Pew
Research Center, the annual rate of inflation in the United States rose to 7% in November
2021 and 6.5% in 2022, which are the highest rates seen in almost four decades (U.S. Bureau
of Labor Statistics 2021). The cumulative inflation rate increase between August 2018 and
August 2022 was 17.5% (average inflation 4.1% per year). Therefore, recent inflation imparts
a clear upward trend on the normalized loss calculations between the 2017 normalization
(Weinkle et al. 2018) and our 2022 normalization (trends noted in Figs. 2 and 3).

b. Exposure. The 2022 normalization shows the importance of exposure in driving economic
losses. Seven of the top eight storms that each exceed $100 billion in economic losses have all
made landfall along coastlines in which the RMW encompasses greater than 1 million housing
units (excluding Harvey) (Fig. 4a). Metropolitan areas that have been impacted by these costly
storms include New Orleans, Miami, Galveston, West Palm Beach, Fort Myers, and coastal
New Jersey. Substantial growth over the past 20 years is apparent for most south Florida
coastal counties, as well as some counties in Texas and Alabama (Fig. 4b). More specifically,
the largest relative increments between this study (2022) and the last study (2017) (Weinkle et
al. 2018) are noted in regions that have also seen substantial population/ housing units
increases (i.e., exposure) between 2017 and 2022 (supplemental Table 2 and Fig. 3). These
increases have resulted in CL-normalized damage increases for recent hurricanes in these
areas, for example, Hurricane Wilma ($44 billion in 2022 vs $32 billion in 2018) in Florida,
Hurricane Ike ($61 billion in 2022 vs $35 billion in 2018) in Texas, and Hurricane Ivan ($50
billion in 2022 vs $27 billion in 2018) in Alabama.

What is also interesting here are high exposure coastal regions that have not seen significant
losses since 1900. For example, both Tampa and Jacksonville are high exposure regions in the
state of Florida that have seen rapid population growth through time but have not seen
significant losses from a direct landfalling hurricane since 1900. This may be due to a
combination of luck as well as atmospheric synoptic and historical climatological behavior.
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Jacksonville’s location in northeast Florida may be less likely to get hit due to the typical
steering around the western periphery of the Bermuda high being from south to north and
disfavoring storm landfalls in that region climatologically. However, Jacksonville was directly
impacted by category 2 Hurricane Dora in 1964. Dora had a small RMW of only 5 n mi, with
a landfalling pressure of 966 hPa and sustained winds of 95 kt. If Dora was to make landfall
today, it is estimated to cause ~$59 billion in damage—the 17th costliest normalized damage
hurricane in our dataset (CL22).

Tampa has not had a direct landfall since the Tampa Bay hurricane in 1921, although
several hurricanes have posed serious threats to Tampa in recent years, including Charley,
Irma, Ian, and more recently Helene and Milton. Much of the Tampa metro area has a higher
percentage of relatively (compared to many other regions of Florida) older building stock
which has not been rebuilt due to a passing hurricane, plus the high susceptibility of storm
surge potential given a gradual rise in the continental shelf along the west coast of Florida.
The 1921 storm made landfall as a category 3, north of the populous Hillsborough County,
with an RMW of 20 n mi, pressure of 958 hPa, and sustained winds of 100 kt. The unadjusted
losses in 1921 were $3 million. Today, the outer edges of the 20-n mi RMW would likely affect
northern Hillsborough County, making this now the 54th costliest hurricane at $7.3 billion in
damage.

c. Analog storms. Analog storms, those with similar tracks/landfalls and intensities, allow for
interesting comparisons (Fig. 5). Hurricanes Betsy (1965) and Ida (2021) were both category
4 storms that made landfall to the west of New Orleans, within 10 miles of each
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Fig. 5. Hurricane analog storm comparisons. (a) Betsy vs Ida RMWs with storm landfall characteristics, (b) Donna vs
Irma RMWs with storm landfall characteristics, (c) Charley vs lan RMWs with storm landfall characteristics, and (d)
Great Miami vs Andrew RMWs with storm landfall characteristics.
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other (Fig. Sa). Normalized losses for Betsy’s landfall in LA are CL22 $62 billion and Ida’s
are CL22 $83 billion. Hurricane Ida was the stronger storm with a landfalling minimum sea
level pressure of 931 hPa and maximum sustained winds of 130 kt, while Betsy made landfall
with a minimum sea level pressure of 946 hPa and maximum sustained winds of 115 kt.
However, Betsy had a much larger wind footprint (RMW of 30 n mi) than Ida (RMW of 10 n
mi). After landfall, Ida weakened at a slower rate than Betsy. In an aggregate sense, the larger,
slightly weaker Betsy that weakened faster post-landfall and the smaller, slightly stronger Ida
that weakened slower post-landfall did comparable damage (within ~15% of each other).

As noted in Weinkle et al. (2018), Hurricanes Donna (1960) and Irma (2017) provide
another opportunity to compare similar landfalling storms (Fig. 5b). Normalized losses for
Donna are CL22 $93 billion and for Irma are CL22 $75 billion. Both storms made landfall as
category 4 storms over the Florida Keys which then made landfall in Collier County at
category 3 strength. Donna had a larger wind field (RMW 20 n mi in both Monroe and Collier
County) than Hurricane Irma (RMW 10 n mi in Monroe and 15 n mi in Collier County),
which may explain the difference in normalized losses for these storms. Category 4 Hurricane
Ian had a similar track to category 4 Hurricane Charley (Fig. 5c), but Charley’s loss estimates
are significantly lower (CL22 $49 billion versus CL22 $113 billion). This is most likely due to
Charley’s small size, meaning Charley’s RMW (5 n mi) did not impact the higher exposure
areas in Lee County that were impacted by Ian’s large RMW (20 n mi).

In addition, Charley’s size and faster forward speed resulted in a storm surge that was
much less than that of Ian. Maximum storm surge estimates from Charley ranged from 6 to
7 ft (Pasch et al. 2004), while Ian produced a catastrophic storm surge of 10—15+ ft along Fort
Myers Beach. It is likely that the post—Hurricane Charley (2004) rebuild in Charlotte County
resulted in lower losses from Hurricane Ian (2022), due to a greater number of houses built to
stronger Florida building codes post-Hurricane Charley.

Perhaps, one of the most interesting comparisons can be seen between the Great Miami
hurricane (1926) and Hurricane Andrew (1992) (Fig. 5d). Both storms had subsequent
landfalls after Miami, but for the purposes of comparing these two storms, we report here
only on the first landfall near Miami. Normalized losses for the first landfall of Great Miami
are CL22 $154 billion and for Andrew are CL22 $121 billion (see GitHub for disaggregated
losses). Both storms had similar tracks and landfalls along the Miami coastline. The Great
Miami hurricane made landfall as a strong category 4 with a minimum sea level pressure of
930 hPa and maximum sustained winds of 125 kt, while Andrew made landfall as a category
5 with a minimum sea level pressure of 922 hPa and maximum sustained winds of 145 kt.
Even though Andrew was more intense at landfall, the Great Miami hurricane had an RMW
that was twice as large as that of Hurricane Andrew (20 vs 10 mi) and made landfall slightly
farther north, closer to central Miami. Consequently, the RMW of Andrew did not track over
downtown Miami, while the outer edge of the Great Miami hurricane did directly impact
downtown Miami. This direct impact is likely why the normalized damage caused by the
Great Miami hurricane is higher than that of Hurricane Andrew.

d. Vulnerability, rebuild culture, and climate change. The normalizations presented in this study
provide sound estimates for normalized losses considering inflation, wealth, and exposure.
However, these normalized losses do not account for vulnerability. Vulnerability considers
intrinsic characteristics of a system that creates the potential for harm but are independent
of the risk of any hazard or extreme event (Sarewitz et al. 2003). It is usually an independent
component of catastrophe loss models (e.g., Verisk 2020; Risk Management Solutions 2019)
through which the translation of hazard event severity into damage and/or loss can occur.
Vulnerability, in the context of this research, might involve how the damageability of an asset
for a given severity of the extreme event changes (most often reduces) with time due to
improvements in building technology. Changes in vulnerability may arise from improved
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state-enforced requirements detailing how new buildings must be constructed. While building
code changes seek to reduce vulnerability, this may increase over time if building maintenance
is poor. The current CL and PL normalizations for hurricane losses assume housing structures
to have the same vulnerability throughout time. We know that this is not the case. While not
every state currently has building codes in place, the state of Florida does have some of the
most stringent building codes in the United States [Insurance Institute for Business and Home
Safety (IBHS) 2024]. For example, the Great Miami hurricane of 1926 incurred significant
losses, but the changes in structural resilience that occurred since 1926 are not accounted for
in this normalization. In this case, the current 2022 normalization assumes all housing
structures existing in 2022 are built to the same structural integrity that they were in 1926.
This is problematic considering buildings constructed since the implementation of Florida’s
stringent building codes translates to a much higher portion of properties that are not nearly
as vulnerable as they were in 1926.

A normalization method that includes vulnerability was developed by Crompton (2011) and
recently used in McAneney et al. (2019, 2022) to adjust Australian losses between 1966 and
2017 and New Zealand losses between 1968 and 2019. For example, the 2019 normalization
method uses the number and nominal cost of new residential dwellings and post-1974
improvements in construction standards in tropical cyclone—prone Australia. McAneney et
al. (2019) concluded that the rising cost of natural disasters was primarily driven by exposure.
A vulnerability adjustment would allow for a more realistic picture of historic CONUS
hurricane losses. We are currently developing vulnerability adjustments for all CONUS
hurricane losses and will report on these in a future publication.

Another factor that might contribute to bottom-line nominal losses not considered in
current normalization is rebuild culture. Economic demand surge after a natural catastrophe
is the result of disruption to the local construction market. When a hurricane makes landfall,
and there is a significant increase in the workload, prices can rise suddenly. For example, in
Florida post-Hurricane Irma, the demand surge was calculated at 5% (Verisk 2020). It is
impossible to unpick how much demand surge might have contributed to the normalized
nominal losses reported in this study; however, we might assume that demand surge may
underprice today’s costs of the older storms in our top 50 list, due to greater populations today,
in comparison to the past.

Finally, climate change and other human influences may have exerted some impact on
recent hurricane losses as demonstrated in recent attribution studies (Reed et al. 2022; Strauss
et al. 2021). While most of the loss increase to date is likely driven by increases in exposure,
anthropogenic warming’s contributions to sea level rise, increased extreme precipitation, and
increased hurricane intensification rates (e.g., Knutson et al. 2019, 2020; Klotzbach et al.
2022) are likely to increase climate change’s proportion of the impact to losses from future
hurricanes. Incorporating terms which address climate change explicitly into the
normalization methodologies would be highly desirable, from both private industry and
societal perspectives. However, the contribution of anthropogenic global warming to future
hurricane damage and loss remains an active area of research, and precisely how to
incorporate climate change coherently in hurricane normalizations is unclear.
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Data availability statement. All raw datasets and dataset explanations and calculations for
normalization are available in a GitHub repository (https://github.com/DrJoMuller/ Hurricane-
Normalization-2022). Economic data will be updated annually from BEA (October annually for the
previous year) and decadally for U.S. Census data (2030, 2040 etc.). Therefore, the updated 2023
normalizations will be available by February 2025.
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