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Keeping an Eye on the Storms:
An Analysis of Trends in

Hurricanes Over Time
Joe D’Aleo and Kevin D. Dayaratna, PhD

ome politicians and pundits have argued that increased greenhouse gas

emissions have led to increased frequency and intensity of hurricanes.

This Special Report examines historical hurricane data to determine
if these claims hold merit. The findings: Despite increases in carbon-dioxide
levels over the past century, there has been no significant long-term increase
in the incidence and severity of hurricanes using a variety of metrics. There is
also no meaningful increase in damages after accounting for economic growth.
The authors discuss factors that more adequately describe variability in hur-
ricane activity; namely, modulation by El Nifio Southern Oscillation cycles
as well as longer-term, fluctuations regarding Atlantic and Pacific Ocean
surface temperatures.

Many politicians and pundits have suggested that the frequency and
severity of hurricanes has been increasing due to greenhouse gas emissions
and climate change. President Joe Biden, for example, has claimed over
the course of his presidency that the effects of extreme weather—including
Hurricane Ian in 2021—have been exacerbated by climate change.' Others
have echoed these concerns, including most recently Hurricanes Helene
and Milton.? This Special Report examines whether claims that hurricanes
have increased in frequency and severity over time have any merit.

This report starts with a brief history of hurricanes, discussing the dev-
astation they have caused for generations, well before climate change was
ever a concern. It continues with a discussion of long-term trends in the
frequency and intensity of hurricanes—the authors find no meaningful
relationship to carbon-dioxide (CO,) emissions.

This report also presents quantitative analysis of the severity
of the economic damages caused by hurricanes. The analysis finds
that although damages have indeed increased over the past century
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in conjunction with changes in CO, emissions and global tempera-
tures, these changes are a result of growth in societal wealth. In the
broader context of economic growth, these results merely show that
this income growth has enabled society to handle these adverse events
more effectively.

Though there has been no long-term trend in hurricane activity, such
activity does fluctuate over long cycles. The final section addresses natu-
ral factors that are associated with this cyclical incidence and severity of
hurricanes. These factors have a much clearer and more compelling link to
hurricanes than increases in global temperatures do. Taken together, the
evidence is clear. Although there are factors that influence the incidence
and severity of hurricanes, there has been no meaningful increase in these
storms in modern times, and greenhouse gases are not responsible for
their variation.

A Brief History of Hurricanes in America

Understanding the full extent of the history of hurricanes has proven
difficult given that satellite monitoring of remote areas has only been
possible since the 1970s. But for coastal residents, a number of major hur-
ricanes have indeed made their mark in history for the extensive damage
they caused. For example, the Great Colonial Hurricane of 1635 hit the
Jamestown Settlement and the Massachusetts Bay Colony a mere 15 years
after the founding of Plymouth Plantation. The storm made landfall that
summer, striking Narragansett, Rhode Island, in the morning and then
tracking somewhere between Boston and Plymouth, Massachusetts. The
hurricane produced a storm surge of between 14 feet and 20 feet in Rhode
Island, toppling trees, destroying homes, and ripping ships from their
anchors.? More than 100 years later, the Great Hurricane of 1780 ravaged
the eastern Caribbean islands with winds estimated to top 200 miles per
hour (mph), killing an estimated 27,500 people.*

Over the following century, at least 95 hurricanes hit the continental
United States with varying intensity.” In 1900, the Galveston Hurricane that
struck Texas killed between 8,000 and 12,000 people, making it the dead-
liest natural disaster in U.S. history. Subsequently, the Great New England
Hurricane of 1938 was one of the most destructive and powerful storms
ever to strike southern New England. The center made landfall at the time
of astronomical high tide, moving rapidly northward.® Unlike most storms,
this hurricane did not weaken on its way toward southern New England,
due to its rapid forward speed.
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The strongest winds ever recorded in the region occurred at the Blue
Hill Observatory with sustained winds of 121 mph and a peak gust of 186
mph. The hurricane produced storm tides of 14 feet to 18 feet across most of
the Connecticut coast, with 18-foot to 25-foot tides from New London east
to Cape Cod. The destructive power of the storm surge was felt through-
out the coastal community. Narragansett Bay took the worst hit, where a
storm surge of 12 feet to 15 feet destroyed most coastal homes, marinas, and
yacht clubs. Downtown Providence, Rhode Island, was submerged under
a storm tide of nearly 20 feet. These epic storms have not been equaled in
New England since.

From 1900 to 1960, 112 hurricanes hit the continental United States,
including the Florida Keys Hurricane of 1919, the Great Atlantic Hurricane
0f 1944, Hurricane Carol in 1954, Hurricane Diane in 1955, and Hurricane
Donna in 1960, among others. Each of these storms occurred before sub-
stantial carbon-dioxide emissions were produced by humanity and global
temperatures were noted to increase.

What Do the Data Show About the Frequency
of Hurricanes in the United States?

Although hurricanes have been an ongoing concern for centuries
upon centuries, it is worthwhile to examine trends in the frequency and
intensity of hurricanes over time, particularly with respect to carbon-di-
oxide emissions.

An Analysis of Frequency and Intensity with Respect to Global
Temperatures. Hurricanes are quantitatively categorized using the
Saffir-Simpson Hurricane Wind Scale at levels ranging from 1 (least severe,
exceeding 74 mph winds) to 5 (most severe, exceeding 157 mph winds). The
National Oceanic and Atmospheric Administration (NOAA) deems Cate-
gory 3 hurricanes (111 mph to 129 mph) or higher to be “major hurricanes
because of their potential for significant loss of life or damage.””

Chart 1depicts U.S. average maximum air temperatures from 1950 to 2024
based on data provided by the NOAA and chart 2 presents changes in CO,
emissions in fossil fuels both in the United States and globally, which some
have argued have been a driver of changes in trends in hurricanes over the
past two centuries.?

Chart 3, on the other hand, depicts trends in the frequency (raw number
of aggregate and major hurricanes) and intensity (presented in terms of
central pressure and maximum wind speed) of landfalling hurricanes in
the continental United States since 1850.



KEEPING AN EYE ON THE STORMS: AN ANALYSIS OF TRENDS IN HURRICANES OVER TIME

CHART 1

U.S. Average High Temperature (March to August)

DEGREES FAHRENHEIT
80

78

76

72

70
1950 1960 1970 1980 1990 2000 2010 2020

SOURCE: National Oceanic and Atmospheric Administration, “Climate at a Glance: National Time Series,” June 2024,
https://www.ncei.noaa.gov/access/monitoring/climate-at-a-glance/national/time-series (accessed June 24, 2024).
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CHART 2

Global Fossil Fuel CO, Emissions, 1950 to 2023
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SOURCE: Earth System Science Data, “Global Carbon Budget 2023,
https://essd.copernicus.org/articles/15/5301/2023/ (accessed June 25, 2024). SR295 R heritage.org
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CHART 3

Hurricanes Making Landfall in the U.S.
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SOURCE: National Oceanic and Atmospheric Administration, Hurricane Research Division, “Continental United States Hurricane Impacts/Landfalls
1851-2023,” https://www.aoml.noaa.gov/hrd/hurdat/All_U.S._Hurricanes.html (accessed December 15, 2023).
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As Charts 1 and 2 illustrate, there have indeed been increases in global
temperatures and carbon-dioxide emissions since the early 1900s. However,
as the first row of Chart 3 illustrates, since the start of the 20th century,
America has seen an average of 17 hurricanes per decade, with slightly more
than five hurricanes per decade exceeding Category 3 levels. This data also
indicates slightly more than two hurricanes at or exceeding Category 4
(exceeding 130 mph winds) per decade, meaning they are relatively rare. As
Chart 3 shows, there is no clear overall trend for the frequency of landfalling
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hurricanes in the United States regardless of changes in temperatures, both
domestically and globally. Appendix Chart 1 depicts similar data specifically
for Texas and Florida. As they illustrate, these states also do not have any
discernable trends in hurricanes over time.

Another question is whether landfalling hurricanes have increased in
intensity over time, particularly with respect to increases in global tempera-
tures. The second row in Chart 3 depicts the central pressure of a hurricane
as measured in millibars (mb) and maximum wind speed in knots. Lower
central pressure generally indicates a more intense hurricane, with stronger
winds and more severe effects. The second row in Chart 3 indicates some
fluctuations in pressure and maximum wind speed over the 20th century,
with reductions in central pressure speed occurring in the 1960s and reduc-
tions in wind speed occurring in the 1970s. Maximum central pressure in
the 2010s was approximately 965 mb and average wind speed was slightly
above 100 mph. Despite these decadal time-scale fluctuations in intensity
indicators, there exist no obvious long-term trends.

Given the introduction of satellite monitoring in the 1970s, hurricanes
toward the earlier end of the time horizon examined are likely under-
counted. For example, while Florida is now heavily populated, it was only
sparsely populated before 1900, with Miami having 444 citizens when it
was incorporated in 1896.° Regardless, as shown in Chart 3, there has been
little to no trend in hurricane activity since the mid-1800s.

The ACE Index: Another Measure of Hurricane Intensity. Apart
from central pressure and maximum wind speeds, another useful metric for
quantifying the intensity of hurricanes is the accumulated cyclone energy
(ACE) index." Created by William Gray and his associates at Colorado State
University, the ACE index takes into account the number, duration, and
strength of all tropical storms and hurricanes in each ocean basin during
the year. Chart 4 depicts the ACE index for the Atlantic Ocean.

As is apparent in Chart 4, the ACE index in the Atlantic Basin shows
a cyclical pattern behavior with spikes in 1893, 1926, 1933, and 1950, and
then again in 1995, 2004, 2005, and 2017. Again, measurements of the
incidence and severity of hurricanes in earlier years are likely understated
as improved satellite technology has enabled more accurate reporting.
Although there have been fluctuations over the past two centuries, there
have been no notable increases in total hurricane activity in recent years,
despite 20th-century and 21st-century increases in global temperatures.
ACE data for other regions throughout the globe presented in the appendix
also exhibit the same phenomenon, with no discernible trends.
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CHART 4
North Atlantic Ocean, Accumulated Cyclone Energy (ACE)
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NOTE: ACE is a measure of a storm's potential for wind and storm surge destruction defined as the sum of the square of its maximum wind speed for each
six-hour period of its existence.

SOURCE: Colorado State University, “North Atlantic Ocean Historical Tropical Cyclone Statistics,” https://tropical.atmos.colostate.edu/Realtime/index.php?
arch&loc=northatlantic (accessed May 6, 2024).
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An Analysis of the Damage Caused by Hurricanes

Undoubtedly, hurricanes damage property. Table 1lists the top 30 most
costly hurricanes over the twentieth and twenty-first centuries according
to the NOAA."

As Table 1 illustrates, the seven most damaging hurricanes in the twen-
tieth and twenty-first centuries have all occurred since 2000. Hurricane
Katrina in 2005 was the most devastating hurricane in history, wreaking
$200 billion in damages (2024 dollars), followed by Hurricanes Harvey in
2017, Ian in 2022, Maria in 2017, and Sandy in 2012 ($158.8 billion, $118.5
billion, $114.3 billion, and $88.5 billion, respectively). Texas and Florida
were hit particularly hard during the 2017 season following the landfalls of
Hurricanes Harvey and Irma with total economic damages from those two
storms exceeding $200 billion. Of the 30 most damaging hurricanes since
1851, 20 have occurred in the 21st century. However, other major hurricanes,
including Hurricane Hugo in 1989 ($22.6 billion) and Hurricane Betsy in
1965 ($14.1billion) are among the top 30 most damaging hurricanes, as well.

Of course, as population and incomes in the United States, including in
coastal locations, have increased, there has also been a concomitant growth
in exposure and vulnerability of coastal property in many of these regions.
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TABLE 1

Costliest U.S. Tropical Cyclones (Page 1 of 2)

Inflation Adjusted Damages,

Name Year Category in Billions of 2024 Dollars
Katrina 2005 3 $200.0
Harvey 2017 4 $158.8
lan 2022 4 $118.5
Maria 2017 4 $114.3
Sandy 2012 1 $88.5
Ida 2021 4 $84.6
Irma 2017 4 $63.5
Andrew 1992 5 $60.2
ke 2008 2 $43.2
Ivan 2004 3 $33.8
Michael 2018 5 $31.0
Wilma 2005 3 $30.0
Florence 2018 1 $29.8
Rita 2005 3 $29.2
Laura 2020 4 $28.1
Charley 2004 4 $26.6
Hugo 1989 4 $22.6
Irene 2011 1 $18.8
Frances 2004 2 $16.2
Agnes 1972 1 $15.8
Allison 2001 TS* $15.0
Betsy 1965 3 $14.1
Matthew 2016 1 $13.0
Jeanne 2004 3 $12.4
Camille 1969 5 $12.2
Floyd 1999 2 $12.1
Georges 1998 2 $11.5
Fran 1996 3 $10.0
Diane 1955 1 $9.8
Opal 1995 3 $9.6
Alicia 1983 3 $9.4
Isabel 2003 2 $9.3
Sally 2020 2 $8.8
Gustav 2008 2 $8.6
Celia 1970 3 $7.5
Frederic 1979 3 $7.4
Iniki 1992 4 $6.9
Long Island Express 1938 3 $6.8
Great Atlantic Hurricane 1944 3 $6.2
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TABLE 1

Costliest U.S. Tropical Cyclones (Page 2 of 2)

Inflation Adjusted Damages,

Name Year Category in Billions of 2024 Dollars
Imelda 2019 TS* $6.1
Isaias 2020 1 $5.8
Carol 1954 3 $5.4
Zeta 2020 2 $5.3
Typhoon Mawar 2024 — $4.4
Marilyn 1995 2 $4.3
Juan 1985 1 $4.3
Donna 1960 4 $4.1
Dennis 2005 3 $4.0
Isaac 2012 1 $3.8
Elena 1985 3 $3.8
Idalia 2023 3 $3.6
Delta 2020 2 $3.5
Lee 2011 TS* $3.5
Bob 1991 2 $3.5

* Tropical Storm
SOURCE: National Oceanic and Atmospheric Administration, “Costliest U.S. Tropical Cyclones,” https:/www.ncei.
noaa.gov/access/billions/dcmi.pdf (accessed May 6, 2024).
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According to U.S. Census data, in July 1971 approximately 1.3 million inhab-
itants in Miami-Dade County lived in 473,200 housing units.’? By 2022,
these numbers had grown to more than 2.6 million inhabitants in more
than 1.1 million housing units.'®* Along with population growth comes all
the housing and infrastructure needed to support that population. Growth
in this and other coastal population centers and exposure to landfalling
storms is likely to continue in the future, and when hurricane landfalls do
occur, damages and costs will likely be greater than before.

As aresult, comparing economic damages across different time periods
is akin to comparing apples to oranges; areas that have seen income growth
will almost surely incur more damages. A recent paper in the journal Nature
Sustainability by Jessica Weinkle et al. sought to statistically normalize this
growth to better enable direct comparisons across time periods.'* Chart
5, based on analysis from this paper, depicts the trends in damage losses
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CHART 5

Normalized Losses from Atlantic Hurricanes, 1900-2017
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SOURCE: Jessica Weinkle et al., “Normalized Hurricane Damage in the Continental United States 1900-2017
Nature Sustainability, Vol. 1, No. 12 (November 26, 2018), https://www.nature.com/articles/s41893-018-0165-2
(accessed June 13, 2024).
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incurred by hurricanes that struck the continental United States after
adjustment for increases in wealth, population, and inflation.

As Chart 5 illustrates, upon normalization, there is no meaningful trend
in hurricane losses over time. These results suggest that although the raw
dollar amount of damages has increased, these damages are not meaningful
with respect to broader economic growth.

What Does Influence the Incidence
and Severity of Hurricanes?

If there have been no meaningful increases in hurricanes in modern
times related to global temperatures, a key question remains: What has
been influencing their incidence and severity? Many natural climatic
factors involving oceanic temperatures, such as El Nifio and La Niiia, as
well longer-term cycles, such as the Pacific Decadal Oscillation (PDO)
and the Atlantic Multidecadal Oscillation (AMO), have the capacity to
significantly influence the incidence and severity of hurricanes in par-
ticular localities.
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ENSO Effects. The El Nifio-Southern Oscillation (ENSO) cycle is a
natural climate cycle consisting of alternating periods of warming and cool-
ing in the central and eastern parts of the Pacific Ocean near the Equator.’”
ENSO contributes significantly to climate variability, including hurricane
incidence and severity. El Nifio and La Nifia are complementary climate
phenomena that influence global weather patterns comprising ENSO.
El Nifno is the warm phase of ENSO and is characterized by a significant
increase in sea surface temperature (SST) across the central and eastern
equatorial Pacific Ocean. El Nifio events can manifest themselves in differ-
ing ways in various regions across the globe. For example, El Nifio has the
capacity to lead to wetter conditions in the Southwestern United States and
parts of South America, and drier conditions in Australia and Southeast Asia.

La Nifa, on the other hand, is the cool phase of ENSO, characterized by
colder oceanic temperatures in the central and eastern equatorial Pacific,
having effects complimentary to its El Nifio counterpart. For example, La
Nifia is often associated with increased rainfall in Australia and Southeast
Asia, cooler than average temperatures in the Pacific Northwest of the
United States, and dryer and warmer conditions in the Southwest U.S.

It hasbeenlong established that El Nifio and La Nifia can influence the incidence
and severity of hurricanes. For example, a 1984 study found that of the 54 major
hurricanes striking the U.S between 1900 and 1983, only four occurred in 16 El Nifio
years, in contrast to 50 making landfall during the 68 non-El Nifio years, making
hurricanes almost three times more likely during el Nino years.'® Subsequent
research found a 71 percent greater chance of an effect on the U.S. East Coast in
La Nifia years than El Nifio years.”” A significant body of other literature also notes
the inherent relationship between ENSO cycles and the incidence and severity of
hurricanes.!® These variations are not much related to temperature, but instead to
wind shear conditions, with increased wind shear in the Atlantic basin in El Nifio
years suppressing hurricane activity, despite warmer-than-average temperatures.

Longer-Term Trends. In addition to ENSO cycles, two longer-term
trends also influence hurricane development, namely the Atlantic and
Pacific Multidecadal Oscillation.

The Atlantic Multidecadal Oscillation (AMO). The AMO is a climate cycle
affecting the SST of the North Atlantic Ocean. Measured in terms of SST
anomalies (temperature differences with respect to an a priori-specified
baseline temperature), the AMO has warm and cool phases lasting approx-
imately two decades to four decades.!”” During the warm phase, the North
Atlantic SST is higher, which can lead to increased hurricane activity and
warmer temperatures in the Northern Hemisphere. Chart 6 depicts the
annual Atlantic Basin ACE index and annual AMO.
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CHART 6

North Atlantic Accumulated Cyclone Index (ACE) and
Atlantic Multidecadal Oscillation (AMO)
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* Sea surface temperature anomaly measured in degrees Celsius.
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SOURCES: National Oceanic and Atmospheric Administration, “AMO (Atlantic Multidecadal Oscillation) Index,” https://psl.noaa.gov/data/timeseries/AMO/
(accessed May 6, 2024), and Colorado State University, “North Atlantic Ocean Historical Tropical Cyclone Statistics,” https:/tropical.atmos.colostate.edu/
Realtime/index.php?arch&loc=northatlantic (accessed May 6, 2024).
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As Chart 6 illustrates, since the 1800s, the ACE index/AMO link is
much clearer and more compelling than any purported links between
global temperature increases and hurricane frequency or severity.
There has also been a significant amount of peer reviewed research
discussing this link.2°

The Pacific Decadal Oscillation (PDO). The PDO, on the other hand, is
a similar phenomenon characterizing SST variability across the north-
ern Pacific Ocean.”» When ocean temperatures are unusually cool in
the central North Pacific and warmer near the Pacific Coast, the PDO
is in a positive phase, which tends to support El Nifio conditions. Con-
versely, when the pattern is reversed, with warmer temperatures in
the central Pacific and cooler temperatures along the North American
coast, the PDO shifts to a negative phase, favoring La Nifia conditions.?
The PDO influences weather and climate patterns across the Pacific,
ultimately affecting precipitation and temperature patterns in North
America along with the intensity of El Nifio and La Nifia events, includ-
ing hurricanes.
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CHART 7

Northwest Pacific Decadal Oscillation (PDO) vs. Accumulated Cyclone Energy (ACE)

ACE Index PDO*
600 1.50
500 0.75
400 0
300 -0.75
200 -1.50
100 -2.25
1950 1960 1970 1980 1990 2000 2010 2020

* Sea surface temperature anomaly measured in degrees Celsius.

NOTE: PDO is presented as annualized averages over 12 months.

SOURCES: National Oceanic and Atmospheric Administration, “Pacific Decadal Oscillation (PDO),” https://www.ncei.noaa.gov/access/monitoring/pdo/
(accessed May 6, 2024), and Colorado State University, “Northwest Pacific Ocean Historical Tropical Cyclone Statistics,” https://tropical.atmos.colostate.edu/
Realtime/index.php?%20arch&loc=northwestpacific (accessed May 6, 2024).
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In particular, when El Nifio events and the warmer PDO are present,
more storms develop in the Eastern Pacific, and hurricanes become more
likely in these regions. Downstream, the atmosphere over the tropical North
Atlantic and Caribbean are observed to have increased stability and higher
tropospheric vertical shear due to increased westerlies in the higher levels
in the Atlantic Main Development region, reducing hurricane activity there.
Chart 7 depicts the relationship between the PDO and the ACE index for
the Northwest Pacific Ocean.

As shownin Chart 7, there is a clear and consistent relationship between
the PDO and the ACE index in the northwest Pacific Ocean.?® Appendix
Charts 2, 3, and 4 compare PDO to ACE indices for other regions within the
Pacific as well. This relationship has also been discussed in the peer-re-
viewed literature as well.*

Altogether, both the AMO and PDO are significant because they affect
the global climate system and can modulate the effects of global warming
on regional climates. Understanding these phenomena is crucial not only
for accurate climate modeling and prediction, but also for attribution of
hurricane activity to human versus natural influences.
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Conclusion

As this Special Reportillustrates, regardless of increases in global tempera-
tures, there have been no commensurate increases in hurricane frequency
and intensity over the past century. Furthermore, although damages caused
by hurricanes have increased over time, these damages are a natural
consequence of economic development, and essentially disappear when
normalized with respect to economic growth. Cyclical changes in hurricane
activity are much more adequately explained by natural factors, such as El
Nifio, La Nifia, the Atlantic Multidecadal Oscillation, and the Pacific Decadal
Oscillation.

Lawmakers and the general public should separate data-driven con-
clusions from politicized attributions and statements. This Special Report
seeks to support this goal.
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Landfalling Hurricanes in Texas and Florida
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SOURCE: National Oceanic and Atmospheric Administration, “Continental United States Tropical Storms Impacts/Landfalls, 1851-1970, 1983-2023,”
https://www.aoml.noaa.gov/hrd/hurdat/uststorms.html (accessed May 7, 2024).
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Appendix Chart 1 depicts the frequency of hurricanes specifically for

Florida and Texas, two states known for being the target of major hurricanes.

These states also elicit no notable trend.
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APPENDIX CHART 2

Pacific Decadal Oscillation (PDO) vs. Accumulated Cylone Energy (ACE)
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SOURCES: National Oceanic and Atmospheric Administration, “Pacific Decadal Oscillation (PDO)," https://www.ncei.noaa.gov/access/monitoring/pdo/
(accessed May 6, 2024); Colorado State University, "Northwest Pacific Ocean Historical Tropical Cyclone Statistics," https://tropical.atmos.colostate.edu/
Realtime/index.php?%20arch&loc=northwestpacific (accessed May 6, 2024); Colorado State University, "Northeast Pacific Ocean Historical Tropical Cyclone
Statistics," https://tropical.atmos.colostate.edu/Realtime/index.php?arch&loc=northeastpacific (accessed May 7, 2024); and Colorado State University, "South
Pacific Ocean Historical Tropical Cyclone Statistics,” https:/tropical.atmos.colostate.edu/Realtime/index.php?arch&loc=southpacific (accessed May 7, 2024).
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Appendix Chart 2 depicts the PDO in the Northwest, Northeast, and
Southern Pacific Association with the ACE index. As is the case with Chart
6 in the body of the Special Report, the relationship between the two mea-
sures is clear.
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