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ABSTRACT: Numerous recent tropical cyclones have caused extreme rainfall and flooding events in the CONUS. Cli-
mate change is contributing to heavier extreme rainfall around the world. Modeling studies have suggested that tropical cy-
clones may be particularly efficient engines for transferring the additional water vapor in the atmosphere into extreme
rainfall. This paper develops a new indicator for climate change using the enhanced rainfall metric to evaluate how the fre-
quency and/or intensity of extreme rainfall around tropical cyclones has changed. The enhanced rainfall metric relates the
amount of rain from a storm over a given location to the 5-yr return period rainfall in that location to determine the sever-
ity of the event. The annual area exposed to tropical-cyclone-related 5-yr rainfall events is increasing, which makes it a
compelling climate change indicator. Quantile regression illustrates that the distribution of tropical cyclone rainfall is also
changing. For tropical storms, all quantiles are increasing. However, major hurricanes show large increases in their most ex-
treme rainfall. This study does not attempt to make any detection claims (vs natural variability) or attribution of the ob-
served trends to anthropogenic forcing. However, the sensitivity of the results to natural variability in tropical cyclone
frequency was somewhat constrained by comparing 2 decades from the previous active era (1951–70) with two from the
current era (2001–20). This comparison also shows that both the mean rainfall and the maximum rainfall associated with
tropical cyclones are increasing over most areas of the eastern CONUS with the most significant increases from northern
Alabama to the southern Appalachians.

SIGNIFICANCE STATEMENT: The purpose of this study is to analyze the changes in frequency and magnitude of
extreme precipitation events associated with tropical cyclones with the goal of developing a new indicator for climate
change. This is important because heavy rainfall and associated flooding is one of the primary causes of tropical cyclone
destruction and fatalities, especially in inland locations away from where storms initially make landfall. Our results
show that both the frequency and magnitude of extreme rainfall events from tropical cyclones have increased over the
CONUS. The strongest storms (major hurricanes) also show more of an increase in extreme rainfall than storms of
weaker intensities.
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1. Introduction

Tropical cyclones are one of the most destructive and lethal
forms of severe weather, and they have become even more dev-
astating over the last several decades (Emanuel 2005; Nogueira
and Keim 2011; Weinkle et al. 2018). A significant risk associ-
ated with tropical cyclones is the extreme rainfall that they often
produce. Most of the fatalities associated with tropical cyclones
are not directly caused by the wind, but instead by water hazards
(Rappaport 2014). The top two causes of death from U.S. tropi-
cal cyclones between 1963 and 2012 were storm surge (49%)
followed by rain (27%) (Rappaport 2014). Tropical cyclones
account for up to half of the daily 100-mm events (Prat and
Nelson 2016) and up to 20% of the annual precipitation in por-
tions of the southeast (Prat and Nelson 2013) in the Tropical
Rainfall Measuring Mission (TRMM) precipitation estimates.

Tropical cyclone quantitative precipitation estimates can
change markedly depending on the source of the data (Mazza
and Chen 2023). Rainfall estimates from stage IV radar data,
which are a combination of radar and gauge data, exceeded
precipitation estimates from IMERG, CMORPH, TRMM, and
ERA5, with consistent underestimations from the satellite-
based estimates.

Recent tropical cyclones have highlighted the threats posed
specifically from the extreme rainfall caused by tropical cy-
clones. In 2017, Hurricane Harvey became the wettest tropi-
cal cyclone in U.S. history, dropping over 1500 mm of rain in
Nederland, Texas (Blake and Zelinsky 2018; Landsea 2018;
Kunkel and Champion 2019; Bosma et al. 2020). In 2018, Hur-
ricane Florence set the all-time tropical cyclone rainfall record
for North Carolina with over 900 mm of rain occurring over
Elizabethtown, North Carolina (Bosma et al. 2020). Multiple
rivers set new flood stage records across the region, several of
which had just previously been set during the passage of Hur-
ricane Matthew in 2016 (Stewart and Berg 2019).

Kunkel and Champion (2019) ranked the top 100 precipitation
events in the CONUS for a 4-day duration and 50000 km2

area. Harvey was the wettest such event, and Florence was the
seventh wettest event. Tropical cyclones accounted for 25% of
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the top 100, and the frequency of tropical cyclone extreme
rainfall has been increasing with time. In fact, the likelihood of
a precipitation event of the magnitude of Hurricane Harvey
may have increased by a factor of at least 3.5 over the Houston
area as a result of anthropogenic forcing (Risser and Wehner
2017). Models suggest that the recurrence period of a rainfall
event of the magnitude of Hurricane Harvey will increase
from a 1 in 100-yr event at the end of the twentieth century to
a 1 in 5.5-yr event at the end of the twenty-first century as a re-
sult of anthropogenic forcing using the representative concen-
tration pathway (RCP) 8.5 (Emanuel 2017).

Simple Clausius–Clapeyron scaling would suggest that tropical-
cyclone-related rainfall would increase by about 7% per 18C of
global warming (Knutson et al. 2020). Modeling studies gener-
ally suggest that tropical cyclones are particularly efficient at
tapping the excess moisture and may exceed that rate (Knutson
et al. 2015; Wright et al. 2015; Liu et al. 2019; Patricola and
Wehner 2018; Reed et al. 2022, 2021). However, the details are
sensitive to the regions and methodologies. The modeling stud-
ies are particularly uncertain with regard to how the increasing
rainfall rates will vary between the inner core and outer rain-
bands of tropical cyclones (Knutson et al. 2020).

Precipitation has already increased in association with tropi-
cal cyclones. For example, Maxwell et al. (2021) reconstructed
tropical cyclone rainfall data over coastal North and South
Carolina using tree ring data, which showed that precipita-
tion amounts have been increasing over the past 300 years.
Kunkel et al. (2010) examined daily heavy precipitation
events at 935 COOP stations in 1895–2008. They attributed
these events to tropical cyclones when they occurred within
a 58 radius (;500 km) of a tropical cyclone. The precipita-
tion associated with tropical cyclones was increasing, with
most of the increase being concentrated in the most recent
few decades (Kunkel et al. 2010).

Shearer et al. (2022) performed a similar analysis with high-
resolution, continuous cloud-top temperatures from satellites
that are bias-corrected on a monthly scale using GPCP gauge
data. They also showed increases in overall precipitation rates
over the last 4 decades. All tropical basins globally have shown

increasing rates of tropical cyclone precipitation. Total precipi-
tation increases from tropical cyclones globally are around
7%–15% over 40 years, with the largest increases in the North
Atlantic, South Indian, and South Pacific basins (maximum
59%–64% over 40 years).

Increased rainfall rates are not the only contributor to these
increasing trends. The translational speed of tropical cyclones
over land and while near the coast is slowing down, which pro-
longs the extreme rainfall over a given location (Kossin 2018;
Hall and Kossin 2019; Kossin 2019). Additionally, intensifica-
tion rates of tropical cyclones as they approach landfall have
been increasing (Klotzbach et al. 2018; Bhatia et al. 2019;
Balaguru et al. 2022). Tropical cyclones with higher lifetime
maximum intensities tend to produce more rainfall than weaker
tropical cyclones (Cerveny and Newman 2000; Touma et al. 2019;
Lavender and McBride 2021), and thus, increasing landfall inten-
sity could produce a corresponding increase in precipitation as
well (Xi et al. 2023).

This paper builds on the existing studies of trends in tropi-
cal cyclone precipitation (Kunkel et al. 2010; Guzman and Jiang
2021; Tu et al. 2021; Shearer et al. 2022). It leverages the
recently released nClimGrid-Daily (Durre et al. 2022) dataset,
which interpolates gauge data onto a 5-km grid over CONUS
for 1951–present. These data provide a substantially longer
record than is possible with satellite studies (e.g., Jiang and
Zipser 2010; Shearer et al. 2022; Prat and Nelson 2013, 2016),
which is important given the multidecadal variability of tropical
cyclones in the Atlantic (Goldenberg et al. 2001; Schreck et al.
2021). It also provides greater spatial continuity than is possible
with raw gauge data (e.g., Kunkel et al. 2010). The current study
also provides two significant methodological innovations over
previous observational studies. First, we use the extreme rainfall
metric (ERM; Bosma et al. 2020) to categorize and standardize
extreme rainfall relative to 5-yr extreme events. Second, we use
quantile regression to examine how the full distribution of tropi-
cal cyclone rainfall rates is changing. One of the goals of this
study is to develop a new climate change indicator (Stevens et al.
2023) for monitoring changes in tropical-cyclone-related rainfall
over CONUS. In the context of this paper, climate change refers

FIG. 1. Map of 5-yr return levels of 2-day accumulated precipitation (mm) for the CONUS.
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to the IPCC Sixth Assessment Report (AR6) definition, which is
a change in the state of the climate that can be identified (e.g., by
using statistical tests) by changes in the mean and/or the variabil-
ity of its properties and that persists for an extended period, typi-
cally decades or longer. Climate change may be due to natural
internal processes or external forcings such as modulations of
the solar cycles, volcanic eruptions, and persistent anthropogenic
changes in the composition of the atmosphere or in land use
(IPCC 2023).

2. Datasets

Rainfall data were obtained from nClimGrid-Daily, which
covers 1951–present with a 5-km grid over the CONUS. The
nClimGrid-Daily gridded rainfall data were generated from the
Global Historical Climatology Network (GHCN) daily dataset
(Menne et al. 2012). Most of the observations come from the
morning cooperative network andASOS stations. Unlike PRISM
(Daly and National Center for Atmospheric Research Staff
2023), nClimGrid-Daily does not include radar or CoCoRaHS
stations, which reduces its spatial coverage but improves temporal
homogeneity. The gauge data are interpolated to a grid using thin-
plate smoothing splines. The spline interpolation may also smooth
some of the extreme values. However, this study is focused on the
relative amplitudes of extreme events related to one another, not
their absolute values. Since the smoothing would have similar
effects on all extremes, the conclusions should be insensitive to
those effects.

The tropical cyclone intensity and location data that were used
originated from the hurricane database (HURDAT), which is
maintained by NOAA. The HURDAT contains all Atlantic
tropical cyclone observations from 1851 to present and was used
to gather the location and intensity data for all storms in this
study (Jarvinen et al. 1984; Landsea and Franklin 2013). This
study uses data from the 1951–2021 hurricane seasons. All tracks
are included in the analysis, including those portionsmarked sub-
tropical or extratropical.

3. Methodology

Extreme rainfall events will be identified in part using the
extreme rainfall multiplier (Bosma et al. 2020), which was de-
fined for a given storm (s), location (x), and duration of the
rainfall event (t) as

ERMs,x,t 5
Rs,x,t

RT-yr
x,t

,

where ERM is the extreme rainfall multiplier, Rs,x,t is the rainfall
depth from the given storm event, and RT-yr

x,t is the “T-year” re-
turn period for a rainfall event at that location and duration of
rainfall event (Bosma et al. 2020). Originally, the extreme rain-
fall multiplier used a denominator of a 2-yr rainfall event to de-
fine an extreme event (Bosma et al. 2020). They argued that a
2-yr event was common enough to provide a frame of reference
but significant enough to have societal impacts (Leopold 1968).
We use the term “enhanced rainfall metric” for ERM as we be-
lieve it more accurately conveys the meaning of the metric used

instead of “extreme rainfall multiplier” as defined originally by
Bosma et al. (2020). It also happened tomap to a range of roughly
0–6, which made for easier comparison with the Saffir–Simpson
hurricanewind scale (SSHWS).

In this study, we will use a 5-yr return period. Similar to the
2-yr events in Bosma et al. (2020), a 5-yr event will be com-
mon enough to provide context and to be robustly calculated
without the need for an extreme value model. However, we
believe this higher threshold will have a stronger connection
to societal impacts and is consistent with other studies of ex-
treme rainfall (e.g., Kunkel et al. 2010). We also use 2-day
rainfall events to account for the likelihood for even a short
event to extend across nClimGrid-Daily’s arbitrary reporting
time of;0700 LT.

To calculate the ERM for all rainfall events from tropical
cyclones impacting the CONUS, the 5-yr 2-day rainfall was
calculated for each grid point in the nClimGrid-Daily dataset
for the entire CONUS. For each grid point, the annual maxi-
mum 2-day rainfall total, including nontropical events, was

a

b

FIG. 2. Map of the 2-day precipitation (mm) associated with
(a) Hurricane Harvey (2017) and (b) ERM associated with Harvey.
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found for each year 1951–2021. The 5-yr 2-day rainfall was
calculated as the 80th percentile of those annual maxima. Fig-
ure 1 shows the magnitude of 5-yr 2-day rainfall for the entire
CONUS. The major advantage of using the ERM to deter-
mine whether or not an event is considered “extreme” is that
it accounts for the geographic distribution of typical rainfall
magnitudes. For example, Fig. 1 shows that a 5-yr 2-day rain-
fall event over the Gulf Coast has much higher magnitudes
(.150 mm in most locations) than most East Coast locations
(;75–125 mm). The denominator of ERM remains the same
throughout the analysis, even when looking at separate storm
intensities and time periods. Due to societal adaptations,
areas that are prone to higher-magnitude rainfall events
would be more resistant to their impacts; thus, the ERM val-
ues help adjust for the potential discrepancies in impact
based on location for a given rainfall amount.

For each 6-hourly tropical cyclone position in HURDAT,
all rainfall within 500 km is attributed to that storm following

previous studies (Kunkel et al. 2010; Chalise et al. 2021; Prat
and Nelson 2013). At each point for a given storm, only the
greatest 2-day rain total is retained [either (day21 and day 0)
or (day 0 and day 11)], where day 0 is the day of the best
track time step. In the event that a slow-moving storm results
in overlapping 500-km radii, the overall storm maximum is
taken for each grid point. Figure 2a shows an example of the
rainfall associated with Hurricane Harvey in 2017 overlaid
with the track of the hurricane. Figure 2b shows how the rain-
fall data are converted to ERM values using the 5-yr 2-day
rainfall data from Fig. 1 in the regions impacted by Hurricane
Harvey’s rainfall. These two different metrics are used as pre-
vious studies have shown that results for tropical cyclone
(TC) precipitation changes may change depending on the
metric used (Stansfield and Reed 2023; Mazza and Chen
2023).

In this study, tropical cyclones are classified by their maxi-
mum intensity, while the storm was producing rainfall over

a) b)

c) d)

FIG. 3. Annual counts of the number of grid points where rainfall associated with a tropical cyclone occurred over
the CONUS. The counts are broken down by (a) all storms, (b) tropical storm strength systems, (c) hurricane strength
systems (categories 1 and 2), and (d) major hurricane strength systems (categories 3–5). The Poisson regression curve
is shown by the black dashed line.
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the CONUS within the 500-km radius. This intensity may be
greater than the landfall intensity, but it allows for a consis-
tent approach with storms that did not make landfall but pro-
duced rain over the CONUS. The intensities are binned as
either tropical storms (35–63 kt; 1 kt’ 0.51 m s21), hurricanes
(64–95 kt), or major hurricanes ($96 kt).

4. Results

a. Trends of tropical cyclone rainfall events

Figure 3 shows the annual counts of the number of grid
points with tropical-cyclone-related rainfall. Using a Poisson
regression curve, the number of points for all storms has in-
creased by about 50% over the 71-yr period (Fig. 3a). When
broken down by intensity, tropical storm strength systems (Fig.
3b) are primarily responsible for this upward trend. The trends
for total storms and tropical storm strength systems are sig-
nificant at 90% and 95%, respectively. The trends are smaller
and not statistically significant for category 1–2 hurricanes

and major hurricanes. Years with no storms affecting land
also become more common at these higher intensity thresh-
olds}most notably the so-called major hurricane drought
when no major hurricanes made landfall in CONUS during
2006–15 (Hart et al. 2016). This increasing trend is not being
caused by an increase in the number of landfalls, as there is
no evidence for an increase in the number of tropical cyclone
landfalls (Klotzbach et al. 2018). There are a few studies that
suggest that inland tropical cyclone tracks are lengthening,
but these studies are controversial (Li and Chakraborty 2020;
Chan et al. 2022).

Figure 4 shows the annual counts of the number of grid
points over the CONUS associated with a tropical cyclone
rainfall event where ERM . 1. In other words, this is the
number of 5-yr 2-day events associated with tropical cyclones
by year. The Poisson regression curve was significantly in-
creasing for tropical storms, but not for the other categories.
The trends for these extreme events are smaller than those for
all grid points with TC-related rainfall (Fig. 3). This pattern

a) b)

c) d)

FIG. 4. As in Fig. 3, but for the annual counts of the number of grid points where ERM associated with a tropical
cyclone occurred over the CONUS is greater than 1.
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suggests that the fraction of TC-related points that exceed a
5-yr 2-day event is increasing at a smaller rate over time.

b. Quantile regression of extreme tropical cyclone rainfall

The rainfall totals and ERM values at every grid point were
computed for every CONUS-impacting tropical cyclone be-
tween 1951 and 2021 using the nClimGrid-Daily gridded rain-
fall dataset. This resulted in 71 years of tropical cyclone rainfall
records. A quantile regression was computed for all of the
tropical-cyclone-affected grid points for the entire historical
record (18 373 201 total points) (Mann 1945). Figure 5 shows
the results of the quantile regression by showing the slope by
percentile for the 10th, 20th, … , 80th, 90th, 95th, 97.5th, 99th,
and 99.9th percentiles. Figures 5a–d depict the ERM results, and
Figs. 5e–h show the rainfall results.

The slopes for all storms (Figs. 5a,e) show increasing values for
all quantiles below around the 85th percentile. These increases

in moderate rainfall are driven primarily by similar trends
in tropical storms (Figs. 5b,f). The slope becomes negative
around the 95th percentile for all storms (Figs. 5a,e). This de-
crease appears to be driven by hurricanes (Figs. 5c,g) and
major hurricanes (Figs. 5d,h). However, the increasing trend
in tropical storm rainfall has a local minimum in this range as
well.

The tropical storm rainfall (Fig. 5f) and the hurricane ERM
(Fig. 5c) have slopes at some of the higher percentiles that do
not align with the neighboring quantiles. These could be arti-
facts of numerical instability in the tails even though the sam-
ples are still very large (on the order of 105–106 data points).
Nonetheless, in all the other panels, increasing trends are found
for the highest quantiles that are in line with their neighboring
quantiles. These increasing trends for the upper tail are larger
for higher-intensity storms. Recall that no major hurricane rain-
fall occurred during 2006–15 (Fig. 3d). However, removing the

a)

b)

c)

d)

e)

f )

g)

h)

FIG. 5. The slope of quantile regression by quantile (slope values given in change per year) of annual tropical-
cyclone-associated (left) ERM and (right) rainfall (mm) for (a),(e) all storms, (b),(f) tropical storms, (c),(g) hurricanes,
and (d),(h) major hurricanes. The zero slope line is shown dotted.
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recent period (2017–21) does not significantly change the trend
(not shown).

To further focus on the most extreme rainfall events, Fig. 6
repeats the quantile regression for only those points where the
ERM . 1. In general, the increasing trends at higher quantiles
are even more apparent within this subset of extreme events.
The rainfall for tropical storms (Fig. 7f) is one exception where
the quantile slopes are small and inconsistent. The hurricane
ERM also has a strong decreasing trend at the upper quantiles,
and the hurricane rainfall has a decreasing trend at the lower
quantiles. However, even with these exceptions, Fig. 6 indi-
cates increasing magnitudes of tropical-cyclone-related ex-
treme rainfall.

c. Spatial changes in extreme tropical cyclone rainfall

Figure 7 shows the spatial distribution of the count of tropical
cyclone rainfall events by location and intensity in the CONUS.
As expected, tropical cyclone rainfall event count decreases

farther inland from the Atlantic/Gulf of Mexico coastlines.
When determining changes in the magnitude of extreme rainfall
events between climatic periods, only regions with greater than
50 tropical cyclone rainfall events for tropical cyclones of all in-
tensities in the historical record between 1951 and 2021 were
considered to ensure a sufficient sample size. These regions are
shown by the white contour in Fig. 7a.

For the spatial maps, we will compare 1951–70 with 2001–20
as a supplement to the quantile regression shown earlier. In
addition to being the earliest and latest 20-yr periods in the
data, they are both active tropical cyclone eras for the Atlantic
(Goldenberg et al. 2001; Schreck et al. 2021). The interven-
ing period 1971–2000 is dominated by an inactive period
(1971–94).

Figure 8 shows a map of the maximum ERM and rainfall
from tropical cyclones from 1951 to 1970 compared with 2001
to 2020. As would be expected, the highest tropical cyclone
rainfall magnitudes can be found in Florida and the coastal
regions of the Gulf of Mexico. The ERM values also tend to

a) e)

f )

g)

h)d)

c)

b)

FIG. 6. As in Fig. 5, but only for points where the ERM. 1.

U EH L I NG AND S CHR ECK 366715 JULY 2024

Brought to you by NOAA Library | Unauthenticated | Downloaded 04/01/25 04:04 PM UTC



be highest in these regions as well, though there are excep-
tions such as in New England. Both ERM and rainfall show
large increases between the two epochs.

Figure 9a shows the magnitude of the difference in maxi-
mum observed ERM between the two periods, while Fig. 9b
shows the magnitude of the difference in maximum rainfall.
The hatched regions show where the resulting differences are
significant at 95% according to a bootstrap test. For the boot-
strap resampling test, each grid point was resampled sepa-
rately and each point was resampled 1000 times. From Fig. 9,
it is apparent that most of the tropical-cyclone-impacted re-
gions in the eastern CONUS have had a higher-magnitude
ERM event in the most recent 2 decades compared with
1951–70, but that this increase is not at the level of being sig-
nificant at most points individually.

To understand the significance of the overall percentage of
the area showing an increase, a field significance test was also
needed. The likelihood of such a large percentage (70.1%) of

the area showing an increase in magnitude with time for both
the ERM and maximum rainfall was infinitesimally small (sig-
nificant at a greater than 99.9% probability). The largest posi-
tive differences are seen in southern Appalachia, Tennessee,
Alabama, Mississippi, and the coastal regions of the Carolinas.
Only a few locations had higher maximum observed ERM and
rainfall events in the early period (1951–70), which included
Virginia and parts of New England. These regions tend to
be impacted by weaker storms and less frequent storms (see
Fig. 5) than the coastal regions further south along the Atlantic
coast and Gulf of Mexico. This could potentially partly explain
why those regions have not seen the same increases in maxi-
mum tropical cyclone ERM and rainfall as locations further
south that experience stronger and more frequent tropical
cyclones.

Figure 10 is the map of the mean ERM from tropical
cyclones from 1951 to 1970 (Fig. 10a) compared with 2001 to
2020 (Fig. 10b). Additionally, Fig. 10 shows the map of the mean

FIG. 7. Map of the count of tropical cyclone rainfall events by location and maximum storm intensity while affecting
land in the CONUS. The count is shown for (a) all tropical cyclones (white contour shows 50 event lines), (b) tropical
storms, (c) hurricanes, and (d) major hurricanes.
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rainfall associated with tropical cyclones from 1951 to 1970
(Fig. 10c) compared with 2001 to 2020 (Fig. 10d). Computing
the mean of tropical cyclone ERM and rainfall for all grid
points for the two time periods reduces the potential impact
of individual tropical cyclones relative to the maximum val-
ues. Figures 10a and 10c clearly show that the values of aver-
age tropical cyclone ERM and rainfall are lower during
1951–70 when compared to 2001–20 (Figs. 10b,d) across most
of the coastal regions of the southeastern CONUS. Along
the coastlines where ERM and tropical cyclone rainfall tend
to be the highest, typical ERM values show an increase from
about 0.3 to 0.5 or higher in many locations, with rainfall in-
creases from 60 to 80 mm in the early period to 801 mm in
many locations from 2001 to 2020. Similar increases in ERM

and tropical cyclone precipitation can be seen further inland
as well; in fact, some of the largest magnitude increases are
near central Mississippi and northern Alabama.

Figure 11a shows the magnitude of the difference in the
mean observed tropical cyclone ERM between the two peri-
ods, while Fig. 11b shows the magnitude of the difference in
mean tropical cyclone rainfall. As illustrated in Fig. 9, the
hatched regions show where the resulting differences are sig-
nificant at 95% according to a bootstrap test. The bootstrap-
ping was performed as shown in Fig. 9. Figure 11 shows that
almost all of the regions frequently impacted by tropical cy-
clones in the CONUS have had an increase in the mean ERM
and the mean rainfall produced by tropical cyclones between
1951–70 and 2001–20. Particularly, large increases occurred

FIG. 8. Map of the maximum ERM from tropical cyclones from (a) 1951 to 1970 compared with (b) 2001 to
2020. Similarly, the map of the maximum rainfall associated with tropical cyclones from (c) 1951 to 1970 com-
pared with (d) 2001 to 2020. Only the points where more than 50 tropical cyclone rainfall events occurred are
shown.
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in the mean ERM and rainfall values around Louisiana,
Mississippi, and Alabama. These regions experienced mean
ERM increases between 0.2 and 0.4 per event. The average
rainfall associated with tropical cyclones in these regions also
increased between 20 and 40 mm or more per event from
1951–70 to 2001–20. The increases in the mean tropical cy-
clone ERM and rainfall are indicative of the typical tropical
cyclone producing more rainfall in recent years. Only a few
regions with frequent tropical cyclone impacts did not show
increases in mean ERM and rainfall from tropical cyclones,
and these regions tend to have a lower frequency of tropical
cyclone events. Once again, a field significance test was per-
formed and it was determined that the likelihood of such a
large percentage of the area (73.6%) showing an increase in
magnitude with time for both the ERM and maximum rain-
fall was also infinitesimally small. Two regions with exceptions
to the increases seen in most regions are in south Florida and
most of eastern Texas, where the mean ERM and rainfall values
have decreased, despite the high number of tropical cyclone
rainfall events.

5. Conclusions

Extreme rainfall associated with tropical cyclones poses a
significant threat to life and property. Modeling studies suggest

that the threat from extreme rainfall will be exacerbated by an-
thropogenic climate change (Knutson et al. 2010; Gori et al.
2022). Observed tropical cyclone precipitation over the United
States has been increasing (Kunkel et al. 2010; Shearer et al.
2022). Recent destructive tropical cyclones such as Hurricane
Harvey (2017) and Hurricane Florence (2018) have shown the
destructive potential and threats to life and property posed by
extreme rainfall from tropical cyclones. This study showed that
the threats posed by these storms have been observed to be in-
creasing in recent decades. We examined both the actual rain-
fall values and the extreme rainfall metric (ERM), which
compares the rainfall to its local 5-yr 2-day event threshold.
The number of grid points impacted by tropical cyclone rainfall
has shown a significant increase during the 1951–2021 time pe-
riod, which was largely driven by tropical storms. This trend
could be related to changes in storm frequency and/or inland
penetration. However, no significant trends have been found
for landfall over the CONUS (Klotzbach et al. 2018), and in-
land penetration could be sensitive to changes in observational
networks and operational procedures.

The number of points experiencing 5-yr events (ERM . 1)
also increased during the period, but at a slower rate. The
heaviest rain is likely to occur near the coast, so any trends in
inland penetration (physical or observational artifacts) would
have less impact on this metric. These results suggest that the
threat of extreme rainfall from tropical cyclones has become
more widespread in recent decades.

Changes in the intensity of the tropical-cyclone-related
rainfall were examined using quantile regression of both rain-
fall and the ERM. For tropical storms, rainfall rates and ERM
have increased for all quantiles. Hurricanes and major hurri-
canes have seen decreases in moderately strong rainfall
(roughly 50th–90th percentiles) but large increases in extreme
rainfall ($95th percentile). The increases in extreme precip-
itation become more clear when only considering points
where the ERM . 1. These results align with several previ-
ous studies that also showed increases in precipitation from
tropical cyclones, particularly from the strongest storms
(Kunkel et al. 2010; Stansfield et al. 2020; Shearer et al.
2022). These trends in the rainfall distribution should not be
sensitive to changes in storm frequency or duration. Instead,
this pattern suggests that stronger storms may be more effi-
cient at tapping the increased water vapor associated with a
warmer climate.

Most tropical-cyclone-prone regions of the CONUS (i.e.,
those experiencing at least 50 events from 1951 to 2021) ob-
served higher maximum and mean tropical-cyclone-related
rainfall and ERM in 2001–20 compared with 1951–70. The
most statistically significant increases occurred from northern
Alabama to the southern Appalachians.

The increasing destructiveness of tropical cyclones is among
the most tangible effects of climate change. Our physical un-
derstanding of how climate change is affecting rainfall is argu-
ably stronger than for any other tropical-cyclone-related
threat. Tropical-cyclone-related rainfall can also extend far-
ther inland and be more life-threatening than other hazards
(Rappaport 2014). For these reasons, we believe tropical-
cyclone-related rainfall is an ideal candidate to be monitored

FIG. 9. Map of the difference in maximum (a) ERM per 2-day
event and (b) rainfall per 2-day event associated with tropical cy-
clones between 2001–20 and 1951–70. Only the points where more
than 50 tropical cyclone rainfall events occurred are shown.
Hatched areas are significant at 95% according to a bootstrap re-
sampling test.
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with a climate change indicator. In this study, we propose the
annual area impacted by tropical-cyclone-related 5-yr 2-day
rainfall (ERM. 1, Fig. 6) for such an indicator. This indicator
illustrates the growing area affected by extreme rainfall from
tropical cyclones. These time series can be supplemented with
maps (Figs. 8–11) that show how the mean tropical-cyclone-
related rainfall and maximum tropical-cyclone-related rainfall
have changed from the previous active era to the current one.

Future studies should examine the causes and pathways for
the trends observed here. We do not attempt to make any de-
tection claims (vs natural variability) or attribution of the ob-
served trends to anthropogenic forcing. However, our
comparison of two active periods (1951–70 vs 2001–20) should
constrain the effects of hurricane variability from the Atlantic

meridional overturning circulation (Goldenberg et al. 2001;
Klotzbach and Gray 2008; Zhang et al. 2019) and from an-
thropogenic aerosols before the enforcement of the Clean Air
Acts (Booth et al. 2012; Villarini and Vecchi 2012, 2013). The
comparison of active eras and the focus on rainfall rates (as
opposed to total rainfall) should reduce the sensitivity of the
results to changes in tropical cyclone frequency. Also, the fo-
cus on the maximum 2-day rainfall rate will reduce (but not
eliminate) the effects from the slowing trends in tropical cy-
clone translation speed (Kossin 2018; Hall and Kossin 2019;
Kossin 2019). However, the increasing trend in tropical-
cyclone-related points with ERM . 1 could be related to
changes in storm frequency, inland penetration, and/or trans-
lation speed.

FIG. 10. Map of the mean ERM per 2-day event from tropical cyclones from (a) 1951 to 1970 compared with
(b) 2001 to 2020. Similarly, the map of the mean rainfall per 2-day event associated with tropical cyclones from
(c) 1951 to 1970 compared with (d) 2001 to 2020. Only the points where more than 50 tropical cyclone rainfall
events occurred are shown.

U EH L I NG AND S CHR ECK 367115 JULY 2024

Brought to you by NOAA Library | Unauthenticated | Downloaded 04/01/25 04:04 PM UTC



Acknowledgments. We thank NCEI for providing the
nClimGrid dataset, which was used to source the rainfall data
used in the study, as well as the Atlantic Oceanographic and
Meteorological Laboratory’s Hurricane Research Division for
the HURDAT, which was the source for all tropical cyclone
data used. This work was supported by NOAA through the
Cooperative Institute for Satellite Earth System Studies under
Cooperative Agreement NA19NES4320002.

Data availability statement. All nClimGrid-Daily rainfall
data that were used in this study are freely available through
the NOAA NCEI at https://doi.org/10.25921/c4gt-r169. All
HURDAT tropical cyclone data are available through the
NOAA NHC at https://www.aoml.noaa.gov/hrd/hurdat/Data_
Storm.html.

REFERENCES

Balaguru, K., G. R. Foltz, L. R. Leung,W.Xu, D. Kim,H. Lopez, and
R. West, 2022: Increasing hurricane intensification rate near the
US Atlantic coast. Geophys. Res. Lett., 49, e2022GL099793,
https://doi.org/10.1029/2022GL099793.

Bhatia, K. T., G. A. Vecchi, T. R. Knutson, H. Murakami, J. Kossin,
K. W. Dixon, and C. E. Whitlock, 2019: Recent increases in

tropical cyclone intensification rates. Nat. Commun., 10, 635,
https://doi.org/10.1038/s41467-019-08471-z.

Blake, E. S., and D. A. Zelinsky, 2018: National Hurricane Center
tropical cyclone report: Hurricane Harvey (17 August–1
September 2017). NHCTech. Rep. AL092017, 77 pp.

Booth, B. B. B., N. J. Dunstone, P. R. Halloran, T. Andrews, and
N. Bellouin, 2012: Aerosols implicated as a prime driver of
twentieth-century North Atlantic climate variability. Nature,
484, 228–232, https://doi.org/10.1038/nature10946.

Bosma, C. D., D. B. Wright, P. Nguyen, J. P. Kossin, D. C. Herndon,
and J. M. Shepherd, 2020: An intuitive metric to quantify and
communicate tropical cyclone rainfall hazard.Bull. Amer. Me-
teor. Soc., 101, E206–E220, https://doi.org/10.1175/BAMS-D-
19-0075.1.

Cerveny, R. S., and L. E. Newman, 2000: Climatological relationships
between tropical cyclones and rainfall. Mon. Wea. Rev., 128,
3329–3336, https://doi.org/10.1175/1520-0493(2000)128,3329:
CRBTCA.2.0.CO;2.

Chalise, D. R., A. Aiyyer, and A. Sankarasubramanian, 2021:
Tropical cyclones’ contribution to seasonal precipitation and
streamflow over the southeastern and southcentral United
States. Geophys. Res. Lett., 48, e2021GL094738, https://doi.
org/10.1029/2021GL094738.

Chan, K. T. F., J. C. L. Chan, K. Zhang, and Y. Wu, 2022: Uncer-
tainties in tropical cyclone landfall decay. npj Climate Atmos.
Sci., 5, 93, https://doi.org/10.1038/s41612-022-00320-z.

Daly, C., and National Center for Atmospheric Research Staff,
Eds., 2023: The Climate Data Guide: PRISM high-resolution
spatial climate data for the United States: Max/min temp,
dewpoint, precipitation, accessed 26 April 2023, https://
climatedataguide.ucar.edu/climate-data/prism-high-resolution-
spatial-climate-data-united-states-maxmin-temp-dewpoint.

Durre, I., A. Arguez, C. J. Schreck III, M. F. Squires, and R. S.
Vose, 2022: Daily high-resolution temperature and precipita-
tion fields for the contiguous United States from 1951 to pre-
sent. J. Atmos. Oceanic Technol., 39, 1837–1855, https://doi.
org/10.1175/JTECH-D-22-0024.1.

Emanuel, K., 2005: Increasing destructiveness of tropical cyclones
over the past 30 years. Nature, 436, 686–688, https://doi.org/
10.1038/nature03906.

}}, 2017: Assessing the present and future probability of Hurri-
cane Harvey’s rainfall. Proc. Natl. Acad. Sci. USA, 114,
12 681–12 684, https://doi.org/10.1073/pnas.1716222114.

Goldenberg, S. B., C. W. Landsea, A. M. Mestas-Nuñez, and
W. M. Gray, 2001: The recent increase in Atlantic hurricane
activity: Causes and implications. Science, 293, 474–479,
https://doi.org/10.1126/science.1060040.

Gori, A., N. Lin, D. Xi, and K. Emanuel, 2022: Tropical cyclone
climatology change greatly exacerbates US extreme rainfall–
surge hazard. Nat. Climate Change, 12, 171–178, https://doi.
org/10.1038/s41558-021-01272-7.

Guzman, O., and H. Jiang, 2021: Global increase in tropical cyclone
rain rate.Nat. Commun., 12, 5344, https://doi.org/10.1038/s41467-
021-25685-2.

Hall, T. M., and J. P. Kossin, 2019: Hurricane stalling along the North
American coast and implications for rainfall. npj Climate Atmos.
Sci., 2, 17, https://doi.org/10.1038/s41612-019-0074-8.

Hart, R. E., D. R. Chavas, and M. P. Guishard, 2016: The arbi-
trary definition of the current Atlantic major hurricane land-
fall drought. Bull. Amer. Meteor. Soc., 97, 713–722, https://
doi.org/10.1175/BAMS-D-15-00185.1.

FIG. 11. Map of the difference in (a) mean ERM per 2-day event
and (b) mean rainfall per 2-day event associated with tropical cy-
clones between 2001–20 and 1951–70, only the points where more
than 50 tropical cyclone rainfall events occurred are shown.
Hatched areas are significant at 95% according to a bootstrap re-
sampling test.

J OURNAL OF CL IMATE VOLUME 373672

Brought to you by NOAA Library | Unauthenticated | Downloaded 04/01/25 04:04 PM UTC

https://doi.org/10.25921/c4gt-r169
https://www.aoml.noaa.gov/hrd/hurdat/Data_Storm.html
https://www.aoml.noaa.gov/hrd/hurdat/Data_Storm.html
https://doi.org/10.1029/2022GL099793
https://doi.org/10.1038/s41467-019-08471-z
https://doi.org/10.1038/nature10946
https://doi.org/10.1175/BAMS-D-19-0075.1
https://doi.org/10.1175/BAMS-D-19-0075.1
https://doi.org/10.1175/1520-0493(2000)128<3329:CRBTCA>2.0.CO;2
https://doi.org/10.1175/1520-0493(2000)128<3329:CRBTCA>2.0.CO;2
https://doi.org/10.1029/2021GL094738
https://doi.org/10.1029/2021GL094738
https://doi.org/10.1038/s41612-022-00320-z
https://climatedataguide.ucar.edu/climate-data/prism-high-resolution-spatial-climate-data-united-states-maxmin-temp-dewpoint
https://climatedataguide.ucar.edu/climate-data/prism-high-resolution-spatial-climate-data-united-states-maxmin-temp-dewpoint
https://climatedataguide.ucar.edu/climate-data/prism-high-resolution-spatial-climate-data-united-states-maxmin-temp-dewpoint
https://doi.org/10.1175/JTECH-D-22-0024.1
https://doi.org/10.1175/JTECH-D-22-0024.1
https://doi.org/10.1038/nature03906
https://doi.org/10.1038/nature03906
https://doi.org/10.1073/pnas.1716222114
https://doi.org/10.1126/science.1060040
https://doi.org/10.1038/s41558-021-01272-7
https://doi.org/10.1038/s41558-021-01272-7
https://doi.org/10.1038/s41467-021-25685-2
https://doi.org/10.1038/s41467-021-25685-2
https://doi.org/10.1038/s41612-019-0074-8
https://doi.org/10.1175/BAMS-D-15-00185.1
https://doi.org/10.1175/BAMS-D-15-00185.1


IPCC, 2023: Annex I: Glossary. Climate Change 2023: Synthesis
Report, A. Reisinger et al., Eds., IPCC, 119–130, https://doi.
org/10.59327/IPCC/AR6-9789291691647.

Jarvinen, B. R., C. J. Neumann, and M. A. S. Davis, 1984: A trop-
ical cyclone data tape for the North Atlantic basin, 1886–
1983: Contents, limitations, and uses. NOAA Tech. Memo.
NWS NHC 22, 21 pp.

Jiang, H., and E. J. Zipser, 2010: Contribution of tropical cyclones
to the global precipitation from eight seasons of TRMM
data: Regional, seasonal, and interannual variations. J. Cli-
mate, 23, 1526–1543, https://doi.org/10.1175/2009JCLI3303.1.

Klotzbach, P. J., and W. M. Gray, 2008: Multidecadal variability
in North Atlantic tropical cyclone activity. J. Climate, 21,
3929–3935, https://doi.org/10.1175/2008JCLI2162.1.

}}, S. G. Bowen, R. Pielke Jr., and M. Bell, 2018: Continental
U.S. hurricane landfall frequency and associated damage:
Observations and future risks. Bull. Amer. Meteor. Soc., 99,
1359–1376, https://doi.org/10.1175/BAMS-D-17-0184.1.

Knutson, T. R., and Coauthors, 2010: Tropical cyclones and cli-
mate change. Nat. Geosci., 3, 157–163, https://doi.org/10.1038/
ngeo779.

Knutson, T., and Coauthors, 2020: Tropical cyclones and climate
change assessment: Part II: Projected response to anthropo-
genic warming. Bull. Amer. Meteor. Soc., 101, E303–E322,
https://doi.org/10.1175/BAMS-D-18-0194.1.

Knutson, T. R., J. J. Sirutis,M. Zhao, R. E. Tuleya,M. Bender, G.A.
Vecchi, G. Villarini, and D. Chavas, 2015: Global projections of
intense tropical cyclone activity for the late twenty-first century
from dynamical downscaling of CMIP5/RCP4.5 scenarios. J. Cli-
mate, 28, 7203–7224, https://doi.org/10.1175/JCLI-D-15-0129.1.

Kossin, J. P., 2018: A global slowdown of tropical-cyclone transla-
tion speed. Nature, 558, 104–107, https://doi.org/10.1038/
s41586-018-0158-3.

}}, 2019: Reply to: Moon, I.-J. et al.; Lanzante, J. R. Nature,
570, E16–E22, https://doi.org/10.1038/s41586-019-1224-1.

Kunkel, K. E., and S. M. Champion, 2019: An assessment of rain-
fall from Hurricanes Harvey and Florence relative to other
extremely wet storms in the United States. Geophys. Res.
Lett., 46, 13 500–13506, https://doi.org/10.1029/2019GL085034.

}}, D. R. Easterling, D. A. R. Kristovich, B. Gleason,
L. Stoecker, and R. Smith, 2010: Recent increases in U.S.
heavy precipitation associated with tropical cyclones. Geophys.
Res. Lett., 37, L24706, https://doi.org/10.1029/2010GL045164.

Landsea, C. W., 2018: Hurricane Harvey’s rainfall and global warm-
ing. NOAA, 8 pp., http://www.aoml.noaa.gov/hrd/Landsea/
harvey-global-warming.pdf.

}}, and J. L. Franklin, 2013: Atlantic hurricane database uncer-
tainty and presentation of a new database format. Mon. Wea.
Rev., 141, 3576–3592, https://doi.org/10.1175/MWR-D-12-
00254.1.

Lavender, S. L., and J. L. McBride, 2021: Global climatology of
rainfall rates and lifetime accumulated rainfall in tropical cy-
clones: Influence of cyclone basin, cyclone intensity and cy-
clone size. Int. J. Climatol., 41, E1217–E1235, https://doi.org/
10.1002/joc.6763.

Leopold, L. B., 1968: Hydrology for urban land planning: A
guidebook on the hydrologic effects of urban land use.
USGS Circular 554, 18 pp., https://doi.org/10.3133/cir554.

Li, L., and P. Chakraborty, 2020: Slower decay of landfalling hur-
ricanes in a warming world. Nature, 587, 230–234, https://doi.
org/10.1038/s41586-020-2867-7.

Liu, M., G. A. Vecchi, J. A. Smith, and T. R. Knutson, 2019:
Causes of large projected increases in hurricane precipitation

rates with global warming. npj Climate Atmos. Sci., 2, 38,
https://doi.org/10.1038/s41612-019-0095-3.

Mann, H. B., 1945: Nonparametric tests against trend. Econometr-
ica, 13, 245–259, https://doi.org/10.2307/1907187.

Maxwell, J. T., J. C. Bregy, S. M. Robeson, P. A. Knapp, P. T.
Soulé, and V. Trouet, 2021: Recent increases in tropical cy-
clone precipitation extremes over the US east coast. Proc.
Natl. Acad. Sci. USA, 118, e2105636118, https://doi.org/
10.1073/pnas.2105636118.

Mazza, E., and S. S. Chen, 2023: Tropical cyclone rainfall climatol-
ogy, extremes and flooding potential from remote sensing
and reanalysis datasets over the continental United States. J.
Hydrometeor., 24, 1549–1562, https://doi.org/10.1175/JHM-D-
22-0199.1.

Menne, M. J., I. Durre, R. S. Vose, B. E. Gleason, and T. G.
Houston, 2012: An overview of the Global Historical Clima-
tology Network-daily database. J. Atmos. Oceanic Technol.,
29, 897–910, https://doi.org/10.1175/JTECH-D-11-00103.1.

Nogueira, R. C., and B. D. Keim, 2011: Contributions of Atlantic
tropical cyclones to monthly and seasonal rainfall in the east-
ern United States 1960–2007. Theor. Appl. Climatol., 103,
213–227, https://doi.org/10.1007/s00704-010-0292-9.

Patricola, C. M., and M. F. Wehner, 2018: Anthropogenic influen-
ces on major tropical cyclone events. Nature, 563, 339–346,
https://doi.org/10.1038/s41586-018-0673-2.

Prat, O. P., and B. R. Nelson, 2013: Precipitation contribution of
tropical cyclones in the southeastern United States from 1998
to 2009 using TRMM satellite data. J. Climate, 26, 1047–1062,
https://doi.org/10.1175/JCLI-D-11-00736.1.

}}, and }}, 2016: On the link between tropical cyclones and
daily rainfall extremes derived from global satellite observa-
tions. J. Climate, 29, 6127–6135, https://doi.org/10.1175/JCLI-
D-16-0289.1.

Rappaport, E. N., 2014: Fatalities in the United States from
Atlantic tropical cyclones: New data and interpretation. Bull.
Amer. Meteor. Soc., 95, 341–346, https://doi.org/10.1175/BAMS-
D-12-00074.1.

Reed, K. A., M. F. Wehner, A. M. Stansfield, and C. M. Zarzycki,
2021: Anthropogenic influence on Hurricane Dorian’s ex-
treme rainfall. Bull. Amer. Meteor. Soc., 102, S9–S15, https://
doi.org/10.1175/BAMS-D-20-0160.1.

}}, }}, and C. M. Zarzycki, 2022: Attribution of 2020 hurricane
season extreme rainfall to human-induced climate change. Nat.
Commun., 13, 1905, https://doi.org/10.1038/s41467-022-29379-1.

Risser, M. D., and M. F. Wehner, 2017: Attributable human-
induced changes in the likelihood and magnitude of the
observed extreme precipitation during Hurricane Harvey.
Geophys. Res. Lett., 44, 12457–12464, https://doi.org/10.1002/
2017GL075888.

Schreck, C. J., III, P. J. Klotzbach, and M. M. Bell, 2021: Optimal
climate normals for North Atlantic hurricane activity. Geo-
phys. Res. Lett., 48, e2021GL092864, https://doi.org/10.1029/
2021GL092864.

Shearer, E. J., V.A.Gorooh, P. Nguyen, K.-L. Hsu, and S. Sorooshian,
2022: Unveiling four decades of intensifying precipitation from
tropical cyclones using satellite measurements. Sci. Rep., 12,
13569, https://doi.org/10.1038/s41598-022-17640-y.

Stansfield, A. M., and K. A. Reed, 2023: Global tropical cyclone
precipitation scaling with sea surface temperature. npj
Climate Atmos. Sci., 6, 60, https://doi.org/10.1038/s41612-023-
00391-6.

}}, }}, and C. M. Zarzycki, 2020: Changes in precipitation
from North Atlantic tropical cyclones under RCP scenarios in

U EH L I NG AND S CHR ECK 367315 JULY 2024

Brought to you by NOAA Library | Unauthenticated | Downloaded 04/01/25 04:04 PM UTC

https://doi.org/10.59327/IPCC/AR6-9789291691647
https://doi.org/10.59327/IPCC/AR6-9789291691647
https://doi.org/10.1175/2009JCLI3303.1
https://doi.org/10.1175/2008JCLI2162.1
https://doi.org/10.1175/BAMS-D-17-0184.1
https://doi.org/10.1038/ngeo779
https://doi.org/10.1038/ngeo779
https://doi.org/10.1175/BAMS-D-18-0194.1
https://doi.org/10.1175/JCLI-D-15-0129.1
https://doi.org/10.1038/s41586-018-0158-3
https://doi.org/10.1038/s41586-018-0158-3
https://doi.org/10.1038/s41586-019-1224-1
https://doi.org/10.1029/2019GL085034
https://doi.org/10.1029/2010GL045164
http://www.aoml.noaa.gov/hrd/Landsea/harvey-global-warming.pdf
http://www.aoml.noaa.gov/hrd/Landsea/harvey-global-warming.pdf
https://doi.org/10.1175/MWR-D-12-00254.1
https://doi.org/10.1175/MWR-D-12-00254.1
https://doi.org/10.1002/joc.6763
https://doi.org/10.1002/joc.6763
https://doi.org/10.3133/cir554
https://doi.org/10.1038/s41586-020-2867-7
https://doi.org/10.1038/s41586-020-2867-7
https://doi.org/10.1038/s41612-019-0095-3
https://doi.org/10.2307/1907187
https://doi.org/10.1073/pnas.2105636118
https://doi.org/10.1073/pnas.2105636118
https://doi.org/10.1175/JHM-D-22-0199.1
https://doi.org/10.1175/JHM-D-22-0199.1
https://doi.org/10.1175/JTECH-D-11-00103.1
https://doi.org/10.1007/s00704-010-0292-9
https://doi.org/10.1038/s41586-018-0673-2
https://doi.org/10.1175/JCLI-D-11-00736.1
https://doi.org/10.1175/JCLI-D-16-0289.1
https://doi.org/10.1175/JCLI-D-16-0289.1
https://doi.org/10.1175/BAMS-D-12-00074.1
https://doi.org/10.1175/BAMS-D-12-00074.1
https://doi.org/10.1175/BAMS-D-20-0160.1
https://doi.org/10.1175/BAMS-D-20-0160.1
https://doi.org/10.1038/s41467-022-29379-1
https://doi.org/10.1002/2017GL075888
https://doi.org/10.1002/2017GL075888
https://doi.org/10.1029/2021GL092864
https://doi.org/10.1029/2021GL092864
https://doi.org/10.1038/s41598-022-17640-y
https://doi.org/10.1038/s41612-023-00391-6
https://doi.org/10.1038/s41612-023-00391-6


the variable-resolution Community Atmosphere Model. Geo-
phys. Res. Lett., 47, e2019GL086930, https://doi.org/10.1029/
2019GL086930.

Stevens, L. E., M. Kolian, D. Arndt, J. Blunden, E. W. Johnson,
A. Y. Liu, and S. Spiegal, 2023: Appendix 4. Indicators. Fifth
National Climate Assessment, A. R. Crimmins et al., Eds.,
U.S. Global Change Research Program, accessed 15 January
2024, https://doi.org/10.7930/NCA5.2023.A4.

Stewart, S. R., and R. Berg, 2019: National Hurricane Center tropical
cyclone report: Hurricane Florence (AL062018). NHC Tech.
Rep., 98 pp.

Touma, D., S. Stevenson, S. J. Camargo, D. E. Horton, and N. S.
Diffenbaugh, 2019: Variations in the intensity and spatial ex-
tent of tropical cyclone precipitation. Geophys. Res. Lett., 46,
13992–14 002, https://doi.org/10.1029/2019GL083452.

Tu, S., J. Xu, J. C. L. Chan, K. Huang, F. Xu, and L. S. Chiu,
2021: Recent global decrease in the inner-core rain rate of
tropical cyclones. Nat. Commun., 12, 1948, https://doi.org/
10.1038/s41467-021-22304-y.

Villarini, G., and G. A. Vecchi, 2012: North Atlantic power dissi-
pation index (PDI) and accumulated cyclone energy (ACE):
Statistical modeling and sensitivity to sea surface temperature
changes. J. Climate, 25, 625–637, https://doi.org/10.1175/JCLI-
D-11-00146.1.

}}, and }}, 2013: Projected increases in North Atlantic tropi-
cal cyclone intensity from CMIP5 models. J. Climate, 26,
3231–3240, https://doi.org/10.1175/JCLI-D-12-00441.1.

Walsh, K. J. E., and Coauthors, 2016: Tropical cyclones and cli-
mate change. Wiley Interdiscip. Rev.: Climate Change, 7, 65–89,
https://doi.org/10.1002/wcc.371.

Weinkle, J., C. Landsea, D. Collins, R. Musulin, R. P. Crompton,
P. J. Klotzbach, and R. Pielke Jr., 2018: Normalized hurricane
damage in the continental United States 1900–2017. Nat. Sus-
tainability, 1, 808–813, https://doi.org/10.1038/s41893-018-0165-2.

Wright, D. B., T. R. Knutson, and J. A. Smith, 2015: Regional cli-
mate model projections of rainfall from U.S. landfalling tropi-
cal cyclones. Climate Dyn., 45, 3365–3379, https://doi.org/
10.1007/s00382-015-2544-y.

Xi, D., S. Wang, and N. Lin, 2023: Analyzing relationships be-
tween tropical cyclone intensity and rain rate over the ocean
using numerical simulations. J. Climate, 36, 81–91, https://doi.
org/10.1175/JCLI-D-22-0141.1.

Zhang, R., R. Sutton, G. Danabasoglu, Y.-O. Kwon, R. Marsh,
S. G. Yeager, D. E. Amrhein, and C. M. Little, 2019: A re-
view of the role of the Atlantic Meridional Overturning Cir-
culation in Atlantic multidecadal variability and associated
climate impacts. Rev. Geophys., 57, 316–375, https://doi.org/
10.1029/2019RG000644.

J OURNAL OF CL IMATE VOLUME 373674

Brought to you by NOAA Library | Unauthenticated | Downloaded 04/01/25 04:04 PM UTC

https://doi.org/10.1029/2019GL086930
https://doi.org/10.1029/2019GL086930
https://doi.org/10.7930/NCA5.2023.A4
https://doi.org/10.1029/2019GL083452
https://doi.org/10.1038/s41467-021-22304-y
https://doi.org/10.1038/s41467-021-22304-y
https://doi.org/10.1175/JCLI-D-11-00146.1
https://doi.org/10.1175/JCLI-D-11-00146.1
https://doi.org/10.1175/JCLI-D-12-00441.1
https://doi.org/10.1002/wcc.371
https://doi.org/10.1038/s41893-018-0165-2
https://doi.org/10.1007/s00382-015-2544-y
https://doi.org/10.1007/s00382-015-2544-y
https://doi.org/10.1175/JCLI-D-22-0141.1
https://doi.org/10.1175/JCLI-D-22-0141.1
https://doi.org/10.1029/2019RG000644
https://doi.org/10.1029/2019RG000644

