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Abstract Decreasing climate models' grid spacing improves the representation of tropical cyclones at
decadal time scales. In this study, a variable-resolution (VR) version of the Community Atmosphere Model
5 (CAM5-VR) is utilized to study North Atlantic tropical cyclone climatology in ensemble historical
climate simulations and under two Representative Concentration Pathway (RCP) projections (RCP4.5 and
RCP8.5). Basin-wide tropical cyclone counts decrease in the RCP simulations, although landfalling storm
counts do not show as straightforward of a pattern, especially when focusing on regional changes. Lifetime
maximum intensity metrics suggest that tropical cyclones increase in strength in the RCP ensembles.
However, despite increases in tropical cyclone-related precipitation rates and the amount of precipitation
produced per storm with warming, the annual average Rx5day from tropical cyclones over the eastern
United States decreases due to less landfalling storms. This work is part of a continued effort to quantify
how tropical cyclone-induced hazards may change in future climates.

Plain Language Summary Landfalling tropical cyclones create dangerous conditions for
residents of the eastern United States through heavy rainfall, strong winds, and storm surge. This work
utilizes a global climate model to estimate how these hazards from such storms might change in the future
by studying changes in the tropical cyclones' intensities, sizes, and rainfall accumulations. In these climate
model simulations, the number of tropical cyclones in the North Atlantic decreases and so does the
number of tropical cyclones that make landfall in the United States in the future climate projections.
The average intensities of these storms increase. The rainfall intensities within the tropical cyclones also
increase in the future climate projections, so that the amount of rainfall produced per storm increases.
Based on our simulations, although the number of tropical cyclones that make landfall in the United States
will decrease in the future, the amount of precipitation that each landfalling storm produces will increase.

1. Introduction
The confidence in the credibility of future tropical cyclone (TC) projections has been increasing as the reso-
lution of climate models increases in step with advancements in computational efficiency. High-resolution
(≈50 km grid spacing and finer) global climate models can simulate a TC climatology that is similar to
observations for TC counts, track patterns, and in some cases maximum lifetime intensities (e.g., Bacmeister
et al., 2014; Camargo & Wing, 2016; Chauvin et al., 2019; Kim et al., 2014; Murakami et al., 2015; Roberts
et al., 2020; Scoccimarro et al., 2020; Shaevitz et al., 2014; Wehner et al., 2014, 2017). Despite the presence
of some systematic biases in the models, it is still worthwhile to explore changes in model TCs under esti-
mated climate change forcings. Most studies agree that global TC counts will decrease due to climate change
but that the average intensities of storms that do form will increase (e.g., Bacmeister et al., 2018; Gutmann
et al., 2018; Kim et al., 2014; Knutson et al., 2015; Wehner et al., 2015); however, some studies suggest that
TC counts may increase or remain about the same as the present climate, but agree with the consensus
that their intensities will increase (Bhatia et al., 2018; Emanuel, 2013; Vecchi et al., 2019). How much TC
intensities increase with the current rate of warming is speculated to depend on the future regional pat-
terns of sea surface temperature (SST) changes, which are uncertain (Camargo & Wing, 2016; Murakami &
Wang, 2010; Zhao & Held, 2012). Additionally, some studies suggest that average TC sizes may be increasing
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due to climate change, although this may vary by ocean basin (Gutmann et al., 2018; Kim et al., 2014;
Knutson et al., 2015; Sun et al., 2017; Yamada et al., 2017).

Several recent studies show that as the climate continues to warm, TCs are expected to produce more pre-
cipitation, although the projection of how much more precipitation depends on the specifics of the study.
A summary of eight studies estimates a global mean increase in TC near-storm precipitation rate of about
14% per 2◦ of warming; however, this result is a global mean and could vary by ocean basin (Knutson et al.,
2019). For the eastern United States, Wright et al. (2015) used dynamical downscaling with a high-resolution
regional climate model to examine projected changes in TC precipitation in three different future climate
scenarios. They generally found increased TC precipitation over the study region in the future scenario sim-
ulations, although there were some areas with decreased TC precipitation, depending on the exact scenario;
however, the domain-averaged TC precipitation was greater in all the climate change projection simula-
tions than the present-day control simulation. Similarly, Liu et al. (2018) examined TC precipitation over
the eastern United States but using a global climate model under the Representative Concentration Pathway
(RCP4.5) scenario. They found decreasing landfalling TC frequency in the southern United States and vari-
able changes in TC precipitation, both increases and decreases. They related this to the competing effects of
decreasing TC landfalls and increasing precipitation rates. For the Northeast, they found a slight increase in
TC track density and an increase in TC precipitation near the coasts but a decrease more inland.

This study compares characteristics of North Atlantic TCs in a historical climate simulation and two climate
change projection simulations. Specifically, we focus on how TC counts, both basin-wide and landfalling
in the United States, and TC-related extreme precipitation might change under the influence of climate
change. Changes in TC intensities and outer sizes are also discussed. Section 2 describes the climate model
and analysis methodology. Section 3 presents the results of the study, and section 4 further discusses the
results and provides conclusions.

2. Data and Methods
2.1. Description of Model Simulations

The numerical model used for this study is the Community Atmosphere Model version 5 (CAM5) (Neale &
Coauthors, 2012), the atmospheric component of the Community Earth System Model (CESM). The spec-
tral element dynamical core (Dennis et al., 2012; Taylor, 2011; Taylor et al., 1997) is used with the default
CAM5 physical parameterization package (Neale & Coauthors, 2012), including the Zhang-McFarlane deep
convection scheme (Zhang & McFarlane, 1995) and Park and Bretherton shallow convection scheme
(Park & Bretherton, 2009). Specifically, the variable-resolution (VR) version of CAM5 (Zarzycki et al., 2014)
is run, with grid spacing of about 111 km over most of the global domain and grid spacing of about 28
km over the North Atlantic basin. VR is advantageous because errors associated with boundary conditions
are reduced and the simulations are much less computationally expensive than global high-resolution runs
(Wehner et al., 2017; Zarzycki & Jablonowski, 2014). This particular VR setup was chosen to study the
impact of climate change on TCs in the North Atlantic based on results from Stansfield et al. (2020), which
concluded that a CAM5-VR version with refinement over the North Atlantic basin provided the best bal-
ance between computational efficiency and quality representation of TC climatology compared to two other
VR setups with smaller or larger high-resolution domains. Based on previous studies that compared out-
put from similar CAM5-VR configurations to global high-resolution CAM configurations (Zarzycki et al.,
2014; Zarzycki & Jablonowski, 2015), it is expected that the CAM5-VR setup would produce similar regional
climatology to a global high-resolution configuration, at a fraction of the computational cost.

The current day “reference” simulation (REF) was run under Atmospheric Model Intercomparison Project
(AMIP) conditions with prescribed SSTs, sea ice, and greenhouse gas concentrations from 1984–2014, with
1984 discarded for spin-up. One year of spin-up time is standard for multidecadal, uncoupled CAM simula-
tions (Wehner et al., 2014; Zarzycki & Jablonowski, 2014). Comparison of TC precipitation metrics between
the REF simulation and observations is discussed in the supporting information (Text S2 and Figure S1).
Two additional simulations were performed using the Representative Concentration Pathway scenarios
(Van Vuuren et al., 2011) (i.e., RCP4.5 and RCP8.5) and are integrated from 2069–2100 (with 2069 discarded
for spin-up). These RCP scenarios serve as potential future climate change scenarios with different rates
of emissions of greenhouse gases, aerosols, and chemically active gases where RCP8.5 represents a higher
emissions scenario than RCP4.5. SSTs for the RCP simulations were bias-corrected using a fully coupled
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CESM run, as described in Bacmeister et al. (2018), although for this study only one projected SST pattern
is used for each RCP scenario. For each of the three CAM5 configurations, three ensemble members were
created by slightly varying the initial state.

2.2. TC Tracking in the Model Output

The TempestExtremes package (Ullrich & Zarzycki, 2017; Zarzycki & Ullrich, 2017) is utilized to track TCs
in the model output and extract precipitation related to those TCs. Based on sea level pressure minima and
warm core characteristics, candidate cyclones are identified on the native model grid and then connected
together to create TC tracks. For each TC at each time step in its lifetime, radial profiles of the azimuthal
wind speed are calculated from the zonal and meridional wind components at the lowest model level
(≈64 m above the surface) following the process described in Chavas et al. (2015). The largest radius out-
side of the TC's eyewall where the radial wind profile exceeds 8 m/s (r8) is identified and used to define
the outer size of the TC. At each time step of each TC's lifetime, 6-hourly averaged precipitation within r8
is recorded as the TC-related precipitation. More details on this tracking and precipitation extraction pro-
cess can be found in the supporting information, and the TempestExtreme commandline can be found in
Stansfield et al. (2020).

2.3. Metrics and Diagnostics

To study overland TC track climatology beyond landfalling storm counts, TC track density is calculated.
Track density is calculated as the sum of all points within each storm's r8 at all times during the TCs' life-
times, multiplied by 6 to convert to hours (model variables needed for tracking are output at 6 hr increments),
and divided by the number of years of model output. Track density, as defined here, provides a measure
of the number of hours per year a given point is impacted by TCs. The extreme precipitation diagnostic
used in this study is the annual maximum 5-day precipitation total (Rx5day). This diagnostic has been used
by Sanderson and Wehner (2017) in the Fourth National Climate Assessment to compare the prediction
skill of different CMIP5 models. TC-related Rx5day is calculated by summing up TC-related precipitation
at each grid point for each 5-day window for each year. The maximum 5-day total is then found for each
point, and that total is recorded as the Rx5day for that individual grid point for a given year. Rx5day is more
applicable for TC precipitation analysis than a single day precipitation maximum because TCs often pro-
duce precipitation over the same areas for multiple days. This metric analysis is completed for each year
of the model simulations, and the mean Rx5day is calculated by averaging over time for each grid point.
In addition, extreme precipitation is also analyzed using probability distribution functions (PDFs), which
show how likely extreme precipitation rates are to occur in the different model simulations, both for overall
precipitation and TC-related precipitation.

3. Results
3.1. TC Counts, Intensities, and Sizes

First, we compare TC counts, intensities, and sizes between the three simulations. For basin-wide storm
counts, results are similar to previous studies of North Atlantic TCs under climate change (e.g., Bacmeister
et al., 2018; Bhatia et al., 2018; Chauvin et al., 2019; Kim et al., 2014; Knutson et al., 2019; Moon et al.,
2019; Wehner et al., 2018). Annual mean TC counts are lower in the RCP simulations compared to the REF
(Table 1). When comparing the ensemble mean statistics, basin-wide TC counts decrease by 22% comparing
REF to RCP4.5 and by 32% comparing REF to RCP8.5. Both of these differences are statistically signifi-
cant at the 5% level. When focusing only on continental United States landfalling storms, the total annual
mean landfalling counts still decrease in the RCP simulations, but at the regional level (using National
Climate Assessment regions from USGCRP, 2017), the changes in landfalling frequency are less clear. The
total annual mean landfalling TC counts decrease by about 27% comparing REF to RCP4.5 and by about
32% comparing REF to RCP8.5. The only United States region where projected landfalls show a consis-
tent decrease is the Southern Plains. For the Southeast, annual mean landfalls decrease comparing REF to
RCP4.5 but then are slightly lower for RCP4.5 than for RCP8.5, although the RCP8.5 value is still 24% smaller
than the REF value. In the Northeast, annual mean landfalls are larger in RCP4.5 than REF but the RCP8.5
count is lower than both REF and RCP4.5 (Table 1). The higher variability between scenarios in regional
landfalling TC counts than in basin-wide TC counts may reflect uncertainties in projections of changes
in regional SST patterns (Camargo & Wing, 2016; Zhao & Held, 2012), uncertainties in the variability of
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Table 1
Annual Mean North Atlantic TC Counts [Number per Year], Annual Mean Ensemble Mean Continental
United States Landfalling TC Counts Separated by NCA Region [Number per Year], Medians and 95th Per-
centiles of Lifetime Maximum Near-Surface Wind Speed Distributions [m/s], medians and 5th percentiles of
lifetime minimum minimum sea level pressure distributions [hPa], and medians and 95th percentiles of r8
distributions [km]

Metric REF RCP4.5 RCP8.5
Total North Atlantic TC Count Per Year

Ensemble mean 12.5 [12.2–12.7] 9.7*[9.5–10.0] 8.5*[7.5–9.6]
Landfalling TC count per year

Southeast 1.47 [1.33–1.60] 1.05 [0.97–1.19] 1.11 [0.94–1.19]
Northeast 0.16 [0.10–0.23] 0.22 [0.16–0.26] 0.13 [0.03–1.19]
Southern Plains 0.36 [0.13–0.6] 0.18 [0.10–0.23] 0.11* [0.03–1.19]
Total 1.98 [1.73–2.16] 1.45 [1.45–1.45] 1.34 [1.13–1.58]

Lifetime maximum intensity—wind speed
Median 28.9 [28.8–29.2] 29.0 [28.5–29.6] 29.5* [28.4–30.7]
95th percentile 63.9 [62.6–65.2] 62.1 [58.4–65.1] 59.4 [56.9–60.2]

Lifetime maximum intensity—minimum sea level pressure
Median 988.3 [987.2–989.1] 988.4 [987.1–990.2] 986.3 [983.6–987.9]
5th percentile 925.0 [924.8–926.0] 926.0 [919.0–928.5] 933.4 [930.9–934.4]

Outer storm size
Median 457.9 [471.8–458.0] 513.4* [485.6–527.3] 541.1* [513.4–555.0]
95th percentile 1,248.8 [1,221.0–1,276.5] 1,443.0 [1,429.1–1,456.9] 1,456.9 [1,443.0–1,481.1]

Note. For all metrics, only TCs that reach a lifetime maximum near-surface wind speed of 17 m/s are counted.
Mean and median values for RCP4.5 and RCP8.5 marked with an asterisk are significantly different from the
REF value at the 5% level. Significance was tested for the TC count ensemble means using the test for the
difference between two Poisson rates (Mathews, 2010) and for the medians of the intensity and size distribu-
tions using K-S tests. To demonstrate the variability between the ensemble members, value ranges within the
brackets represent the highest and lowest values of that variable among the three ensemble members.

atmospheric aerosols that can impact regional TC genesis (Reed et al., 2019; Sobel et al., 2019), and/or natural
internal variability of the climate system (Kossin et al., 2010; Larson et al., 2005; Xie et al., 2002).

To examine TC intensities, distributions of lifetime maximum wind speed and minimum sea level pressure
are created for each simulation (Figure 1). The medians of the distributions suggest a slight shift toward
more intense storms in the RCP simulations, but the 95th percentiles (5th percentiles for minimum sea level
pressure) show a slight weakening in intensity in the RCP simulations compared to REF (Table 1). The shift
of the medians toward more intense TCs is consistent with direct multidecadal simulations of TCs in warmer
climates (e.g., Bacmeister et al., 2018; Gutmann et al., 2018; Kim et al., 2014; Knutson et al., 2015; Vecchi
et al., 2019; Wehner et al., 2015) as well as with theoretical arguments based on increases in environmental
potential intensity (e.g., Emanuel, 2004; Sobel et al., 2016; Wang et al., 2014; Yu et al., 2010). This result could
be influenced by the decrease in Categories 4 and 5 storms in the RCP4.5 and RCP8.5 scenarios compared
to REF (not shown), which is related to the decrease in the overall TC counts (Table 1). While maximum
potential intensity (Bister & Emanuel, 2002) increases over most of the tropical North Atlantic in the RCP
simulations compared to REF, the genesis potential index (Emanuel, 2010) decreases (see Figure S2), which
is consistent with the decrease in TC counts in the RCP simulations. Also, it is important to note that this
distribution tail intensity analysis is limited by the resolution of the numerical model, and a model with
≈28 km horizontal grid spacing is likely not appropriate for making conclusions about changes in Categories
4 and 5 TCs in future warming scenarios (Davis, 2018). Based on a two-sample Kolmogorov-Smirnov test, the
only intensity distributions that are significantly different at the 5% level are the REF and RCP8.5 maximum
wind speed distributions. Distributions of outer storm sizes, taken to be the radius of the 8-m/s wind, suggest
that TCs increase in size in warmer climates. The distribution median increases by 12% comparing REF
to RCP4.5 and by about 18% comparing REF to RCP8.5, with the 95th percentile events showing a similar
change (Table 1). All of the outer size distributions are significantly different at the 5% level.
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Figure 1. Histograms of lifetime maximum intensity measured by wind speed [m/s] (top), by minimum sea level
pressure [hPa] (middle), and TC outer size measured by the radius of the 8-m/s wind [km] (bottom). The X's on the
x axis mark the medians of the distributions. Bin sizes are 2.5 m/s for wind speed, 10 hPa for minimum sea level
pressure, and 100 km for outer size. The histograms are normalized such that the integral over the range is 1.
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Figure 2. Annual mean TC track density [hours of TC impact per year] (left column), annual mean TC-related Rx5day [mm/yr] (middle column), and annual
mean TC-related Rx5day divided by annual mean TC track density [mm/hr of impact] (right column) for REF (top row), RCP4.5 (middle row), and RCP8.5
(bottom row). For right column, only points where the track density is greater than 1.5 hr of impact per year are included.

3.2. TC Precipitation
3.2.1. Precipitation Over the Eastern United States
The annual mean precipitation produced by TCs over the eastern United States depends on how many TCs
make landfall per year and where they make landfall, as well as the amount of precipitation that each TC
creates (Barlow, 2011; Emanuel, 2017; Kunkel et al., 2010; Liu et al., 2018; Scoccimarro et al., 2014; Stansfield
et al., 2020; Wright et al., 2015). The left column of Figure 2 shows the annual mean track density for REF,
RCP4.5, and RCP8.5. Along the Atlantic coast north of South Carolina, the track density appears about the
same in all simulations, except for a subtle increase over Massachusetts, Connecticut, and New Hampshire
in RCP8.5 compared to REF. The track density is lower over most of the Southeast and Gulf Coast for both
RCP simulations when compared to the REF simulation, which agrees with the decrease in the landfalling
TC counts per year in the Southeast (Table 1). One of the clearest differences between REF and both RCP
simulations is the decrease in track density over Florida, which goes from a track density of around 36–42 hr
of TC impact per year in REF to about 18–24 hr in RCP4.5 and RCP8.5. These results are consistent with Liu
et al. (2017), who also found decreasing TC track density over the Gulf Coast and Florida in climate change
projections using the RCP4.5 scenario, although they examined years 2056–2100 in their simulations. They
also found increasing track density off the coast of the Northeast, but only for extratropical transitioning TCs.
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Figure 3. Probability density of all (solid lines) precipitation rates [mm/hr]
and TC-related (dashed lines) precipitation rates [mm/hr] for REF, RCP4.5,
and RCP8.5 for all three ensemble members combined. Only nonzero
precipitation rates are included. For each PDF, the data are binned into 200
bins using a range of 0 to 70 mm/hr, resulting in bin sizes of 0.35 mm/hr.
The number of values included in the all precipitation rates PDFs are 9.03e9

for REF, 9.29e9 for RCP4.5, and 9.02e9 for RCP8.5. The number of values
included for the TC precipitation PDFs are 4.58e7 for REF, 3.96e7 for
RCP4.5, and 3.71e7 for RCP8.5.

Although the annual mean TC track density over Florida decreases in
the RCP simulations, the annual mean TC-related Rx5day does not fol-
low the same pattern (Figure 2, middle column). Over southeast Florida,
the Rx5day decreases by about 20–30 mm/yr comparing REF to RCP4.5
but then it is larger for RCP8.5 than RCP4.5. A similar pattern is also
obvious over the coast of the Carolinas. In most other areas, such as
most of the Gulf Coast, Florida, and Georgia, the TC-related Rx5day is
lower in the RCP simulations compared to the REF. This decrease in
annual mean extreme precipitation from TCs is linked to the decreas-
ing annual mean TC track density, especially over the Gulf Coast. The
same pattern of change is seen for annual mean TC-related precipitation
(Figure S3, middle column). These results are similar to results described
in Liu et al. (2018). Using RCP4.5 for future climate projections for years
2056–2100, they also found decreasing track density over the Southeast in
the future compared to a present-day simulation. However, the changes
in TC-related precipitation in their simulations were very heterogeneous
in the southern United States, with some areas showing a decrease and
some an increase, while results from this study indicate only decreas-
ing TC-related Rx5day (Figure 2) and TC precipitation (Figure S3) in the
RCP4.5 simulations compared to the REF.

The right column of Figure 2 shows “scaled Rx5day,” which is simply the
annual mean TC-related Rx5day from the middle column divided by the
annual mean TC track density from the left column. This precipitation

metric has units of rainfall in mm per hours of TC impact, so it quantifies an annual mean of how much
extreme precipitation is produced per every hour of TC impact at each location. The annual mean scaled
Rx5day is larger along most of the Gulf Coast in the RCP simulations than the REF, with the largest differ-
ences appearing between the REF and RCP8.5. The scaled Rx5day does not change much along the Atlantic
Coast, except for the southern tip of Florida. Increases in this diagnostic suggest that, on average, the most
extreme TC precipitation events are producing more precipitation per hour of TC lifetime, which implies
that precipitation rates within these storms are increasing. This, in part, explains why certain areas, such as
Southern Florida, show decreased track density in the RCP simulations compared to REF but comparable
TC-related Rx5day. Despite a reduction in landfalling TCs in the RCP simulations, the TCs are capable of pro-
ducing more precipitation and therefore result in TC extreme precipitation amounts that remain the same
or even increase in some areas. This precipitation analysis was also completed for annual mean TC-related
precipitation and showed very similar results as TC-related Rx5day (Figure S3). To see the difference plots
between the model simulations for Figure 2, see Figure S4 in the supporting information.

3.2.2. Precipitation Rates
To look more closely at the extreme precipitation rates in the simulations, Figure 3 shows probability den-
sity functions for 6-hourly precipitation rates for all precipitation rates (solid lines) and for just precipitation
rates within TCs (dashed lines). Note that for all distributions, only precipitation rates for model gridpoints
within the high-resolution region of the VR grid are included to avoid the influence of coarser model resolu-
tion on precipitation rates. For the distributions of all precipitation rates, the lower end of the distributions
look about the same up until about 5 mm/hr, when the distributions start to diverge. After that point, the
probabilities of any given precipitation rate increase going from REF to RCP4.5 and from RCP4.5 to RCP8.5.
The TC-related precipitation rate distributions show a similar pattern, but their distributions do not begin to
diverge until around 30 mm/hr. To give an example, the probability of a 40 mm/hr precipitation rate in TCs
increases by about 58% between REF and RCP4.5 and by about 75% between REF and RCP8.5. These results
back up the assertion from Section 3.2.1 that more extreme precipitation rates within TCs in warmer cli-
mates increases the amount of precipitation that TCs produce per hour of impact. Additionally, these results
are consistent with Wright et al. (2015) and Liu et al. (2018), which both showed increased precipitation
rates in TC composite radial precipitation profiles in future climate change projection simulations.
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4. Conclusions
This study utilizes a variable-resolution version of CAM5 to study the changes in North Atlantic TC clima-
tology related to climate change, with specific focus on extreme precipitation over the eastern United States.
For the historical climate simulation AMIP protocols are used, while for the future climate simulations
the RCP4.5 and RCP8.5 scenarios are used. Multidecadal simulations of TCs are analyzed and compared
between the climate configurations. TCs are tracked and TC-related precipitation is extracted based on
the estimated sizes of the outer circulations of the storms using the TempestExtremes package (Ullrich &
Zarzycki, 2017). More details on this process can be found in the supporting information. TC counts, land-
falling frequency, intensities, outer sizes, and extreme precipitation are compared between the simulations
to estimate the impacts of climate change on TCs in the North Atlantic.

For TC counts and intensity changes, the results agree with most previous work on North Atlantic TCs. Total
basin-wide TC counts decrease in the RCP simulations compared to the historical simulation (REF) and thus
total continental United States landfalling storms also decrease, with some varying results when looking at
specific coastal regions. Median TC intensity metrics tend to shift toward more intense storms in the RCP
scenarios, although only the REF and RCP8.5 maximum wind speed distributions are significantly different
at the 5% significance level. The changes in the extreme precipitation from TCs (TC Rx5day) over the eastern
United States show some regional dependence but generally decrease going from the REF simulation to the
RCP scenarios (Figure 2, middle column) due to decreases in landfalling TCs (Table 1). However, results
indicate that the extreme precipitation produced per hour of TC impact is larger in the RCP simulations
than in the REF, especially along the Gulf Coast (Figure 2, right column). This result is further backed up by
the increasing probabilities of extreme precipitation rates in TCs in the RCP simulations shown in Figure 3.

Results from this study of North Atlantic TCs suggest that in the future, less storms will make landfall in the
eastern United States, but on average each storm will produce more precipitation through increased extreme
precipitation rates. This result is important when considering the human impacts of climate change and is
consistent with the consensus that precipitation rates, in general, are increasing with climate change in the
United States (e.g., Easterling et al., 2017; Janssen et al., 2014; Kunkel et al., 1999, 2013). One uncertainty
that remains, even with current-generation climate models, is the rate at which TC-related precipitation will
increase with a warming climate. While some studies suggest that TC precipitation accumulation increases
will exceed the rate expected by the Clausius-Clapeyron (C-C) relation (Liu et al., 2018; Patricola & Wehner,
2018; Risser & Wehner, 2017; Van Oldenborgh et al., 2017; Wehner et al., 2015; Wright et al., 2015), others
expect the precipitation rates to obey to the C-C scaling but that more precipitation will be produced due to
average TC intensity increases (Knutson et al., 2015; Liu et al., 2019; Reed et al., 2020; Villarini et al., 2014).
Future work will involve using idealized climate model simulations to explore the rate of increase of TC
precipitation with climate change.
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