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ABSTRACT

Tropical cyclones have enormous costs to society through both loss of life and damage to infrastructure.
There is good reason to believe that such storms will change in the future as a result of changes in the global
climate system and that such changesmay have important socioeconomic implications. Here a high-resolution
regional climate modeling experiment is presented using the Weather Research and Forecasting (WRF)
Model to investigate possible changes in tropical cyclones. These simulations were performed for the period
2001–13 using the ERA-Interim product for the boundary conditions, thus enabling a direct comparison
between modeled and observed cyclone characteristics. TheWRF simulation reproduced 30 of the 32 named
storms that entered the model domain during this period. The model simulates the tropical cyclone tracks,
storm radii, and translation speeds well, but themaximumwind speeds simulated were less than observed and
the minimum central pressures were too large. This experiment is then repeated after imposing a future
climate signal by adding changes in temperature, humidity, pressure, and wind speeds derived from phase 5 of
the Coupled Model Intercomparison Project (CMIP5). In the current climate, 22 tracks were well simulated
with little changes in future track locations. These simulations produced tropical cyclones with faster maxi-
mum winds, slower storm translation speeds, lower central pressures, and higher precipitation rates. Im-
portantly, while these signals were statistically significant averaged across all 22 storms studied, changes
varied substantially between individual storms. This illustrates the importance of using a large ensemble of
storms to understand mean changes.

1. Introduction

Tropical cyclones are a major cause of loss of life and

property globally with total economic loss estimates at

$36 billion annually since 2000 (Guha-Sapir et al. 2017),

and hurricanes are responsible for a large fraction of

these damages in North America. Hurricanes are de-

fined as tropical cyclones in the North Atlantic and

eastern Pacific Oceans with maximum sustained surface

winds greater than 33ms21. The societal impacts are

increasing as population increases along tropical-

cyclone-prone coasts (Smith and Katz 2013). There is

an increasing recognition of the likely impacts of climate

change on coastal infrastructure in particular, including

the effects of storm surge increases as a result of changes

in storm intensities and rising sea levels (Neumann et al.

2015). As a result, any changes in tropical cyclone ac-

tivity, particularly hurricanes, will have large societal

consequences.

Because of the major effect tropical cyclones have on

society, much effort has been spent to understand the

effect of climate change on tropical cyclone genesis and

intensity. Numerous studies have shown that tropical

cyclone intensity is linked to warm sea surface temper-

atures (SSTs) (Emanuel 2007; Hoyos et al. 2006), and

there is a strong consensus that SSTs will increase as a

result of climate change. As a result, there is reason to

suspect that tropical cyclones will become stronger inCorresponding author: Ethan Gutmann, gutmann@ucar.edu
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the future (Mann and Emanuel 2006) and cause more

damage (Mendelsohn et al. 2012; Emanuel 2011).

However, simple statistical relationships between SSTs

and tropical cyclone power dissipation suggest large

uncertainty in the future changes; power dissipationmay

barely increase or it may increase by 300% (Knutson

et al. 2010). In addition, increases in atmospheric sta-

bility or wind shear could cancel out the thermodynamic

effects on intensity (Frank and Ritchie 2001; Tang and

Neelin 2004; Swanson 2008).

Changes in tropical cyclone frequency and intensity

have been predicted as a result of global climate changes,

with numerous studies using both past observations

(Emanuel 2005; Mann and Emanuel 2006; Holland and

Bruyere 2014; Kossin et al. 2014), numerical simulations

of the future (Oouchi et al. 2006; Knutson et al. 2008;

Lackmann 2015; Mallard et al. 2013a,b), and theoretical

considerations (Emanuel 1987; Holland 1997). Most

studies indicate that the number of tropical cyclones will

stay the same or decrease slightly (Mallard et al. 2013b).

In general, there is more agreement that increasing tem-

peratures will increase tropical cyclone intensity, partic-

ularly the more extreme tropical cyclones (categories 3–5

on the Saffir–Simpson scale) (Walsh et al. 2016). How-

ever, some studies have suggested that we are approach-

ing thermodynamical limits and that future increases

may not be very large (Holland and Bruyere 2014).

Previous work has looked more directly at thermo-

dynamic effects using regional climate models by ap-

plying mean changes in temperature and humidity to

current weather sequences. For example, Knutson et al.

(2008) showed a decrease in the number of hurricanes

using an atmospheric model with an 18-km grid when

they applied a CMIP3 multimodel ensemble mean

change in atmospheric state and SST to a reanalysis

weather sequence. When looking at the spread across

individual CMIP3 models Knutson et al. (2013) found a

significant decrease in tropical storm (wind speeds be-

tween 17 and 33ms21) frequency in 5 out of 10 models

but a significant increase in the frequency of the most

intense hurricanes in 3 out of 10 models (using a 9-km

grid). Mallard et al. (2013a,b) performed convection-

permitting simulations (6-km grid), but they applied

only horizontally constant changes in temperature and

humidity to simulations of two months (September of

2005 and 2009) with no changes to the environmental

wind field. These studies both covered large domains

and focused primarily on cyclone genesis; however, both

were limited by either the relatively low resolution of

Knutson et al. (2008, 2013) or the short duration and

limited change signal applied of Mallard et al. (2013a).

More recent studies used convection-permitting

simulations to look at changes in a single hurricane.

Lackmann (2015) and Yates et al. (2014) focused on

Hurricane Sandy (2012) and performed convection-

permitting simulations with the model initialized after

Sandy had formed with and without applying a mean

change to the background temperature and humidity

representative of expected climate change. This ap-

proach focuses on the thermodynamic effects on Hur-

ricane Sandy, without complications resulting from

variability in genesis. They found decreases in the min-

imum central pressure (Lackmann 2015) and increase in

precipitation (Yates et al. 2014), but no changes in wind

speed (Yates et al. 2014). Similarly, Lynn et al. (2009)

performed current and future simulations of Hurricane

Katrina (2005) using a similar methodology. Lynn et al.

(2009) found decreases in the minimum central pressure

but also decreases in the mean and maximum wind

speeds. Such a decrease in wind speeds seems counter to

prevailing expectations (e.g., Knutson et al. 2010) and

may simply be a statistical artifact because of the small

sample size, a single hurricane. It is possible that future

simulations of this particular storm simply shift the track

location into a region that is less conducive to faster

winds (e.g., over cooler waters or closer to land). Indeed,

Lynn et al. (2009) point out that the track does shift

toward Florida in their future simulations of Hurricane

Katrina. Finally, Hill and Lackmann (2011) studied a

larger ensemble of idealized tropical cyclones in a

warmer climate. Their ensemble showed a consistent

trend toward greater intensities with lower central

pressures and higher maximum winds; however, some

individual cyclones decreased in intensity, indicating the

importance of looking at a larger sample size. This study

also left out changes in wind shear, leaving open the

possibility that when a more complete set of changes are

imposed, hurricane intensity could decrease. Given the

variability observed in different studies, it is important

to assess a larger ensemble of realistic hurricanes with a

more complete set of climate changes imposed on the

boundaries.

Our work explores the thermodynamic effects of

changes in climate on a collection of hurricane charac-

teristics. We believe it is the first to do so with a long

duration (13 yr), continental domain, convection-

permitting simulation. It is also the first to do so using

a complete set of spatially and temporally variable

changes in the relevant climate variables; that is, we

modified more variables than temperature and humid-

ity, and the modifications were not constant in time or

space. While additional tropical cyclones were simu-

lated in this study, we focus only on hurricanes. A novel

aspect of the present study is that most of the simulated

hurricanes enter through the boundaries instead of be-

ing generated internally or being provided in the initial
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conditions. Because of this, we do not examine changes

in genesis; however, this approach has the substantial

benefit that the hurricanes in current and future climate

are initialized almost identically as part of a single con-

tinuous model simulation. As a result, these simulations

are not as susceptible to the chaotic variability inherent

in genesis that complicates comparisons between cur-

rent and future climates in other long-term simulations

(Done et al. 2014), and they are not influenced by the

initial conditions as shorter simulations might be.

2. Methods

a. Overview

This work uses a continental domain convection-

permitting regional climate model (Liu et al. 2017) to

assess the thermodynamic effects of climate change on

hurricane intensity in the Gulf of Mexico and the U.S.

East Coast. This is accomplished by running the

Weather Research and Forecasting (WRF) Model

forced with boundary conditions from ERA-Interim for

the 13-yr period 2001–13, and again for a future climate

after perturbing the same boundary conditions with the

climate change signal derived from the multimodel

mean change signal from the most recent Coupled

Model Intercomparison Project [phase 5 of CMIP

(CMIP5)]. The output from these simulations is then

used as input to a hurricane-tracking algorithm. This

combination is able to successfully simulate and track

hurricanes from the current climate, and these tracks are

compared with the observed NHC ‘‘best track’’ hurri-

cane database (HURDAT) for the same period. While

databases such as HURDAT are not free from errors

themselves (Torn and Snyder 2012), they provide one of

our best estimates in the current climate and therefore

provide a useful check for theWRF simulations. The use

of observed SSTs and the fact that the simulated tracks

closely follow the real tracks mean that the SSTs the

WRF atmosphere interacts with may have a reasonable

cold wake embedded in them; however, this wake will

not change dynamically in the future. The changes in

these same tracks are then assessed for statistically sig-

nificant changes in the mean of the maximum wind

speeds, the radius of 33ms21 winds, the translation

speed of the cyclone, a cyclone damage potential index

that combines these three metrics, the central pressure

deficit, and finally the mean of the maximum pre-

cipitation amounts associated with hurricanes.

b. Regional climate model

We use the Weather Research and Forecasting

Model, version 3.4.1, to simulate 13 years of current and

future climate. These simulations are described and

examined in greater detail in Liu et al. (2017), and an

overview is provided here. Data from the WRF simula-

tions are available online (Rasmussen and Liu 2017). The

simulation domain covers the contiguous United States

(CONUS) and portions of Canada and Mexico (Fig. 1)

with a 4-km grid. This domain is 5440km (east–west) by

4064km (north–south). The model was set up with 51

vertical levels and the model top was set at 50hPa. The

parameterizations used were the Thompson aerosol-

aware microphysics (Thompson and Eidhammer 2014),

the Yonsei University (YSU) planetary boundary layer

(Hong et al. 2006), the Rapid Radiative Transfer Model

for GCMs (RRTMG) (Iacono et al. 2008), and the Noah

land surface model with multiparameterization options

(Noah-MP; Niu et al. 2011). A surface-layer option

sometimes used to decrease surface friction over oceans

during high winds (isftcflx) was left off because the initial

focus of these simulations was not for hurricanes. Simi-

larly, theWRFNWPdiagnostics flagwas not turned on, so

the ‘‘maximum’’ wind speeds reported in this study are the

maximum over a region of interest from the model in-

stantaneous wind speeds. Because of these settings, we

evaluate both the 10-m wind speeds and the 850-hPa wind

speeds here. Spectral nudging was applied to the lowest

wavenumbers above the boundary layer, and has been

shown to retain regional climate extremeswhile remaining

faithful to historical environmental conditions (Otte et al.

2012). The spectral nudging coefficient used was more

than 6 times smaller than the default spectral nudging

coefficient used inWRF to minimize the impact, and only

scales on the order of 2000km and greater were nudged.

The current climate simulations were performed for

the period October 2000 through September 2013 with

initial and boundary conditions from the ERA-Interim

dataset (Dee et al. 2011). The ERA-Interim data have a

6-hourly time interval and a 0.78 spatial grid. Sea surface

temperatures (SSTs) were also taken from the ERA-

Interim dataset for the lower boundary condition

throughout the simulation.

The future simulations were forced with the same

input data after adding a climate change signal to the

data using the pseudo–global warming (PGW) method

(Schär et al. 1996; Rasmussen et al. 2011). In these

simulations we applied a PGW change for the following

input variables: zonal and meridional wind speed, sea

level pressure, geopotential height, air temperature,

relative humidity, and sea surface temperature as well as

initial soil temperatures and the bottom boundary con-

dition in the soil. We also modified the inputs to the

radiative transfer scheme to account for changes in

greenhouse gases. We compute the change signal over a

95-yr time period using data from the representative
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concentration pathway 8.5 (RCP8.5) scenario for 19

models in the CMIP5 archive. This is calculated by av-

eraging the period 2070–99 and subtracting from it the

average over the period 1976–2005. This change signal is

calculated independently for every variable at every grid

point in space, and for every month of the year. Changes

are temporally interpolated between month midpoints.

For example, the change signal for 15 May of all years is

computing by averaging the change signal over the pe-

riod 1–30 May. The resulting change signal has a mean

warming signal of 38–68C and an increase in water vapor

mixing ratio of 20%–40%, consistent with the Clausius–

Clapeyron relationship. For more details see Liu

et al. (2017).

Aside from temperature and humidity changes, the

PGW changes in the boundary conditions are relatively

modest. The changes in SSTs are nearly constant in

space and timewith an increase of 3.2K over the analysis

domain from June through October. Wind shear has a

slight increase over the southern portion of the domain

that is stronger in June through September and weaker

in October. Mean meridional wind is almost unchanged.

Mean zonal wind at sea level is nearly unchanged

(,1ms21), and zonal winds at 200 hPa increase by

1–5ms21.

The increases in atmospheric temperature and water

vapor mixing ratio are shown in Fig. 2. Up to 200hPa,

the temperature changes range from 4 to 6K, with the

greatest increases occurring between 400 and 200hPa.

The enhanced warming at higher elevations increases

the atmospheric stability and is a consistent character-

istic across climate model projections as a result of in-

creased convective activity in the tropics, which

enhances upper-level heating through latent heat re-

leases (Hill and Lackmann 2011). This is clearly an im-

portant stability influence in future simulations and is

important to include. Similarly, Kang and Elsner (2015)

illustrated the trade-offs between the frequency and

intensity of hurricanes resulting from the change in

stability. The change in temperature through the column

does not vary much over time, although the increase in

stability is slightly greater in September and October

than it is in July and August. Also shown in Fig. 2 is the

change in water vapor mixing ratio. Mixing ratio in-

creases throughout the column, with the greatest in-

creases near the surface (4 g kg21). Mixing ratio

increases are greater in July, August, and September,

with slightly larger increases in September. The increase

inmoisture provides a greater source of potential energy

in the form of increased condensational heating.

c. Tracking algorithm

The tracking algorithm is based on surface pressure

and 10-m height wind speeds as diagnosed by WRF.

These fields are available on an hourly time step for the

duration of the simulation. The resulting tracks were

examined manually to confirm that they coincided

with hurricanes in the HURDAT database and that

FIG. 1. Map of topography across the full WRF domain (color-shaded region). The region of focus in this study is
outlined by the red box.
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hurricanes in the HURDAT database were not missed

by the tracking algorithm. In this manual step, tracks in

the WRF simulations that were not present in the

HURDAT database typically formed over land, at

higher latitudes, or too early in the season to be con-

sidered tropical cyclones as part of this study, and they

were removed from further analysis.

Objective tracking was performed using thresholds

for wind speed and surface pressure. We initiate track-

ing of a point when the surface pressure falls 27 hPa

below the 13-yr maximum pressure at a given point and

the maximum 10-m wind speed in the surrounding

400km 3 400km box exceeds 25m s21. Points continue

to be tracked from one time step to the next by

searching a 400-km box around the previous point for

the minimum pressure anomaly. As long as this mini-

mum surface pressure remains 17 hPa below the long-

term maximum and the maximum wind speed remains

above 15m s21, the point is recorded and tracking con-

tinues. Two points in sequential time steps are consid-

ered to be part of the same track if they fall within

400km of each other. Manual analysis confirmed that

vorticity and temperature were not required to ade-

quately track the storms in these simulations, although

using temperature may have allowed some nontropical

tracks to be excluded automatically.

For each point along the track, storm statistics are

calculated using data from the 400km 3 400km region

surrounding the point of minimum pressure. The maxi-

mum wind speed and precipitation rates are simply the

maximum values in the 400km 3 400km region. The

minimumpressure is theminimumpressure in the region,

by definition at the center of the region. The translation

speed is calculated from the distance between the cur-

rent track center and the previous track center divided

by the tracking time interval (3600 s). The radius of

33ms21 winds is computed by first finding the eastern-

most and westernmost grid cells that exceed 33m s21

winds in every row of model grid cells in the region. The

distance between each of these points and the track

center is then computed, and the radius is determined as

the average distance to all of these points. Finally, the

cyclone damage potential (CDP) is computed following

Holland et al. (2016). This relationship has been de-

veloped based on historical storm damage costs to relate

maximum winds ym, radius of hurricane-force winds Rh,

and the storm translation speed yt to damage potential as

follows:

CDP5 7:4

h�

y
m

33

�3

1

� R
h

18:5

�i

y
t

.

3. Results

The WRF simulations were able to produce similar

hurricane tracks for 30 of the 32 hurricanes in the

HURDAT database whose track centers reached

400 km from the edges of the domain. We do not eval-

uate other tracks because the model does not have

enough space to adequately simulate the storm with-

out interference from the relatively coarse boundary

conditions. Of these 30 tracks, one was only present in

the PGW simulation (Gaston in 2004) and one was only

FIG. 2. Vertical profiles of changes in (left) water vapor mixing ratio and (right) temperature over the Gulf of
Mexico in the WRF simulations for July, August, September, and October.
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present in the current climate simulation (Claudette in

2003). The two tracks missing entirely were Hurricane

Charley (2004) and Hurricane Erika (2003). From the

remaining 28 tracks, three had relatively large changes

in the track location between the current climate and the

PGW simulation, two were not close enough to the

HURDAT track, and one was too close to the eastern

boundary. The remaining 22 tracks are analyzed in

this paper.

The 22 best-simulated tracks are shown in the cur-

rent climate alongside the HURDAT track in Fig. 3.

The maps illustrate that WRF was able to simulate

these track locations accurately in the current climate.

The biggest differences between theWRFandHURDAT

tracks are seen at either end of the tracks. Fre-

quently the WRF tracks do not start until further into

the domain than the HURDAT tracks, or they stop

before the HURDAT track stops. These could be partly

due to the thresholds applied in the tracking algo-

rithm, as the HURDAT tracks include periods when

the storm is only a tropical storm or depression, while

the WRF tracks were limited to stronger tropical cy-

clones. In addition, the boundary conditions do not in-

clude hurricane force winds because of the coarse nature

of the reanalysis; as a result, the WRF simulation needs

some time for its internally generated circulation to

develop hurricane-force winds. The simulated track lo-

cations are also partially controlled by the spectral

nudging applied to the upper atmosphere. However, this

does not entirely constrain simulated track locations

as evident by the tracks that do diverge from the

observed tracks.

In addition to the strong match of track locations,

WRF is able to reliably simulate the radius of hurricane-

force winds, although it produces slightly lower in-

tensities (higher central pressures) and WRF does not

simulate the most intense winds seen in the HURDAT

database (Fig. 4). The statistical distributions of radii,

pressures, and maximum wind speeds in both the

HURDAT and WRF tracks are shown in Fig. 4. While

the wind speed distributions in WRF and HURDAT

overlap considerably, the WRF current climate simula-

tions have fewer points with wind speeds greater than

45ms21, and do not produce any wind speeds greater

than 55ms21. Regional climate models are typically not

able to simulate the highest wind speeds because the grid

spacing does not permit them to resolve the most ex-

treme motions. While this problem is substantially re-

duced by convection-permitting grid spacing, it has been

shown that even simulations on a 2-km grid do not quite

match the intensity of observations for the most ex-

treme convective events (Lind et al. 2016), with coarser

resolutions being weaker. Similarly, Davis et al. (2008)

showed that, for example, rapid intensification is not well

simulated until model grid spacing decreases to 1km.

The current and PGW track locations are very sim-

ilar (Fig. 5). It is important that the current and future

track locations are similar so that changes can be

clearly attributed to thermodynamic effects rather than

being due to semirandom variability if the tropical cy-

clone interacts with different surfaces in the future

simulation. As mentioned above, the three tracks in

which the future WRF simulation differed from the

current simulation were removed from analysis because

we did not want variations in track location to affect the

results. For example, if future tracks happened to be

substantially closer or farther from land the change in

drag and latent heating might change the cyclone in-

tensity independent of the thermodynamically driven

changes.

Statistics for all tracks’ wind speed, radius, translation

speed, cyclone damage potential, central pressure, and

rainfall rate are presented in Table 1. The values in the

table are averaged along the track for each hurricane

and averaged across all track points for the total. The

maximum wind speeds increased in 15 of the 22 tracks,

and statistical significance is based on the Student’s t test

for independent samples. Because these samples (current

and PGW track points) are not truly independent, the

paired Student’s t test could be used and would likely

find more changes to be statistically significant as the

current test conflates within storm variability with

sampling variability. However, there is no direct one-to-

one connection between track points because of chaotic

variability in the two simulations. Because of this we

opted for the more conservative Student’s t test. Using

this test, increases in maximum wind speed are statisti-

cally significant (p , 0.05) in nine tracks (Table 1 and

Fig. 6). A decrease in maximum wind speed is only sta-

tistically significant in one track, and the combined points

from all tracks show a statistically significant increase

(p , 0.01) from 32 to 34ms21.

In contrast, the mean radius does not significantly

change when averaged across all track points (Table 1).

Individual storms have statistically significant increases

(four storms) and decreases (two storms) in radii. This

could mean that certain types and locations of storms

will increase or decrease their radii; however, the pres-

ent data are not sufficient to test this hypothesis, and

initial exploratory analysis did not indicate any such

relationship.

The translation speed of the tracks has a statistically

significant decrease (p, 0.01) across all tracks from 7 to

6.4m s21 (Table 1). Of the 22 individual tracks, 14 have

decreases in translation speed, although only 3 of those

are statistically significant.
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The combined effect of the three variables is represented

in theCDP index,whichhas a statistically significant increase

(p, 0.01) from 5.3 to 5.9 (Table 1). CDP increased in 17 of

the individual tracks, and this increase is statistically

significant in6of those tracks (p, 0.01).CDPdecreased in5

tracks, even though none of these are statistically significant.

The intensity of hurricanes is often measured by the

magnitude of the central pressure deficit and in these

FIG. 3.Maps of all 22 tracks for which theWRF simulations (solid blue)matched theHURDAT tracks (dashed green) and the PGWWRF
tracks were similar to the current climate tracks. Coastlines and lakes are shown in gray for reference.
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simulations, averaged across all tracks, the central pres-

sure decreased from 966 to 962hPa (p, 0.01). Decreases

are present in 16 of the tracks, with statistical significance

(p , 0.05) in 12 of those tracks. Statistically significant

increases (p , 0.05) are only present in 2 tracks.

The average maximum rainfall rate increased by 24%

when averaged across all tracks from 83 to 103mmh21

(p, 0.01). The average maximum rainfall rate increased

in all tracks, and this difference is statistically significant

for all but one track (p , 0.05), with all but two of those

being significant with p , 0.01.

Combining all track points together means that longer

lived storms will have a greater influence on the results,

but such storms will also have a greater impact on so-

ciety, so this seems like a reasonable implicit weighting

factor. Changes in track length between the two simu-

lations are not significant for most storms (Fig. 5), so

such changes are not likely to influence the final result.

To investigate this further, we subset the current and

future tracks to only those points that corresponded to

the same points in time. This change does not signifi-

cantly change the mean values or the change signal

much, but it does result in an increase from 9 to 13 tracks

for which the increase in maximum wind speed is sta-

tistically significant. This also increases the number of

tracks with statistically significant decreases inminimum

pressure from 12 to 14, the two tracks with significant

increases in minimum pressure are unchanged.

For wind speed, CDP, and precipitation, arguably the

most important changes for societal impacts are those

that occur at the highest end of the scale. We illustrate

the changes in the statistical distribution of these values

through histograms in Figs. 6, 7, and 8. The most sig-

nificant increases exist at the highest wind speeds, with

decreases in relative occurrence frequency between 25

and 45m s21 and substantial increases in frequency for

wind speeds between 45 and 65m s21 (Fig. 6). To spe-

cifically isolate cyclones that would be considered cate-

gory 3 and above hurricanes, we compare the occurrence

frequency of winds above and below 50ms21. There is a

substantial increase in the frequency of occurrence of

winds greater than 50ms21 from 2% of all points in the

current climate to 9% of points in future climate. Simi-

larly, highCDP values increase in frequency formost bins

with a CDP greater than five, and decrease in relative

frequency for most bins less than five (Fig. 7). As with

wind speeds, the greatest changes are in themost extreme

(CDP . 9) bin, which increases in relative frequency

from 7% to 17%. Finally, precipitation also shows a large

increase in the frequency of the most intense pre-

cipitation events (Fig. 8). There is a large increase in the

relative occurrence frequency for precipitation rates

greater than 100mmh21.

FIG. 4. Histogram of (a) central pressure, (b) maximum wind
speed, and (c) radius of hurricane-force wind (33m s21) within the
domain in the HURDAT database (green) and the WRF current
climate simulation (blue).
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4. Discussion

a. Physical changes

The results presented in this study are consistent with

prior studies, which suggest that the mean hurricane

intensity may not increase much, but the hurricanes with

the highest wind speeds may become a larger fraction of

the number of storms. The typical minimum sea level

pressure and maximum wind speeds show only modest

changes in our study, while more extreme winds are

FIG. 5. Tracks for all 22 storms from the current climate (solid blue) and PGW future climate (dashed orange).
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much more common, and the associated cyclone dam-

age potential index increases noticeably. The increase in

precipitation is the most consistent change across all

storms, with the largest increases present for the most

extreme precipitation rates.

The decrease in storm translation speed is small, but

statistically significant, and is likely caused by the large-scale

changes in circulation imposed with the PGW forcing.

Tropical cyclone tracks are primarily driven by the

environmental flow, known as the steering flow. Only in

regions of weak environmental flow can other factors

become important such as the effects of asymmetric

convection in the cyclone, and the influence of SST

gradients or coastlines. To explain the future reduction

TABLE 1. Statistics for all storms and the combined values across all tracks. Wind speed is the average of the hourly maximum wind
speeds, and rainfall is the average of the hourly maximum rainfall in the region around each point. Statistically significant differences are
noted by one and two asterisks for p , 0.05 and p , 0.01, respectively.

Name Period
Wind speed
(m s21)

Radius of 33m s21

wind (km)
Translation speed

(m s21) CDP
Central pressure

(hPa) Rainfall rate (mmh21)

Gustav (2002) Current 25 71 7.8 4.3 975 90
Future 29* 73 8.3 4.8 969* 123**

Isidore (2002) Current 23 84 5.2 4.5 979 95
Future 25** 94 6.4 5.8 975** 101

Lili (2002) Current 25 46 8.1 0.6 977 62
Future 25 48 9 2.1 975 69*

Isabel (2003) Current 32 114 7.5 6.3 963 81
Future 34 124* 6.8 7.4** 958* 97**

Frances (2004) Current 34 82 5.9 5.1 966 81
Future 33 81 5.7 5.3 965 95**

Ivan (2004) Current 35 106 6.8 6.4 963 91
Future 36 100 6.4 6.3 962 121**

Jeanne (2004) Current 29 67 8.8 3.9 971 76
Future 30 71 7.1* 5.1** 967* 92**

Dennis (2005) Current 32 56 7.1 3.7 966 83
Future 32 53 7.7 3.4 971* 116**

Emily (2005) Current 34 62 6.1 4.3 969 74
Future 36 45** 6 3.8 967 111**

Ophelia (2005) Current 38 58 5.9 4.2 968 64
Future 42** 57 3.3** 5.5** 956** 88**

Rita (2005) Current 36 61 5.6 4.6 964 98
Future 35 60 5.7 4.9 967 124**

Wilma (2005) Current 26 121 7.2 6.5 976 94
Future 30** 116 6.3 6.5 967** 112**

Ernesto (2006) Current 27 52 6.9 3.2 980 84
Future 25* 75 6.2 4.2 983* 105**

Dolly (2008) Current 31 35 4.7 3 964 90
Future 35* 44** 4.5 3.9** 955** 100*

Gustav (2008) Current 30 84 6.9 5.1 960 83
Future 28 77 6.3 5 962 104**

Hanna (2008) Current 26 72 8.4 3.5 974 80
Future 27 49** 8.4 3.4 973 106**

Ike (2008) Current 37 111 8.1 7.2 953 92
Future 42** 112 6.7** 7.7 941** 123**

Alex (2010) Current 27 117 7.4 5.9 977 101
Future 27 102 7.2 5.9 976 129**

Earl (2010) Current 34 93 10.1 5.2 963 86
Future 42** 108** 10.6 6.9** 953** 104**

Irene (2011) Current 40 106 7.9 6.4 948 73
Future 43** 117* 7.4 7.4** 937** 88**

Isaac (2012) Current 28 51 5.5 3.7 974 78
Future 32** 52 5.7 4.5 965** 100**

Sandy (2012) Current 32 146 7.8 7.3 956 73
Future 33 147 7.6 7.5 952* 94**

All data Current 32 86 7 5.3 966 83
Future 34** 87 6.4** 5.9** 962** 103**
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in mean translation speed we therefore look to the

future change in steering flow. The PGW change signal

adds a mean circulation change, although small in

magnitude. Liu et al. (2017) showed that the CMIP5

mean climate change added here contains a summer

high pressure anomaly centered over the U.S. North-

east [see Figs. 2 and 3 in Liu et al. (2017)]. This drives an

anomalous northeasterly flow of up to 1.5m s21 over

the Atlantic and, to a lesser extent, the Gulf of Mexico.

This introduces a slight relative headwind to the mean

cyclone tracks and is likely the cause of the slight re-

duction in translation speed.

The change in precipitation is more pronounced, and

is likely caused by a combination of the direct increase in

atmospheric moisture and an increase in vertical mo-

tion. The PGW change signal adds up to 4 g kg21 to the

water vapor mixing ratio (Fig. 2), consistent with the

Clausius–Clapeyron equation and the 3.5-K increase in

air temperature. Averaging the water vapor mixing ratio

in a moving window around each storm track shows a

slightly larger increase in total column precipitable wa-

ter (28%). This is greater than the increase in maximum

precipitation rates (24%). In addition, there is a 7%

increase in the maximum vertical updraft speeds, pre-

sumably due to local dynamical feedbacks caused by the

increase in condensational heating from the additional

moisture.While the change in maximum vertical motion

and average precipitable water are not additive, the

relative magnitude of these changes suggests that more

of the increase in modeled precipitation rates is due to

directly to the increase in atmospheric moisture, with a

smaller component resulting from dynamical feedbacks.

b. Methodological discussion

Because this study used the PGW approach to assess

the thermodynamic effects of climate change, it is diffi-

cult to make any inferences about the possible changes

in the frequency of hurricanes in the future. The current

and PGW simulations here both failed to simulate three

observed storms strongly enough to be tracked. Their

absence is likely not related to genesis, but rather to

minor perturbations causing a simulation to not reach

the threshold necessary to be tracked. In one case,

Hurricane Erika did form inside the WRF domain but

was only a tropical storm within the region according to

HURDAT; as a result the WRF simulation may not be

expected to create a strong enough storm to track with

the 25ms21 maximum wind threshold used here. Hur-

ricane Gaston also formed within the domain, but failed

to do so in the current climate simulation. Similar to

Erika, Gaston was only a category-1 hurricane, and only

for a single data point in the HURDAT database. As

such, random variability could again be enough to pre-

vent it growing strong enough to track in the current

climate simulation. There was one major hurricane ab-

sent from the simulations (Charley), which will be dis-

cussed further below. Because of the potential

subjectivity surrounding which storms to include, we

repeated the summary statistical calculations in Table 1

including points from the 28 storms that occurred in both

WRF simulations. When including all storms the abso-

lute value of the numbers changed slightly, but the rel-

ative magnitude of the changes and the statistical

significance stayed the same.

This study has shown the utility of permitting the

hurricanes to enter through the boundaries of the do-

main. It is important to note that only two HURDAT

FIG. 6. Histogram of maximum wind speed for all points on all
tracks from the current climate (blue) and PGW climate (orange)
simulations.

FIG. 7. As in Fig. 6, but for CDP.
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tracks that crossed theWRF domain boundary were not

simulated in one or both of our tests. Hurricane Clau-

dette was simulated in the current climate, but not the

PGW case. Claudette remained a tropical storm in the

HURDAT database within this region, and it may have

been simulated in the PGW case; it simply did not grow

strong enough to track. In contrast, Hurricane Charley

was a category-4 hurricane that was hurricane force

when it crossed over the WRF domain boundary; how-

ever, it was not simulated in either the current or the

PGW climate simulations. Charley was the second-

costliest hurricane on record at the time, and it re-

mains the eighth costliest (Blake et al. 2011) at the time

this manuscript was written. Because of this, un-

derstanding why this was not simulated is important to

understand the limitations of the method.

The problems in simulating Charley appear to come

from the combination of hurricane features and the

ERA-Interim forcing data themselves. Charley was a

relatively fast-moving hurricane (translation speed of

8m s21) with a narrow radius of hurricane-force winds

(35 km) when it crossed the WRF Model boundary ac-

cording to the HURDAT database. This means that the

model boundary will not have a long period of time or a

large area strongly influenced by Charley. This is com-

pounded by a weak storm representation in the ERA-

Interim dataset, due in part to the grid spacing of the

dataset (0.78). Notably, the grid spacing in ERA-Interim

is larger than the radius of hurricane-force winds.

Manual analysis confirmed that, in the ERA-Interim

dataset, Charley is particularly weak when it crosses the

WRF boundary. Wind speeds in ERA-Interim do not

exceed 10m s21, and the central pressure is greater than

1010hPa until after Charley crosses the boundary. As a

result, the boundary conditions do not strongly force the

presence of a hurricane, and no such storm appears in

the WRF simulation. This is a limitation of the meth-

odology used with these boundary conditions, but it is

not a problem that would affect the climate change

signal of other storms because we do not try to evaluate

changes in formation characteristics; as such, we do not

consider this to weaken the results of this study.

One of the more important results of this paper is the

large difference seen between different storms. Many

past convection-permitting studies have focused on a

single storm; however, in this study we show that indi-

vidual storms may exhibit a decrease in wind speeds and

intensity [e.g., Hurricane Ernesto (2006); Table 1], even

if the average over all storms is a statistically significant

increase. This may be mitigated somewhat by past

studies frequently using multiple ensemble members to

quantify some of that uncertainty, but it is possible that

specific storms may have characteristics that lead to an

increase or decrease in intensity in the future, regardless

of how many simulations are performed. This would be

particularly true if the large-scale change tends to push

the future track into a region that is less conducive to

strong storms (e.g., closer to land or cooler SSTs). This

could explain the decreases in wind speeds found for

HurricaneKatrina by Lynn et al. (2009). In our study, we

excluded Katrina because it was one of two hurricanes

that were not deemed to be well simulated; the wind

speeds in Katrina did decrease in our simulations, al-

though these decreases were not statistically significant.

In another study, Lackmann (2015) reported decreases

in the central pressure for Hurricane Sandy, with no

reported change in winds. In the present study, we also

found decreases in central pressure for Sandy, but only a

small increase in wind speeds that was not statistically

significant. While a detailed analysis of the change in

each individual hurricane and its causes is beyond the

scope of this study, initial comparisons found no clear

indication that the interstorm differences are related to

the local change in the SSTs or to hurricane character-

istics in the current climate (e.g., radius or wind speed).

The ocean surface roughness setting used appears

unlikely to be the reason we find only small changes in

maximum wind speeds. To investigate this, we evaluate

the 850-hPa maximum wind speeds using the same

analysis presented for 10-m height winds, and we com-

pare changes for different wind speeds. The changes in

850-hPa wind speeds are correlated with the change in

10-m height winds (r 5 0.84), and the tracks that have

statistically significant changes are almost identical.

Using the 850-hPa wind speeds results in one additional

track having a statistically significant increase inmaximum

FIG. 8. As in Fig. 6, but for maximum precipitation rate in the
region surrounding each track point.
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wind speeds and one additional track having a statisti-

cally significant decrease. In addition, the lack of a sur-

face roughness limiter should have the most effect on

the fastest wind speeds; however, the fastest wind speeds

exhibit the greatest increase in frequency in our study.

5. Conclusions

Long-term convection-permitting simulations of hur-

ricanes offer an important methodological approach for

climate change studies. High resolution makes it possi-

ble to turn off the convective parameterizations in these

models and to simulate the relevant dynamics explicitly,

removing a large source of uncertainty in many model

simulations. Although the computational cost of such

models currently imposes limits on their use, future

advances in computing capacity will likely enable large

ensembles, longer-duration simulations, and larger do-

mains appropriate for the study of genesis.

We have presented hurricane tracks from two 13-yr

WRF simulations performed on a 4-km, convection-

permitting grid. This convection-permitting simulation,

driven by reanalysis data, is able to realistically repre-

sent most of the major hurricanes in the current climate

when requiring the hurricanes to be initialized in the

domain through the boundary conditions. Past studies

have typically been limited to studying one or a few

hurricanes because of computational costs, and thus

they have positioned the domain optimally to simulate

each individual event and have initialized the model

with the storm already formed. Here we show the utility

of a single large domain (initially created for water cycle

studies over the CONUS; Liu et al. 2017) for hurricane

studies. In the current study, the hurricanes are imposed

by the boundary conditions. Several hurricanes do form

spontaneously inside the domain with no direct in-

teraction with the boundaries, but these often do not

match the HURDAT tracks well. Of note, this study

also found significant differences in the changes simu-

lated for different hurricanes, indicating the importance

of evaluating multiple hurricanes when trying to draw

more general conclusions.

The thermodynamic effects of climate change on a 13-yr

record of hurricanes were simulated using a pseudo–

global warming methodology. This approach showed a

statistically significant increase in the mean of the

maximum wind speeds, a damage potential index, and

associated maximum precipitation and a statistically

significant decrease in the storm translation speeds and

the minimum central pressures. Importantly, these

simulations had a large increase in the frequency of

occurrence of wind speeds over 50m s21. This suggests

that the frequency of category 3, 4, and 5 hurricanes may

increase relative to the frequency of category 1 and 2

hurricanes, although this study does not predict changes

in genesis, and it is possible that either weaker storms

will develop into category 1 and 2 hurricanes or that

more weak tropical cyclones will form in the future, thus

keeping the relative frequencies unchanged. These re-

sults are generally consistent with Knutson et al. 2013,

who added a similar climate perturbation based on the

CMIP5 ensemble to a regional climate model. It is

important to note that the current study constrains

both hurricane genesis and track locations through the

boundary conditions and spectral nudging. It is possi-

ble that dynamic effects in a future climate could shift

track locations into regions less conducive for hurri-

cane intensification and thus negate the changes sim-

ulated here.

This study is consistent with the idealized findings of

Hill and Lackmann (2011), which suggested increases in

the most intense hurricanes with a different PGW ex-

periment. The current study shows that these findings

hold for simulations of historical hurricanes, not just

idealized hurricanes. Because this study combined both

changes in water vapor and changes in stability, it pro-

vides support for the suggestion that the increases in

water vapor and thus latent heat feedbacks may domi-

nate over the increases in stability as put forward by Hill

and Lackmann (2011).

These simulations showed significant increases in

maximum rainfall rates by approximately 24%. Rainfall

rates are the only statistic that showed increases across

all storms and statistical significance in the change signal

for all but one storm. This increase is consistent with the

increase in water vapor predicted by the Clausius–

Clapeyron equation, indicating that future hurricanes

are efficient in their conversion of increases in water

vapor to precipitation. This indicates that the increase in

maximum rainfall rates is a reliable change as predicted

by the 19-CMIP5-model mean change in climate used in

these simulations. This is important because flooding

caused by heavy rainfall is frequently one of the domi-

nant impacts [e.g., Hurricanes Allison (2001), Irene

(2011), and Harvey (2017)].
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