15 JANUARY 2023 SCHENKEL ET AL. 359

North Atlantic Tropical Cyclone Outer Size and Structure Remain Unchanged by the
Late Twenty-First Century?
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ABSTRACT: There is a lack of consensus on whether North Atlantic tropical cyclone (TC) outer size and structure
(i.e., change in outer winds with increasing radius from the TC) will differ by the late twenty-first century. Hence, this work
seeks to examine whether North Atlantic TC outer wind field size and structure will change by the late twenty-first century
using multiple simulations under CMIP3 SRES A1B and CMIP5 RCP4.5 scenarios. Specifically, our analysis examines
data from the GFDL High-Resolution Forecast-Oriented Low Ocean Resolution model (HiFLOR) and two versions of
the GFDL hurricane model downscaling climate model output. Our results show that projected North Atlantic TC outer
size and structure remain unchanged by the late twenty-first century within nearly all HIFLOR and GFDL hurricane model
simulations. Moreover, no significant regional outer size differences exist in the North Atlantic within most HIFLOR and
GFDL hurricane model simulations. No changes between the control and late-twenty-first-century simulations exist over
the storm life cycle in nearly all simulations. For the simulation that shows significant decreases in TC outer size, the
changes are attributed to reductions in storm lifetime and outer size growth rates. The absence of differences in outer size
among most simulations is consistent with the process that controls the theoretical upper bound of storm size (i.e., Rhines
scaling), which is thermodynamically invariant. However, the lack of complete consensus among simulations for many of
these conclusions suggests nontrivial uncertainty in our results.

KEYWORDS: Climate change; Anthropogenic effects/forcing; Hurricanes/typhoons; Downscaling; Climate models;
Tropical cyclones

1. Introduction 2015). Understanding how TC outer size may change is also
crucial for accurately predicting storm surge (Lin et al. 2014;
Irish et al. 2008) and tornadoes (Paredes et al. 2021; McCaul
1991). TC outer size is linked to the structure of the inner-
core wind field (Chavas and Emanuel 2014; Chavas et al.
2015), including the radius of maximum wind (Chavas and
Knaff 2022), the minimum central pressure (Chavas et al. 2017),
rapid intensity changes (Chen et al. 2011; Carrasco et al. 2014)
and the forecasts of rapid intensification (Knaff et al. 2018,
2020), and the resilience of TC intensity and structure to verti-
cal wind shear (Jones 1995; DeMaria 1996). Moreover, the
broad horizontal scale of TC outer size is reasonable to resolve
(e.g., ~400-km radius) given the current configuration of TC-
resolving global climate model and downscaling climate simu-
@ Denotes content that is immediately available upon publica-  Jations (Knutson et al. 2015; Schenkel et al. 2018). Hence, our
tion as open access. study investigates whether projected North Atlantic outer size
and structure change by the late twenty-first century using sim-

& Supplemental information related to this paper is available ~ ulations from a fine-horizontal-grid-spacing global climate

at the Journals Online website: https://doi.org/10.1175/JCLI-D-22-  model and a downscaling regional hurricane model.
0066.s1.

While changes in North Atlantic tropical cyclone (TC) in-
tensity and track by the late twenty-first century have been
well studied (Knutson et al. 2010, 2015, 2020), few studies
have examined the changes in the outer size of the TC wind
field. Moreover, there remains no consensus among these
studies of TC outer size and structure (i.e., change in outer
winds with increasing radius from the TC; Knutson et al.
2015; Yamada et al. 2017). TC outer size is defined at radii far
from the storm center where winds are relatively weak and
convection is minimal (Emanuel et al. 2004; Chavas et al.

To understand how outer size may change by the late
twenty-first century, it is first important to discuss the charac-
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and pressure metrics have been used to define storm outer
size. Most outer size metrics are characterized by a lognormal
distribution with positive skewness and large variability (Chavas
and Emanuel 2010; Chavas et al. 2016). The large variability of
the outer size is due to two factors: 1) large differences in TC
outer size at genesis (Cocks and Gray 2002; Lee et al. 2010;
Chavas and Emanuel 2010; Chavas et al. 2016; Schenkel et al.
2018) and 2) typically more rapid growth of initially larger TCs
(Lee et al. 2010; Xu and Wang 2010; Schenkel et al. 2018;
Martinez et al. 2020). More broadly, TC outer size is smallest
at genesis and then tends to grow slowly thereafter (Cocks
and Gray 2002; Chavas and Emanuel 2010). Prior work has
suggested that genesis TC outer size may be associated with
the horizontal scale of its precursor disturbance (Rotunno
and Emanuel 1987; Cocks and Gray 2002; Lee et al. 2010).
However, both the magnitude and duration of outer size
growth varies among basins with North Atlantic TCs charac-
terized by longer periods of more gradual growth compared
to western North Pacific storms (Schenkel et al. 2018). In
both basins, TC outer size varies more slowly than intensity
as shown by weak correlations between the two (R ~ 0.3;
Merrill 1984; Chavas et al. 2016). In the North Atlantic and
western North Pacific basins, the largest TCs typically are the
longest-lived and traverse the greatest distances often associ-
ated with recurvature into the midlatitudes (Merrill 1984;
Schenkel et al. 2018). Last, the end of the TC life cycle is
characterized either by contraction of TC outer size in associ-
ation with cyclolysis over the ocean or landfall (Chen and
Chavas 2020; Hlywiak and Nolan 2021) or by no systematic
change in association with extratropical transition followed by
potential growth in outer size thereafter (Hart et al. 2006;
Schenkel et al. 2018). However, the evolution of TC outer size
and structure during and after extratropical transition may be
sensitive to the definition used (Hart 2003; Kofron et al. 2010).

While the above work suggests that TCs tend to grow with
time during their life cycle, prior work has not understood un-
til recently which factors control outer size. Idealized simula-
tions on the f plane have shown that a TC tends to expand
rapidly with time toward an equilibrium outer size (Martinez
et al. 2020; Chavas and Vigh 2014), which scales approxi-
mately with the ratio of the potential intensity to the Coriolis
parameter, V,/f (Wang et al. 2022). On the rotating sphere,
Chavas and Reed (2019) used aquaplanet experiments to
show that median storm outer size at low latitudes scales with
a second length scale, called the Rhines scale. The Rhines
scale is inversely proportional to the square root of the plane-
tary vorticity gradient (B). This scale is associated with the
generation of planetary Rossby waves by eddies that arose
originally from geostrophic turbulence theory (Rhines 1975).
Lu and Chavas (2022) demonstrated how wave effects act to
shrink the outer circulation of a TC-like vortex toward its in-
ternal vortex Rhines scale, with larger TCs shrinking faster.
Hence, the Rhines scale represents a process that reduces the
natural expansion rate of TCs, an effect that is stronger for
larger TCs. This process shifts the statistics of TC outer size
toward smaller sizes, rather than representing an absolute
scale for the size of an individual TC. Because the Rhines
scale is much smaller than V,,/f at low latitudes (Chavas and
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Reed 2019), the TC outer size on Earth is expected to be
strongly limited by the Rhines scale. This is consistent with
the finding in observations that most TCs are much smaller
than V,/f (Chavas et al. 2016). Moreover, the Rhines scale
slowly increases with latitude, which is consistent with ob-
served outer size remaining constant or slowly increasing with
latitude (Merrill 1984; Chavas et al. 2016). These results also
suggest that the outer size of TC precursor disturbances (e.g.,
easterly wave) is also limited by this scale given its applicability
to all eddies (Held and Larichev 1996; Lu and Chavas 2022). In-
deed, a recently developed diagnostic framework used to under-
stand large-scale climate controls on the number of TCs relative
to the number of precursor disturbances implicitly suggests that
disturbances are more likely to develop if they are smaller than
the Rhines scale (Hsieh et al. 2020; Yang et al. 2021).

In addition to the current climate, the Rhines scale may
also help understand the physics of projected changes in the
TC outer size distribution due to anthropogenic climate
change. Specifically, the Rhines scale depends principally on
B, which is invariant thermodynamically; hence, outer size
may be expected not to change strongly in a future warmer
climate. Such a result would be consistent with the finding
that outer size does not change strongly with warming in
aquaplanet experiments with uniform thermal forcing
(Stansfield and Reed 2021). We test this hypothesis here as a
means to provide a greater physical interpretation of our re-
sults and as the first application of the Rhines scale to current
and future climate projections of TC outer size.

Prior analyses of both observed and projected North Atlan-
tic TC activity have yielded conflicting results on whether
there have been or will be changes in storm outer size and
structure. Both satellite and reanalysis-based North Atlantic
TC outer size estimates show no changes during the satellite
era (i.e., ~1979-present; Knaff et al. 2014; Schenkel et al.
2017; Mok et al. 2018; Zhang and Chan 2022). With regards to
model projected changes, we are aware of only a small number
of studies analyzing TC outer size in the late twenty-first cen-
tury, which came to disparate conclusions using different
simulation configurations. Despite the use of coupled and un-
coupled simulations, the use of the former may be particularly
important for late-twenty-first-century outer size projections
given the association between TC outer size and relative SSTs
(Lin et al. 2015; Chavas et al. 2016). Beginning with the un-
coupled simulation studies, Stansfield et al. (2020) ran a set of
uncoupled global climate model simulations under Coupled
Model Intercomparison Project phase 5 (CMIP5) representa-
tive concentration pathway (RCP) 4.5 (i.e., carbon emissions
decrease and stabilize before 2100) and 8.5 climate change sce-
narios [i.e., similar to the CMIP6 Shared Socioeconomic Path-
ways (SSP) 5 scenario, where carbon emissions continue
increasing to 2100] for the late twenty-first century (Taylor
et al. 2012). These simulations showed a shift in North Atlantic
TC outer size distribution to larger values with increased an-
thropogenic warming (Stansfield et al. 2020). In contrast,
Yamada et al. (2017) used a global atmospheric model coupled
to a slab ocean model with nudged SSTs [i.e., the Nonhydro-
static Icosahedral Atmospheric Model (NICAM); Tomita and
Satoh 2004]. SSTs in the model were nudged toward a climate
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change scenario derived from a CMIP3/A1B scenario multi-
model ensemble. In that scenario, carbon emissions start to de-
crease but do not stabilize before 2100, which is similar to the
CMIP5/RCP6.0 climate change scenario. The CMIP3/A1B
scenario of SST changes and CO, concentration changes were
added to repeating annual cycles of observed CO, and SSTs
from the current climate used in the control simulation. This
experiment showed statistical increases in global TC outer
size, but with substantial differences among basins including
no statistical changes in the North Atlantic. Yamada et al.
(2017) also concluded that the increases in TC outer size were
associated with the most intense TCs (i.e., mean sea level pres-
sure < 980 hPa). Kreussler et al. (2021) examined both cou-
pled and uncoupled fine-horizontal-grid-spacing global model
simulations from the CMIP6 SSP5 (Haarsma et al. 2016),
which showed no changes in integrated kinetic energy (i.e.,
proxy for TC outer size; Powell and Reinhold 2007).

With regard to fully coupled simulation results, a global cli-
mate model simulation of conditions similar to the year 1990
showed that TC outer size showed small yet significant in-
creases within most basins when CO, concentrations were
doubled (Kim et al. 2014). Knutson et al. (2015) downscaled
uncoupled global climate model data (GFDL High-Resolution
Atmospheric Model; HIRAM; Zhao et al. 2009) into the
GFDL regional coupled hurricane model. These simulations
use a CMIP5/RCP4.5 climate change scenario for the late
twenty-first century added onto a repeating identical cycle of
radiation and sea surface temperatures (SSTs). This study
showed no significant changes in global TC outer size, al-
though individual basins showed substantial differences. In
particular, median North Atlantic TC outer size statistically in-
creased by 11%. Finally, a set of idealized aquaplanet simula-
tions run with a range of uniform SSTs show a broader TC
outer size distribution with no significant changes in the me-
dian value with increasing SSTs (Stansfield and Reed 2021).

Given the discrepancies between these prior studies, it is
useful to revisit TC outer size changes in greater depth using
a newer class of models and the benefit of recent advances in
our theoretical understanding of TC outer size. Hence, we
employ data from a high-resolution global model and ex-
panded sets of downscaling regional hurricane simulations to
examine how North Atlantic TC outer size and structure are
projected to change by the late twenty-first century (i.e.,
2081-2100). This study focuses on TC outer size, which re-
mains understudied compared to other characteristics (e.g.,
TC intensity; Knutson et al. 2020). We hypothesize that TC
outer size remains unchanged by the late twenty-first century
based on expectations from the Rhines scale, which is insensi-
tive to temperature and moisture changes. Our manuscript
considers two sets of anthropogenic climate change scenarios
and models forced with and without present-day climate vari-
ability. As a simplifying assumption, our study does not consider
how changes to internal climate variability (i.e., climate modes
including El Nifio-Southern Oscillation) by the late twenty-first
century may impact TC outer size, which is reserved for a future
study. We consider that future projections of changes in bound-
ary conditions affecting TCs are relatively more confident for
changes in time mean conditions than for changes in interannual
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variability of those conditions. This study will address the follow-
ing motivating questions:

1) Is there a consensus among multiple models on whether
projected TC outer size and structure change between the
current and late-twenty-first-century climate in the North
Atlantic?

2) Are changes in TC outer size and structure confined to
certain portions of the TC life cycle?

3) Do changes in TC outer size and structure occur only in
certain regions of the North Atlantic?

The results of this study are also crucial for improving risk as-
sessments of landfalling TCs in future climates.

2. Data and methods
a. Climate model data

This study employs three sets of fine-horizontal-grid-spacing
model simulations for present-day (control) and a late-twenty-
first-century simulation (Knutson et al. 2015; Murakami et al.
2015; Knutson et al. 2022):

1) GFDL High-Resolution Forecast-Oriented Low Ocean Res-
olution model (HiFLOR): 70-yr ~25 km X ~25 km cou-
pled global model simulation (Murakami et al. 2015). For
the current climate (control) simulation, a repeating iden-
tical cycle of radiative forcing from 1995 is used with SSTs
that are nudged on a 5-day time scale toward a varying
monthly 1986-2005 climatology computed from mean UK
Met Office Hadley Centre SST data (Rayner et al. 2003).
Late-twenty-first-century simulations consist of 2081-2100
CMIP5/RCP4.5 (Taylor et al. 2012) multimodel mean
SST and radiative forcing anomalies added to the control
simulation initial and boundary conditions (Bhatia et al.
2018). TC genesis in HIFLOR is defined when a TC at-
tains an upper-tropospheric warm core and tropical storm
intensity (Viax > 34 kt; 1 kt ~ 0.51 m sfl) for at least 24
consecutive hours. HIFLOR TCs are subsequently tracked
using a combination of upper-tropospheric temperature
anomalies and mean sea level pressure (Murakami et al.
2015; Harris et al. 2016; Murakami et al. 2016).

2) GFDL hurricane model downscaling with GFDL High-
Resolution Atmospheric Model (HiRAM) data: TCs from
20-yr simulations of 50 km X 50 km HiRAM model
(Zhao et al. 2009) are downscaled by the 2012 operational
version of the GFDL regional hurricane model (Knutson
et al. 2015). HIRAM is an uncoupled atmospheric model
forced with a repeating identical cycle of radiative forcing
and SSTs computed using a monthly mean climatology
from 1982 to 2005 calculated using the Met Office Hadley
Centre dataset (Zhao et al. 2009). The late-twenty-first-
century simulation is a downscaling from a HIRAM simu-
lation run with the control conditions plus the difference
between 2081-2100 and 2001-20 conditions from a
13-member multimodel mean using CMIP5/RCP4.5 condi-
tions (Knutson et al. 2015). The regional hurricane
model consists of the Princeton Ocean Model initialized
with a temperature and salinity climatology from the U.S.
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3)

Navy Generalized Digital Environmental Model (GDEM)
and a triply nested atmospheric model with a ~6 km X
~6 km inner storm-following nest (Bender et al. 2007).
Both sets of GFDL hurricane model simulations are di-
rectly initialized, without vortex bogussing, from the
boundary and initial conditions with spinup only for the
ocean model, which is used to generate a cold wake (to
the degree one is simulated by the model) for the ocean
model initial conditions (Bender et al. 2007). Each TC
simulation begins when the storm first reaches tropical
storm intensity in HIRAM (V,.x = 34 kt) and ends 1)
due to cyclolysis, 2) because the TC moves poleward of
43°N, or 3) after 15 days of simulation time (Knutson
et al. 2015). In both sets of GFDL simulations, the north-
ern boundary of the simulations is at a latitude where
most TCs have either started or completed extratropical
transition, although there remains uncertainty on whether
the starting latitude of transition will shift poleward by the
late twenty-first century (Hart and Evans 2001; Liu et al.
2017; Michaelis and Lackmann 2019). A study of TC outer
size and structure changes during extratropical transition
by the late twenty-first century is reserved for future work.
GFDL hurricane model downscaling with Zetac regional
model data: TCs from the 18-km X 18-km Zetac regional
model (Knutson et al. 2007) are downscaled into the 2006
operational version of the GFDL regional hurricane
model with a ~9 km X ~9 km inner nest (Knutson et al.
2022). Zetac is an uncoupled regional atmospheric model
forced with initial and boundary conditions for both the
atmosphere and SSTs from the 6-h National Centers for
Environmental Prediction (NCEP)-National Center for
Atmospheric Research (NCAR) reanalysis from 1980 to
2006 (Kalnay et al. 1996). The interior domain is spectrally
nudged toward reanalysis data that have been filtered to re-
tain only zonal and meridional wavenumbers 0-2 on a 12-h
time scale (Knutson et al. 2007, 2022). Two sets of late-
twenty-first-century anthropogenic climate change sce-
nario simulations are conducted: 1) the CMIP5/RCP4.5
scenario (Taylor et al. 2012) and 2) the CMIP3/A1B sce-
nario (Meehl et al. 2007). The CMIPS simulation is a
downscaling from a Zetac simulation run with the con-
trol conditions plus the difference between 2081-2100
and 2001-20 computed from a 13-member multimodel
mean under a CMIP5/RCP4.5 scenario (Knutson et al.
2015). The CMIP3 simulation is a downscaling from con-
trol conditions plus the difference between 2081-2100 and
2001-20 under the CMIP3/A1B scenario from both an
18-member multimodel mean as well as 10 individual
model members (Knutson et al. 2022). The conditions for
the start and finish of each TC simulation are identical to
the HiIRAM-downscaling simulations except for a farther
equatorward latitude threshold (i.e., =39°N). The differ-
ences in the initial and boundary conditions are likely the
primary reason for any discrepancies between the GFDL
hurricane model simulations, although differences in model
configuration (e.g., horizontal grid spacing) may also be im-
portant (Knutson et al. 2015, 2022).
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Prior work has shown that the magnitude and interbasin
variability of the outer size and structure of TC wind and
rainfall within these models fall within reasonable expecta-
tions from observations and reanalyses (Knutson et al. 2015;
Murakami et al. 2015; Knutson et al. 2022). However, the
simulated TCs have weaker winds and a broader radius of
maximum wind for a given minimum sea level pressure due
partially to the relatively coarse horizontal grid spacing
used in this study, especially in HIFLOR (e.g., Fig. S1 in the
online supplemental material; Walsh et al. 2007; Davis
2018). Despite this limitation, we have confidence in the use
of these simulations since 1) TC outer size evolves largely
independently of either TC intensity and the radius of maxi-
mum wind (Merrill 1984; Chavas and Lin 2016); 2) the
broader horizontal scale of TC outer size, compared to TC
intensity or radius of maximum winds, is resolvable by rean-
alyses and models used here (Schenkel et al. 2017, 2018);
3) strong similarity exists in both the magnitude and lifetime
variability of TC outer size in HIFLOR and the GFDL hurri-
cane model compared with reanalyses and likely QuikSCAT
as well (Schenkel et al. 2017, 2018); and 4) the focus of this
study is on differences in TC outer size and structure be-
tween the current and future climate rather than their fidelity
compared to observations. The present study also includes
the distribution of lifetime maximum intensity (see Fig. S2
in the online supplemental material) for comparison with the
TC outer size results even though the former is not the focus
of this study. These results project a shift in intensity toward
stronger TCs in most simulations, especially at the extreme
end of the intensity distribution. In contrast, lifetime maxi-
mum outer size remains unchanged (to be shown) consistent
with previously documented differences in the dynamics of
inner versus outer TC winds (Emanuel et al. 2004; Chavas
et al. 2015).

Our analysis only includes 6-h TC track points =39°N for
consistency among models. The HIFLOR and the GFDL hur-
ricane model simulations have several differences in model
configuration and components, which are listed in Tables 1
and 2, respectively. None of these models simulate a particular
observed TC; rather, they provide dynamically consistent real-
izations of current climate statistics (Murakami et al. 2015;
Knutson et al. 2015, 2022). In particular, the Zetac-downscaling
simulations contain current climate variability due to the use of
large-scale spectral nudging and the use of time-evolving un-
coupled SSTs from the NCEP-NCAR reanalysis in the parent
model (Knutson et al. 2013, 2022). In contrast, the variability
within the remaining two models is associated with modeled
atmospheric internal variability through the imposition of
repeating identical cycles of climatological radiation and
SSTs, although there are differences in how the latter is im-
posed (i.e., coupled in HIFLOR versus uncoupled in HIRAM;
Knutson et al. 2015; Murakami et al. 2015).

b. Reanalysis data

To compare TC outer size from current climate simulations,
we use observed TCs with outer size data obtained from the
6-h ~31 km X ~31 km ECMWEF fifth-generation reanalysis
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TABLE 1. Salient details for each dataset used in this study. For the number denoting the native grid spacing, T refers to the mean
wave truncation number, C refers to the number of points across each model tile for a cubed sphere grid, and L refers to the number

of vertical levels.

Model

Native grid
spacing

Boundary conditions

Period  TC life cycle

Citation

ERAS

GFDL HiFLOR
model

GFDL hurricane
model—Zetac

GFDL hurricane

model—HiRAM

T639 L137

C384 L32

~9 km X ~9 km
L42

~6 km X ~6 km
L42

Observed SSTs and radiation from 1982
to 2006

Current (control): Repeating 1995
conditions

Future (CMIP5/RCP4.5): Current plus
CMIP5 multimodel mean anomalies

Current (control): Downscaling of GFDL
Zetac model using GFDL hurricane
model; 1980-2006 time-evolving
conditions

Future (CMIP5/RCP4.5): Current, but
with Zetac regional model run with
1980-2006 time-evolving conditions
plus CMIP5 multimodel mean
anomalies

Future (CMIP3/A1B; similar to
CMIP5/RCP6.0 forcing): Current, but
with Zetac regional model run with
1980-2006 time-evolving conditions
plus CMIP3 multimodel mean
anomalies or anomalies of 10
individual CMIP3 models

Current (control): Downscaling of GFDL
HiRAM model using 1982-2005 mean
conditions

Future (CMIP5/RCP4.5): Current plus
CMIP5 multimodel mean anomalies

25 years  Complete

50 years  Complete

27 years  15-day

simulation

20 years  15-day

simulation

Hersbach et al.
(2020)

Murakami et al.
(2015)

Knutson et al.
(2022)

Knutson et al.
(2015)

(ERAS; Hersbach et al. 2020). However, TC outer size from
the GFDL hurricane model is broader than the ERAS5 due to
the use of winds from the lowest model level in the former da-
taset, which is at a higher vertical level within the boundary layer

than the ERAS. The justification for using these GFDL hurri-
cane model data is discussed in the subsection to follow. Ob-
served TC track data are obtained from the International Best
Track Archive for Climate Stewardship, version 4, revision 0

TABLE 2. Description of ERA-5, HIFLOR, and GFDL hurricane model components used in this study.

Model Dynamics

Radiation

Convection Microphysics

ERAS Global semi-Lagrangian
spectral model
(Diamantakis and
Magnusson 2016)

et al. 2008)

GFDL HiFLOR Global finite volume

model model (Lin 2004)

Monte Carlo independent
column approximation and
Rapid Radiative Transfer
Model for GCMs (Morcrette

Full longwave and shortwave
radiation with interactive
clouds and aerosols
(Freidenreich and Ramaswamy

Modified Tiedtke scheme Single-moment, bulk
(Tiedtke 1989) microphysics
(Forbes et al. 2011)

Relaxed Arakawa-—
Schubert scheme
(Moorthi and Suarez
1992)

Single-moment, bulk
microphysics
(Rotstayn 1997)

1999; Schwarzkopf and

Ramaswamy 1999)

Full longwave and shortwave
radiation with interactive
clouds (Lacis and Hansen
1974; Schwarzkopf and Fels

GFDL hurricane Regional primitive
model equation model using
box method (Kurihara
et al. 1998)
1991)

Double-moment, bulk
microphysics
(Ferrier 2005)

Simplified Arakawa—
Schubert scheme (Pan
and Wu 1995)
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(IBTrACS; Knapp et al. 2010). Our study focuses on TCs from
1982 and 2006 to approximately correspond with the period
used for the initial and boundary conditions for the climate
model simulations. We only examine those 6-h TC track points
equatorward of 39°N for consistency with the climate model
simulation data. We define TC genesis when the IBTTACS TC
has reached or exceeded tropical storm intensity (V.. = 34 kt),
similar to the climate model data. Previous research has shown
that TC track and outer wind field size and structure are typi-
cally well represented in the North Atlantic within reanalyses
(Schenkel and Hart 2012; Schenkel et al. 2017). In particular,
there is a slight small bias in ERAS5 outer size (Bian et al.
2021; Zhang and Chan 2022). Indeed, recent work has used
reanalyses to study TC outer size and structure in the North
Atlantic and western North Pacific (Schenkel et al. 2018; Mok
et al. 2018; Bian et al. 2021). Additional information on the
ERAS is included in Table 1.

Following prior work (Schenkel et al. 2017, 2018), a two-step
vortex recentering algorithm is used to locate the reanalysis TC
center due to uncertainties both in the best track and reanalyses
(Schenkel et al. 2012; Torn and Snyder 2012). First, the IBTTACS
position is used as the first guess. Second, the reanalysis TC loca-
tion is computed as the mean center of mass surrounding the
IBTrACS location of six different variables including 700- and
850-hPa geopotential height, 700-, 850-, and 925-hPa relative vortic-
ity, and mean sea level pressure (Brammer 2017; Marchok 2002).

c¢. TC outer size metric

This study uses the radius at which the azimuthal-mean
near-surface (typically 10-m height) azimuthal wind is less
than or equal to 8 m s™! (rg). This metric is chosen for consis-
tency with prior work (Chavas et al. 2016; Schenkel et al.
2018) and since it is well represented compared to other outer
size metrics in reanalyses albeit with a bias toward smaller val-
ues (Schenkel et al. 2017; Bian et al. 2021). Our analysis uses
rg instead of commonly used operational metrics either from
reanalyses or the best track for several reasons [e.g., the ra-
dius at which azimuthal-mean 10-m azimuthal wind equals
34 kt (r34)]. First and foremost, the horizontal grid spacing of
the reanalysis and, to a lesser extent, HIFLOR may be too
coarse to resolve a reasonable ri4, especially for small TCs
(Schenkel et al. 2017; Bian et al. 2021). Second, rg in reanaly-
ses compares well to QuikSCAT data because it is far enough
from the TC center to be well resolved, while at a sufficiently
high wind speed to avoid noise associated with ambient winds
(Schenkel et al. 2017; Bian et al. 2021). Last, prior work has
shown that rg yields qualitatively similar conclusions to rs4
(Schenkel et al. 2018). This study follows the methodology of
Chavas and Vigh (2014) in deriving rg for both reanalysis and
climate model output: 1) near-surface wind vectors are spa-
tially interpolated to a TC-relative polar coordinate excluding
all points over land; 2) the TC wind is then isolated by sub-
tracting the environmental wind which is assumed to empiri-
cally correspond to the TC translation vector multiplied by a
factor of 0.55 and rotated cyclonically by 20° (Lin and Chavas
2012); 3) the azimuthal-mean azimuthal wind is computed
and interpolated to a coordinate with a radial grid spacing of
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0.5 times the model horizontal grid; and 4) rg is defined as first
grid point outside the radius of maximum wind where the azi-
muthal wind is less than or equal to 8 m s~ ! (Schenkel et al.
2017, 2018). The sample sizes of 6-h rg data for the reanalysis
and each simulation are given, with their abbreviations, in
Table 3. Our analysis only examines rg in which the TC center
and most of its circulation is over water and maximum
azimuthal-mean 10-m wind (vf,,,) = 15 m s~ (Chavas et al.
2016; Schenkel et al. 2018), which is defined as follows (Lin and
Chavas 2012; Chavas et al. 2015):

U:Fnax = O'S(Vmax - O‘SSVtrans)’ (1)
where Vi, is the maximum 10-m wind speed, 0.8 is an empir-
ically estimated scaling factor from Chavas et al. (2016) used
to derive v, from Viax, and Vieans is the translation speed of
the TC. The term v, is used both to exclude weak TCs em-
bedded in strong environmental flow and for consistency with
prior work (Chavas et al. 2016; Schenkel et al. 2018).

Both the magnitude and life cycle of TC outer size in
the HiFLOR control simulation compare well with ERAS
(Schenkel et al. 2018). For the GFDL hurricane model, our
study used wind data at the lowest model level to define outer
size corresponding to a ~35-m height since 10-m data for the
entire wind field in and around the storm are unavailable,
whereas 10-m data are available from HiFLOR. This results in
median azimuthal-mean azimuthal winds that are 10%-20%
stronger in the GFDL hurricane model (i.e., 35-m data) than
either HIFLOR or ERA-5 (i.e., 10-m data; shown later) con-
sistent with expectations from observations (Franklin et al.
2003; Powell et al. 2003). However, this issue likely does not
impact our primary objective for three reasons. First, we are
focused on whether there are statistically significant differ-
ences in outer size and structure between the current and fu-
ture climates rather than how their magnitude compares to
observations (Knutson et al. 2015). Second, the weak wind
speed regimes in the TC outer region at a 35-m height are
likely not associated with large variability in 10-m reduc-
tion factors with radius. This suggests that the radial struc-
ture of the azimuthal-mean wind field and its outer size
estimates will be similar between 35- and 10-m heights
(Franklin et al. 2003; Powell et al. 2003). Third, prior work
has used the lowest model wind from the GFDL hurricane
model for comparison with 10-m wind data as an approxi-
mation (Knutson et al. 2015).

d. Exclusion of extratropical transition

This manuscript focuses on the portion of the TC life cycle
before the onset of extratropical transition. The transition of
the TC is associated with substantial changes in structure and
energetics (Jones et al. 2003), although the outer size of the
lower-tropospheric wind field typically remains unchanged in
the North Atlantic (Schenkel et al. 2018). The start of extra-
tropical transition is defined when the TC acquires sufficient
lower-tropospheric frontal structure while retaining its lower-
tropospheric warm core (Hart and Evans 2001; Evans et al.
2017). Using the cyclone phase space, transition start is quan-
tified as when storm motion-relative lower-tropospheric (i.e.,
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TABLE 3. Simulation name, abbreviation, and the numbers of North Atlantic TCs and 6-h times in which rg is defined in each simulation.

Simulation Abbreviation No. of TCs No. of 6-h times

ECMWEF fifth-generation reanalysis ERAS 122 2007

HiFLOR—Current climate (control) HiFLOR control 402 8000

HiFLOR—Late twenty-first century (CMIP5/RCP4.5 HiFLOR CMIP5/RCP4.5 491 9841
multimodel mean)

HiRAM-downscaling GFDL hurricane model—Current climate = HiRAM control 191 4029
(control)

HiRAM-downscaling GFDL hurricane model—Late twenty-first HiRAM CMIP5/RCP4.5 167 3527
century (CMIP5/RCP4.5 multimodel mean)

Zetac-downscaling GFDL hurricane model—Current climate Zetac control 198 4680
(control)

Zetac-downscaling GFDL hurricane model—Late twenty-first Zetac CMIP5/RCP4.5 183 3945
century (CMIP5/RCP4.5 multimodel mean)

Zetac-downscaling GFDL hurricane model—Late twenty-first Zetac CMIP3/A1B mean 171 4064
century (CMIP3/A1B 18-member multimodel mean)

Zetac-downscaling GFDL hurricane model—Late twenty-first Zetac CMIP3/A1B CM2.1 206 4305
century (CMIP3/A1B Geophysical Fluid Dynamics
Laboratory Climate Model, version 2.1)

Zetac-downscaling GFDL hurricane model—Late twenty-first Zetac CMIP3/A1B MPI 141 2889
century (CMIP3/A1B Max Planck Institute Earth System
Model, low-resolution MRI-CGCM3 Meteorological
Research Institute Coupled Atmosphere-Ocean)

Zetac-downscaling GFDL hurricane model—Late twenty-first Zetac CMIP3/A1B HadCM3 92 1638
century (CMIP3/A1B Hadley Centre Coupled Model, v3)

Zetac-downscaling GFDL hurricane model—Late twenty-first Zetac CMIP3/A1B MRI 184 3656
century (CMIP3/A1B Meteorological Research Institute
Coupled Atmosphere—Ocean General Circulation Model, v3)

Zetac-downscaling GFDL hurricane model—Late twenty-first Zetac CMIP3/A1B CM2.0 241 4949
century (CMIP3/A1B Geophysical Fluid Dynamics
Laboratory Climate Model, v2.0)

Zetac-downscaling GFDL hurricane model—Late twenty-first Zetac CMIP3/A1B HadGEM1 78 1186
century (CMIP3/A1B Hadley Centre Global Environment
Model, version 1)

Zetac-downscaling GFDL hurricane model—Late twenty-first Zetac CMIP3/A1B MIROC-hi 122 2517
century (CMIP3/A1B Model for Interdisciplinary Research
on Climate, v3.2, high resolution)

Zetac-downscaling GFDL hurricane model—Late twenty-first Zetac CMIP3/A1B MIROC-med 185 4525
century (CMIP3/A1B Model for Interdisciplinary Research
on Climate, v3.2, medium resolution)

Zetac-downscaling GFDL hurricane model—Late twenty-first Zetac CMIP3/A1B CCSM3 163 3431
century (CMIP3/A1B Community Climate System Model, v3)

Zetac-downscaling GFDL hurricane model—Late twenty-first Zetac CMIP3/A1B INGV 124 2461

century (CMIP3/A1B Instituto Nazionale di Geofisica e
Vulcanologia model)

900-600-hPa) layer thickness exceeds an empirically defined
threshold of 10 m (i.e., B-parameter > 10 m) indicative of
warm and/or moist air downstream, and cold and/or dry air up-
stream (Hart 2003; Evans and Hart 2003). The B-parameter is
calculated using data from 900 to 600 hPa in 25-50-hPa in-
crements in the ERAS and 50-hPa increments in the GFDL
HiRAM and Zetac hurricane model simulations. However,
only 850- and 500-hPa isosurfaces are used for GFDL HiFLOR
due to limited data availability potentially yielding earlier tran-
sition times (Liu et al. 2017; Schenkel et al. 2018).

e. Rhines scale

We compare meridional variations in TC outer size from
our simulations with a Rhines scaling to determine if TC outer

size in future climates is consistent according to expectations
from theory. The Rhines scale (Lg) is defined as (Rhines
1975; Chavas and Reed 2019)

LB=E %’ ©)
2\B

where the /2 factor converts the Rhines scale to a vortex radius,
Up is a characteristic velocity scale for the broad outer circulation
of the TC, and B = dfldy = (2Q/a)cos ¢ is the meridional gradi-
ent of the Coriolis parameter, Q=7.292X 107> s™! is the
Earth’s rotation rate, @ = 6371 km is Earth’s mean radius, and ¢
is the storm center latitude. We set the constant Ug to our TC
outer size velocity of 8 m s~ !, similar to Chavas and Reed (2019).
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We exclude the mean meridional relative vorticity gradient from
the Rhines scale because it is generally much smaller than the
meridional planetary vorticity gradient B over the open ocean,
particularly in the lower troposphere. However, the ambient rela-
tive vorticity gradient may be occasionally large near strong
lower-tropospheric jets, which may be significant during extra-
tropical transition and motivate the exclusion of these cases.
Hence, our analysis focuses on the simple definition of the
Rhines scale given by Eq. (2).

The velocity scale Ug can be assumed constant because the
radial structure of the quiescent TC outer circulation is itself
relatively constant in space and time (Chavas and Lin 2016).
It may also be held constant in a future climate because the
physics of the outer wind field are well understood and de-
pend only weakly on temperature for modern climate condi-
tions (Chavas et al. 2015). As a result, the precise value of Ug
is not important since it is a constant that does not alter the
scaling properties of Lg. Note that the form of the constant
7/2 factor in Lg is also somewhat arbitrary, suggesting that
the output value from the equation should not be interpreted
as an exact threshold (Chavas and Reed 2019). Rather, Lg
should be considered as a scaling for qualitatively comparing
TC outer size differences among different environments and
climates. This interpretation is also consistent with the physics
of the Rhines scale described above: It is not an absolute TC
size scale but rather represents a process that acts to shrink
larger TCs faster (Lu and Chavas 2022), thereby shifting the
distribution of TC size toward smaller storms (Chavas and
Reed 2019). We compare the meridional variation of Lg
against the meridional variation of TC outer size. Moreover, Lg
depends principally on 3, which is thermodynamically invariant
and hence is not expected to change significantly under climate
change for comparison with our future climate simulations.

f. Statistical testing

In our analysis, we use bootstrap testing to determine
whether control and future climate simulations are different
from one another. The test provides a measure of whether
any signal from anthropogenic warming is larger than internal
variability noise for a given simulation. A 1000-sample boot-
strap resampling with replacement for a two-tailed test is used
to define whether the 5th, 25th, 50th, 75th, and 95th percen-
tiles of the distribution are significantly different at the 10%
and 5% level. For the radial and plan view plots, p values for
each local null hypothesis are defined using a false discovery
rate with values of 0.2 and 0.1, which approximately corre-
spond to a global significance level of 10% and 5%, respec-
tively (Benjamini and Hochberg 1995; Ventura et al. 2004;
Wilks 2016). The false discovery rate conservatively requires
smaller p values to reject the local null hypotheses. This more
stringent standard reduces the false rejections of local null hy-
potheses associated with random fluctuations and strong spa-
tial autocorrelation that yield false interpretation of results
(Benjamini and Hochberg 1995; Ventura et al. 2004; Wilks
2016). For our bootstrap testing, the degrees of freedom are
conservatively defined using the number of uniquely named
TCs rather than the number of 6-h track points since outer
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size varies slowly over the storm life cycle (Merrill 1984;
Weatherford and Gray 1988). Indeed, quantification of the ef-
fective degrees of freedom determined from the lag-1 auto-
correlation (Bretherton et al. 1999) yields values similar to
the number of TCs. In the interest of brevity, some of our re-
sults will only show the mean of the 10 CMIP3/A1B Zetac-
downscaling GFDL hurricane simulation ensemble members.
In these instances, our analysis will show when statistical test-
ing indicates 80% of ensemble members agree on the sign of
the result similar to prior work (Neelin et al. 2006; Pendergrass
et al. 2017; Knutson et al. 2022).

3. Analysis and results

We first examine how TC outer size and structure change
when considering all data and then focusing regionally in the
North Atlantic. Next, we investigate outer size and structure
changes during the North Atlantic TC life cycle with a focus
on genesis and lifetime maximum rs. Finally, we analyze the
factors associated with these outer size and structure changes
including differences in North Atlantic TC outer size growth
rate, lifetime, and track changes.

a. Full lifetime

Most HiIFLOR and GFDL hurricane model simulation pro-
jections suggest that North Atlantic TC outer size should re-
main unchanged, with no significant differences across the
five statistics tested, as shown in box-and-whisker plots of rg
data (Fig. 1). This result is consistent with Yamada et al.
(2017). Moreover, the lack of change in the 95th percentile
of rg is consistent with expectations from the Rhines scale.
Specifically, median rg values in all control simulations
range from 347 to 495 km versus from 375 to 520 km in the
late twenty-first century. However, the Zetac CMIP3/A1B
HadGEM1 shows statistical decreases in three statistics. In
the HadGEM1 simulation, the magnitude of these reduc-
tions is marginally above the values associated with signifi-
cance levels considered here (i.e., 10% level). Prior work
has shown that the projection of strongly reduced TC fre-
quency and intensity in the HadGEM1 simulation is an out-
lier among the Zetac CMIP3/A1B simulations (Knutson
et al. 2013, 2022), which is consistent with the (outlier) TC
outer size projections from HadGEM1 in the present study.
The large reductions in TC frequency and intensity in the
CMIP3/A1B HadGEM1 simulation were attributed to 1) in-
creased thermodynamic stability associated with larger in-
creases in tropical upper-tropospheric temperatures relative
to the other downscaled ensemble members and 2) particu-
larly strong shifts in TC genesis and tracks toward the north-
west into climatologically less favorable environments closer
to land (Knutson et al. 2013, 2022). Additionally, several simu-
lations show either nonsignificant increases or decreases that
fall just short of the significance threshold suggesting uncer-
tainty in concluding that projected rg remains unchanged. In
particular, the two simulations forced with repeating identical
cycles of SSTs and radiation (i.e., HIFLOR and HiRAM) sug-
gest small, nonsignificant increases in rg, while the simulations
containing present-day variability suggest either small decreases
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FIG. 1. Box-and-whisker plot of rg (km) for all 6-h North Atlantic TC times in the control and late-twenty-first-
century simulations for the (a) CMIP5/RCP4.5 and (b) CMIP3/SRES A1B simulations. Each late-twenty-first-century
simulation contains the corresponding control simulation within the same panel for ease of comparison. The box plots
display the median (black vertical line near box center), the 95% confidence interval of the median calculated from a
1000-sample bootstrap approach with replacement (notches on boxes), the interquartile range (black box perimeter;
[41, g3] ), the whiskers (black-capped lines), and the 5th and 95th percentiles (diamonds). The lower whisker is the first
datum above q; — 1.5(¢3 — ¢1) and the upper whisker is the first datum below g5 + 1.5(¢3 — ¢1). The following nota-
tion denotes when the future climate simulation is different from the current climate simulation for a given simulation:
1) thick colored middle line in the box for the median, 2) thick colored left and right sides of the box for the 25th and
75th percentiles, respectively, and 3) colored diamond for 5th and 95th percentiles. Light brown and red coloring de-
note statistics with significant differences between the current and future climate at the 10% and 5% levels, respec-
tively. Horizontal dashed green lines denote groups of models within each climate change scenario. The reanalysis
data are provided, but not statistically tested against the simulations in the interest of brevity. The reanalysis rg distri-
bution is expected to be shifted toward smaller values than the GFDL hurricane model data due to the use of 35-m

winds in the latter compared to 10-m winds in the former.

or nonsignificant increases (i.e., Zetac). This large variability
in the Zetac-downscaling simulations may suggest that the
ensemble members are exploring more of the uncertainty
parameter space. The outlier CMIP3/A1B HadGEM1 simu-
lation also suggests the importance of model boundary and
initial conditions to our results. Last, a comparison of
rg from HiFLOR and the GFDL hurricane model control
simulations shows values that are comparable to the ERAS
providing confidence in these results, especially given the
use of the lowest vertical level in the GFDL hurricane
model (Knutson et al. 2015; Schenkel et al. 2018). Differ-
ences between rg in the ERAS and simulations are not sur-
prising for several reasons including differences in model
configuration (e.g., use of 6-h data assimilation in reanaly-
sis) and the simulation of dynamically consistent realiza-
tions of TC activity rather than any particular observed TC
(Knutson et al. 2015; Hersbach et al. 2020).

Composite radial profiles of the azimuthal-mean near-surface
azimuthal wind (Fig. 2) show that the above conclusions are not
an artifact of using rs. We show plots here of the mean of all 10
Zetac CMIP3/A1B ensemble simulations, excluding the mean
simulation, here and elsewhere instead of showing each ensemble
member. All four sets of late-twenty-first-century simulations
show small differences in near-surface winds including median

differences of —0.4-0.7 m s~ ! in the TC outer region (i.e., radius
= 200 km) that fall short of significance thresholds. These results
are also consistent with no change in azimuthal-mean rainfall in
the outer region of North Atlantic TCs (Knutson et al. 2015; Lin
et al. 2015; Yamada et al. 2017).

There are also generally no regional TC outer size differ-
ences in the North Atlantic basin between the current and
late-twenty-first-century climate as shown using gridded maps
of median rg (Fig. 3). The sample size of 6-h TC track points
for the same grid is shown in Fig. S3 of the supplemental
material. Both the ERAS and control simulations show a pos-
itive meridional gradient in median rg. This increase in me-
dian rg with latitude is broadly consistent with prior studies
and the thermodynamically invariant Rhines scaling (Merrill
1984; Chavas and Reed 2019). Median differences between
the present-day and future climate among simulations range
between —130 and 253 km, which is not statistically different
at any given grid point or in the zonal mean including those
locations closest to land. More specifically, those simulations
with repeating SST and radiative forcing (i.e., HIFLOR and
HiRAM) show slightly larger TCs in most of the tropics and
subtropics by the late twenty-first century. In contrast, simula-
tions that include current climate variability (i.e., Zetac
CMIP5/RCP4.5 and the mean of the CMIP3/A1B ensemble
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FIG. 2. Radial profile of composite median (solid line) with its 95% confidence interval (shaded) calculated using a
1000-sample bootstrap approach, and the interquartile (dashed lines) of the azimuthal-mean near-surface azimuthal wind
(m s ') for the control, and late-twenty-first-century simulations in (a) HiFLOR, (b) HiRAM-downscaling, and
(c) Zetac-downscaling from the CMIP5/RCP4.5 simulation, and (d) the mean of the Zetac-downscaling from the
10 CMIP3/A1B ensemble members (excluding the ensemble mean). None of the radii show significant differences in me-
dian values between the current and late-twenty-first-century climate for a false discovery rate of « = 0.1 or @ = 0.2. In
(d), =80% of the 10 Zetac-downscaling CMIP3/A1B ensemble members show no change in azimuthal wind speeds at all
radii. HIFLOR wind speed data are at 10 m [in (a)], while the GFDL hurricane model simulation data are at the lowest

model level (e.g., ~35 m).

members) show responses ranging from nonsignificant decreases
to nonsignificant increases with spatial patterns that are less
coherent among ensemble members, which may not be sur-
prising given the variability in initial conditions among the
CMIP3/A1B ensemble members.

Together, these HIFLOR and GFDL hurricane model sim-
ulations suggest that projected TC outer size and structure re-
main unchanged by the late twenty-first century. However,
some uncertainty exists given that several simulations either
show significant results or fall just short of these thresholds.
The lack of differences shown here thus far agrees with prior
modeling assessments (Yamada et al. 2017), the absence of
decadal trends in both reanalyses and satellite-derived data
from the satellite era (Knaff et al. 2014; Mok et al. 2018;
Zhang and Chan 2022), and expectations from theory (Rhines
scale; Rhines 1975; Chavas and Reed 2019). This analysis
raises questions about whether stronger anthropogenic cli-
mate change scenarios (i.e., RCP8.5; Taylor et al. 2012) would
yield larger differences with greater consistency in both the

sign and spatial patterns among simulations. The absence of
consistency among simulations with and without current cli-
mate variability may suggest that the climate change scenarios
used here (e.g., CMIP5/RCP4.5 versus all CMIP3/A1B en-
semble members) are a secondary factor influencing TC outer
size compared to either model internal variability or current
climate variability in the Zetac-downscaling simulations.
Next, we consider if differences in rg occur at any point in
the TC life cycle.

b. Life cycle of TC outer size

Differences between the life cycle of North Atlantic TC
outer size in the present-day and future climate are shown in
Fig. 4 for HIFLOR and GFDL hurricane model simulations.
To facilitate the comparison of TCs with different lifespans,
the life cycle of rg is shown as a fraction of the storm lifetime.
Each simulation suggests a steady increase in rg through the
four quartiles of the TC life cycle similar to prior work for the
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FIG. 3. Plan view of composite median rg (km) in the co

ntrol and its difference with the future climate on a 5° X 5°

grid (shown in left plots) in (a),(b) HIFLOR, (c),(d) HIRAM-downscaling, (e),(f),(h) Zetac-downscaling simulations,
and (g) ERAS, where (a), (¢), (¢), and (g) are for the current climate (control) and (b), (d), (f), and (h) are for the late
twenty-first century minus the control. The right panels show the zonal median (black line) and its 95% confidence inter-
val (gray shading), and the interquartile range (black dashed lines) of rg for the current climate in (a), (c), (e), and
(g) whereas (b), (d), (f), and (h) show the difference between median values. The black rectangle around the ERAS
panel is used to distinguish it from the rest of the simulations. The green line in the side plots of (a), (c), (e), and
(g) shows the Rhines scaling for rg vs latitude. There must be =10 values from =3 unique TCs for a median value to be
given for a grid box. The two-dimensional grid is smoothed once with a 9-point smoother, while the side panel is
smoothed once with a 3-point smoother. None of the grid boxes show significant differences in median values between the
current and late twenty-first-century climate for a false discovery rate of @ = 0.1 or &« = 0.2. In (h), =80% of the 10 Zetac-
downscaling CMIP3/A1B ensemble members show no significant changes in rg at each grid point or in the zonal mean.

North Atlantic (Schenkel et al. 2018). A comparison of control
and future climate simulations without current climate variabil-
ity shows that rg changes often become increasingly larger later
in life especially in the late twenty-first century, although none
of the median differences among the simulations are statisti-
cally different. Nonetheless, there is no consistency among
those simulations on when these differences begin during the

TC life cycle. In particular, HIFLOR shows marginally larger
TCs in the control simulation in the first quartile, followed by
the CMIP5/RCPA4.5 simulations becoming larger throughout the
rest of the TC lifetime, whereas HIRAM shows CMIP5/RCP4.5
simulations with larger TCs with greater differences as storm
age increases. In contrast, the Zetac-downscaled simulations
have no consistent patterns with age.
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FIG. 4. Composite time series of median (solid line) and its 95% confidence interval (shaded) calculated using a
1000-sample bootstrap approach, and the interquartile range (dashed lines) of rg (km) for the control, and late-
twenty-first-century simulations in (a) HIFLOR, (b) HIRAM-downscaling, (c) Zetac-downscaling CMIP5/RCP4.5,
and (d) the mean of the Zetac-downscaling of all 10 CMIP3/A1B ensemble members (excluding the ensemble-mean
simulation). The normalized age coordinate is computed by taking the age of each TC and dividing it by its lifetime to
compare storms with varying lifespans. The rg data are then averaged within each quartile for a given TC before com-
puting the median and its 95% confidence interval, and the interquartile range following Schenkel et al. (2018). The
numbers provide the sample sizes for each simulation and bin. None of the simulations show rg values that are statisti-
cally different between the present-day and future climate according to p values defined using a false discovery rate of
a = 0.1 or « = 0.2. In (d), =80% of the 10 Zetac-downscaling CMIP3/A1B ensemble members show no significant

changes in rg throughout the normalized TC lifetime.

Next, we examine rg at specific milestones in the TC life cycle
beginning with genesis. Projected genesis rg does not change
between the current and late-twenty-first-century climate
(Fig. 5). Compared to all 6-h times (Fig. 1), the rg distribution
at genesis is narrower (Schenkel et al. 2018). However, the dif-
ferences in genesis rg between the control and late-twenty-first-
century simulations are typically smaller in magnitude
compared to all 6-h time results for most simulations.
Specifically, median rg is 219-341 km in the control versus
213-359 km in the late twenty-first century among all simula-
tions. None of the simulations show significant differences in

genesis outer size by the late twenty-first century among any
of the statistics examined. This provides further support that
any changes that do occur in outer size likely arise later in the
TC life cycle. We also show projected changes in TC genesis
latitude (Fig. 6) given that the Rhines scaling suggests larger
outer sizes at poleward latitudes (Chavas and Reed 2019; Lu
and Chavas 2022). The majority of simulations show no
change in TC genesis latitude. While several simulations
show changes in one or more distribution statistics, these
changes are inconsistent ranging from small equatorward
shifts to large poleward shifts. More importantly, these shifts
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FIG. 5. Asin Fig. 1, but for genesis rg (km).

in genesis latitude are not associated with changes in TC
outer size in the simulations.

Composite radial profiles of near-surface azimuthal winds at
TC genesis also typically do not change by the late-twenty-first-
century climate (Fig. 7). Compared to Fig. 2, the distribution of
near-surface winds is much narrower at all radii and there is a
greater overlap between control and late-twenty-first-century
simulations among HiIFLOR and GFDL hurricane model simu-
lations. Specifically, median differences range between —0.7 and
0.7 m s ! in the TC outer region, which are not significantly dif-
ferent from one another. Moreover, the largest differences tend
to be concentrated in the TC inner core with smaller, nonsignifi-
cant differences outside these radii.

We next examine lifetime maximum outer size, which oc-
curs in the latter portions of the TC life cycle (Merrill 1984;

_ CMIP5/RCP4.5

5% level
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10% level

X
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Latitude (°N)

30 40

Schenkel et al. 2018). Compared to genesis outer size, the dis-
tribution of lifetime maximum rg (Fig. 8) is broader in both
the control and future simulations (Schenkel et al. 2018). Sim-
ilar to all 6-h data and at genesis, lifetime maximum rg typi-
cally also remains unchanged by the late twenty-first century
among nearly all HIFLOR and GFDL hurricane model simu-
lations. The lack of systematic changes in any tested statistics
in lifetime maximum rg is similar to the results given by the
Rhines scale (Chavas and Reed 2019). The differences be-
tween lifetime maximum rg among the control and future sim-
ulations are similar, but slightly larger, compared to those for
all rg data (Fig. 1). In particular, median values of lifetime
maximum rg range from 422 to 663 km in the control versus
from 456 to 666 km in the future climate among all simula-
tions. Similar to Fig. 1, the Zetac CMIP3/A1B HadGEMI1
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FIG. 6. As in Fig. 1, but for genesis latitude (°N).
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simulation shows significantly smaller rg in two statistics by  these nonsignificant changes in TC outer size. Similar to all 6-h
the late twenty-first century. Several simulations show differ- data, HIRAM and HiFLOR suggest nonsignificant increases,
ences that just miss the significance threshold. However, there =~ whereas the Zetac simulations show a range of possibilities from
remains disagreement among the simulations on the sign of  significant decreases to nonsignificant increases.
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We also show projected changes in the latitude of lifetime
maximum rg in Fig. 9, which is important from a risk perspective
(Lin et al. 2014, 2015) as well as for trying to wholly understand
the lifetime maximum rg results in the context of the Rhines
scaling (Chavas and Reed 2019). Only three of the Zetac-
downscaling simulations show changes in at least one statistic in
the lifetime maximum rg distributions, while HiIRAM and
HiFLOR simulations show no differences. Moreover, the sign
of these changes is inconsistent ranging from a poleward shift in
1-2 statistics from the CMIP3/A1B HADCM3 and MIROC-hi
simulations to an equatorward shift in the lower quartile of the
CMIP3/A1B MRI simulation. The absence of stronger, system-
atic changes in both the magnitude and latitude of lifetime max-
imum rg is consistent with expectations from the Rhines scaling
(Chavas and Reed 2019).

Composite radial profiles of near-surface azimuthal winds
during lifetime maximum outer size also do not show signifi-
cant changes between the control and future climates in most
simulations (Fig. 10). Specifically, differences between outer
region winds in the control and late twenty-first-century range
between —1.3 and 1.1 m s~ ', which is larger than the profiles
for all 6-h times (Fig. 2) or genesis (Fig. 7). The largest differ-
ences are concentrated near the radius of maximum winds
with much smaller, nonsignificant differences outside the TC
inner core among nearly all simulations.

These results suggest that outer size and structure likely
remain unchanged through the TC life cycle by the late
twenty-first century in HIFLOR and the GFDL hurricane
model simulations. In particular, the lack of change in life-
time maximum rg shown here and as predicted by the
Rhines scale increases the confidence in our results. How-
ever, the absence of complete consensus among simulations
suggests some uncertainty especially in the latter portion of
the lifetime when maximum outer size typically occurs. The
lack of differences at genesis may partially explain why life-
time maximum TC outer size often remains unchanged in

most HiFLOR and GFDL hurricane model simulations
given the strong association between initial outer size and
subsequent growth rates (Schenkel et al. 2018; Martinez
et al. 2020). Moreover, this analysis may suggest that the
outer size of TC precursor disturbances does not change by
the late twenty-first century given its association with gene-
sis TC outer size (Rotunno and Emanuel 1987; Cocks and
Gray 2002; Lee et al. 2010). Finally, the results from most
simulations are consistent with expectations of relatively
constant maximum outer size with warming from the Rhines
scaling, which instills greater confidence in our conclusions.
Next, our analysis examines the factors associated with
changes in TC outer size in certain simulations between the
current and late twenty-first century.

c¢. Factors associated with outer size differences

We first investigate whether TC outer size growth rates re-
main unchanged by the late twenty-first century as shown in
Fig. 11 in HiIFLOR and the GFDL hurricane model simula-
tions. Both the control and future climate TC growth rates
are skewed toward positive values consistent with growth
(Merrill 1984; Schenkel et al. 2018). Moreover, the HIFLOR
and GFDL hurricane model growth rates tend to be statisti-
cally larger than those in the ERAS. Median values range
from 19 to 41 km day ™! in the control to 19-50 km day ! in
the late twenty-first century. The difference between these
ranges in the control and future simulations is not significant
among most HIFLOR and GFDL hurricane model simula-
tions, although some are just shy of being statistically differ-
ent. Only the Zetac CMIP3/A1B CM2.0 simulation shows
significant increases in daily growth rates for the 25th percen-
tile by the late twenty-first century, yet no significant changes in
its rg distribution (Fig. 1). In contrast, the Zetac CMIP3/A1B
HadGEMI1 simulation showed significant decreases in the 95th
percentile. The decreased growth rates within Zetac CMIP3/A1B
HadGEMI1 may be due to the increased upper-tropospheric
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warming that is associated with a northwestward shift in TC gen-
esis and tracks and, more broadly, less favorable conditions for
TC genesis and intensification (Knutson et al. 2013, 2022). More
generally, these small, often nonsignificant changes in growth

__CMIP5/RCPA.5

rates suggest that other factors may be responsible for the outer
size decreases in these Zetac CMIP3/A1B HadGEM1 simulation.

Next, our analysis examines differences in TC lifetime be-
tween the current and late-twenty-first-century climate as
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shown in Fig. 12. The lifetime is examined given the associa-
tion between long TC lifetime and larger outer size that exists
due to the slow growth of outer size in the North Atlantic
(Merrill 1984; Schenkel et al. 2018). The 39°N latitude threshold
used for the GFDL simulation northern boundary may limit
our ability to characterize the full life cycle of all TCs. However,
most TCs in the current and late twenty-first century begin ex-
tratropical transition starting at this northern boundary (Liu
et al. 2017; Michaelis and Lackmann 2019). The simulations
show greater differences in TC lifetime compared to any of the
outer size and structure parameters examined here. While the
HiRAM-downscaling and HiFLOR simulations show no signifi-
cant changes in TC lifetime, the majority of Zetac-downscaling
ensemble members show significant decreases in anywhere be-
tween 1 and 4 tested distribution statistics. Specifically, the
median lifetime in the Zetac-downscaling simulations with
significant decreases ranges from 4.8 to 6.6 days in the late
twenty-first century compared to 7.6 days in the control
simulations. The shorter TC lifetimes in these simulations
may be associated with a northwestward shift in both TC
genesis and tracks toward the continental United States
yielding decreased time before landfall and closer proxim-
ity to midlatitude baroclinic environments that either yield
cyclolysis or extratropical transition (Hart and Evans 2001;
Liu et al. 2017). Moreover, the Zetac A1B HadGEM1 sim-
ulation, which is characterized by the strongest decreases
in TC lifetime and rg, shows less favorable conditions for
TC intensification in the tropics in association with very
pronounced upper-tropospheric warming (Knutson et al.
2013, 2022). In particular, the smaller rg values for the Zetac
CMIP3/A1B HadGEMI1 simulation (e.g., Fig. 1) appear to be
associated with sharp reductions in TC lifetime and, to a lesser
extent, outer size growth rates (Fig. 11). The remaining Zetac
simulations with shorter TC lifetimes are not associated with
smaller rg. This result may be due to the following: 1) the
greater, nonsignificant rg growth rate offsetting the TC lifetime

decreases (e.g., Zetac CMIP3/A1B CM2.1) or 2) the decreases
in storm lifetime not being of sufficient magnitude to be
associated with rg decreases. Last, a large number of simula-
tions show shorter TC lifetimes than the best track which are
associated with shifts in TC tracks shown next.

The simulations with no changes in TC lifetimes also typically
show small TC track changes between the current and late
twenty-first century (Fig. 13). Specifically, the simulations with
repeating identical cycles of SSTs and radiation (i.e., HIFLOR
and HiRAM) show small, spatially incoherent track changes.
However, the simulations with present-day climate variability
(i.e., Zetac CMIP5/RCP4.5 and mean of the Zetac CMIP3/A1B
ensemble simulations) show a northwestward shift toward the
continental United States associated with an increased propor-
tion of landfalling TCs (Knutson et al. 2022). This westward
shift in TC tracks is also associated with a westward shift in TC
genesis toward the continental United States in most Zetac-
downscaling simulations [i.e., Fig. 7 from Knutson et al. (2022)].
Figure 8 from Knutson et al. (2022) also showed that the ma-
jority of the Zetac-downscaling simulations, including the
CMIP/RCP4.5 simulation, project 1) stronger trade wind
easterlies advecting TCs more quickly across the eastern
and central Atlantic and 2) weaker midlatitude westerlies
and, hence, farther westward propagation before TC recurva-
ture. The reduction in midlatitude westerlies is also likely asso-
ciated with a reduction in vertical wind shear, providing more
favorable conditions for TCs in the midlatitudes (Knutson et al.
2022, 2013; Ting et al. 2019). Simulations that show significant
reductions in TC lifetime (e.g., Zetac/A1B HadGEM1,
HADCM3) show tracks more strongly shifted north and west.
This shift in tracks and associated reduction in TC lifetime sug-
gest less time for outer size growth before 1) cyclolysis associ-
ated with landfall (Knutson et al. 2022) or 2) cyclolysis or
extratropical transition associated with midlatitude baroclinic
environments (Hart and Evans 2001; Liu et al. 2017). Finally,
the reductions in both TC outer size growth rates and lifetime
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twenty-first-century climate on a 5° X 5° grid (left plots) in (a),(b) HIFLOR, (c),(d) the HIRAM-downscaling simulation,
(e),(f),(h) the Zetac-downscaling simulations, and (g) ERAS, where (a), (c), (¢), and (g) are for the current climate and
(b), (d), (f), and (h) are for the late twenty-first century minus the current climate. The right plot shows the zonal median
(black line) in (a), (c), (e), and (g), whereas (b), (d), (f), and (h) only show the difference between median values. The
black rectangle around the ERAS panel is used to distinguish it from the rest of the simulations. The two-dimensional

grid is smoothed once with a nine-point smoother, while the side plot is smoothed once with a three-point smoother.

in Zetac/A1B HadGEM1 simulations may be associated with
less favorable conditions for TC genesis and environments fa-
voring weaker TC intensities (Knutson et al. 2013, 2022).

This section suggests that projected rg growth rates likely
remain unchanged by the late twenty-first century, while a
small number of Zetac-downscaling GFDL hurricane model
simulations may show decreased TC lifetimes in association
with a northwestward shift in tracks toward the continental
United States. However, these storm lifetime changes do not
appear to be associated with differences in rg between the con-
trol and late twenty-first century in most simulations. The lack

of changes in rg growth rates in most simulations by the late
twenty-first century may further suggest that the storm environ-
ments or precursor disturbance sizes are not substantially differ-
ent given the previously identified importance of these factors
(e.g., ambient relative humidity; Hill and Lackmann 2009; Knaff
et al. 2017; Martinez et al. 2020).

4. Summary and discussion

The present study investigated whether projected North
Atlantic TC outer size and structure change by the late
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twenty-first century due to anthropogenic warming. We
computed previously used TC outer size [i.e., the radius at
which the azimuthal-mean near-surface azimuthal wind is
less than or equal to 8 m s™! (rg)] and structure metrics
(i.e., azimuthal-mean near-surface azimuthal wind) from
three sets of TC-resolving simulations for the current (con-
trol) and late-twenty-first-century climate. These simula-
tions were conducted with climate change scenarios using
models from two different generations of CMIP experi-
ments (SRES A1B and RCP4.5) and two different emission
scenarios—CMIP3/A1B and CMIP5/RCP4.5. Our analysis
focused on examining differences in North Atlantic TC
outer size and structure for all 6-h times between the present
day and the late twenty-first century, and regional variations in
these differences. We also examined how the life cycle evolu-
tion of North Atlantic TC outer size and structure may change
and the factors associated with these changes.

Our results suggest that the projected North Atlantic TC
outer size and structure remain unchanged by the late twenty-
first century in most HIFLOR and GFDL hurricane model
simulations in agreement with predictions from the Rhines
scaling. This outcome from real-Earth simulations is consistent
with the lack of change in storm size with warming found in
aquaplanet experiments with uniform global SSTs (Stansfield
and Reed 2021). Nonetheless, this conclusion contains nontri-
vial uncertainty given that some simulations either showed lim-
ited changes in some statistics or fell just short of significance
thresholds. Those limited small differences that occurred were
exclusively associated with the Zetac-downscaling CMIP3/A1B
HadGEMI1 simulation, which has been previously shown to be
a strong outlier for simulating TC activity compared to other
ensemble members. More broadly, the Zetac-downscaling sim-
ulations yielded a range of solutions between significant de-
creases and nonsignificant increases. This variability may reflect
the variety of initial conditions from the CMIP3/A1B ensemble,
which allows these simulations to quantify more of the uncer-
tainty parameter space. In contrast, those simulations forced
with repeating identical cycles of radiation and SSTs showed
nonsignificant g increases. More specifically, our results showed
that the TC outer size ranges between ~350 and 520 km in
the current and future climate when considering all data. The
HiFLOR and GFDL hurricane model simulations do not show
any regional changes in North Atlantic TC outer size between
the present-day and future climate. These results for outer size
are consistent with the outer azimuthal-mean near-surface azi-
muthal wind field, which also remains unchanged.

This study also examined potential changes in outer size
and structure during the North Atlantic TC life cycle. Our
analysis showed that control and late-twenty-first-century TCs
tended to be larger later in their life cycle, but no differences
existed in outer size at any point during the TC lifetime.
Closer examination of outer size and structure at genesis also
showed smaller differences between the control and future
simulations compared to all 6-h times. Consistent with expect-
ations from the Rhines scale, lifetime maximum rg and its
associated outer structure also do not show significant differ-
ences by the late twenty-first century in most simulations.
However, the lifetime maximum rg results did fall just short of
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significance thresholds in HIFLOR and several GFDL hurri-
cane model simulations.

Analysis of factors potentially associated with North Atlantic
TC outer size and structure changes suggested no changes in
outer size growth rates from the present-day to future climates
in most simulations. TC lifetime also showed no changes in most
simulations, although a large number of Zetac CMIP3/A1B sim-
ulations showed significant decreases in lifespans in association
with a northwestward shift in TC tracks toward the continental
United States by the late twenty-first century. However,
HiFLOR and most GFDL hurricane model simulations showed
small or inconsistent TC track changes by the late twenty-first
century. The Zetac downscaling CMIP3/A1B HadGEM]1 simu-
lation was the only model showing large outer size differences,
which were associated with a reduction in outer size growth
rates and, more strongly, with lifetime. However, this model has
been previously identified as an outlier among the Zetac simula-
tions, which also suggests the importance of model initial and
boundary conditions to our results.

In summary, these results suggest that the projected late-
twenty-first-century North Atlantic TC outer size and struc-
ture likely remain unchanged in the future climate regardless
of the phase of TC lifetime or region of the basin considered.
Our analysis also addresses the motivating questions raised in
the introduction:

1) Is there a consensus among multiple models on whether
projected TC outer size and structure change between the
current and late-twenty-first-century climate in the North
Atlantic?

Yes, there is consensus among multiple models suggesting
that projected TC outer size and structure will remain un-
changed by the late twenty-first century.

2) Are changes in TC outer size and structure confined to
certain portions of the TC life cycle?

No, TC outer size and structure are projected to be un-
changed throughout the TC life cycle.

3) Do changes in TC outer size and structure occur only in
certain regions of the North Atlantic?

No, our simulations project no localized differences in TC
outer size and structure in the North Atlantic between the
current and late-twenty-first century climates.

These results suggest that any changes to North Atlantic TC
outer size induced by anthropogenic warming are likely smaller
than internal variability noise given the statistical testing results.
These results also suggest that North Atlantic TC outer size dif-
ferences are smaller than uncertainties introduced by differences
in model configuration (e.g., downscaling) given the agreement
among the simulations. The absence of projected changes in TC
outer size is notable given the differences in TC genesis location,
track, and intensity by the late twenty-first century in these
simulations.

Together, these projections are consistent with reanalysis
and satellite-derived trends from the last several decades and
recent theory on what limits TC outer size as provided by the
Rhines scaling, which instills greater confidence in our analy-
sis. Our work provides crucial guidance to hazard and risk
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modeling given the sensitivity of hazards to TC outer size and
structure (Lin et al. 2014; Lu et al. 2018). Moreover, this study
provides greater confidence in prior hazard studies, which
have assumed that North Atlantic TC outer size and structure
remain unchanged in the absence of a comprehensive multi-
model assessment (Lin et al. 2015; Marsooli et al. 2019; Gori
et al. 2022). Future work should quantify the sensitivity of
North Atlantic TC outer size and structure to more extreme
warming scenarios (e.g., CMIPS/RCP8.5) given that several
simulations just missed exceeding the statistical thresholds un-
der these less aggressive anthropogenic climate change scenar-
ios. Moreover, a companion analysis should identify which
environmental factors are responsible for no changes in TC
outer size to provide a greater physical understanding of these
results and their sensitivity to different climate warming sce-
narios. An additional future study should also examine how
changes to internal climate variability by the late twenty-first
century could alter TC outer size. The sensitivity of these re-
sults to the initial and boundary conditions and how they are
imposed (e.g., uncoupled versus coupled SSTs, use of spec-
tral nudging) should also be quantified and compared to vari-
ability associated with ensemble member spread. Finally,
future work would benefit from projections run using a state-
of-the-art regional hurricane model like the Hurricane
Analysis and Forecast System (HAFS; Hazelton et al.
2021, 2022) or the Hurricane Weather Research and Forecast-
ing model (HWREF; Gopalakrishnan et al. 2011, 2013).
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