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Abstract There is a lack of consensus on how tropical cyclone outer winds may change, if at all, due to
extratropical transition. Hence, this study examines changes in North Atlantic tropical cyclone outer size and
structure using a large, multidecadal sample of cases from reanalysis data. These results suggest that tropical
cyclone outer size and structure typically remain unchanged until after extratropical transition end. In those
minority of cases with strong expansion during extratropical transition, increases in tropical cyclone outer winds
begin first in the lower troposphere during extratropical transition and build upwards over time. This broadening
of the azimuthal-mean outer winds is also associated with an increasingly asymmetric outer wind field with the
strongest winds concentrated downstream of the tropical cyclone. These storms that expand most strongly
during transition are typically smaller at transition start and eventually become embedded in more strongly
baroclinic environments by extratropical transition end.

Plain Language Summary Tropical cyclones (also known as hurricanes, typhoons, cyclones,
tropical storms, and tropical depressions) undergo major structural changes when transforming into an
extratropical cyclone (non-tropical low-pressure system) during a process known as extratropical transition. An
understudied aspect of these structure changes is the response of the tropical cyclone outer winds to extratropical
transition. Hence, this study investigates how the structure and size of the tropical cyclone outer wind field will
change in response to extratropical transition for a large sample of cases. These results show that tropical
cyclone outer winds typically do not change until after extratropical transition. In the minority of cases with
strong expansion in tropical cyclone outer winds during transition, we show a broadening of the outer wind field
that begins in the lower troposphere (i.e., the lowest part of the atmosphere) during extratropical transition that
deepens with time. This broadening of the outer wind field is associated with an increasingly asymmetric wind
field whose maximum is concentrated in the direction in which the tropical cyclone is propagating. These cases
that expand typically are smaller at extratropical transition start and become embedded in environments with
strong horizontal and vertical variations in winds, temperature, and moisture by extratropical transition end.

1. Introduction

North Atlantic tropical cyclones (TCs) occasionally landfall in the midlatitudes causing compound hazards
including flooding and tornadoes (Galarneau et al., 2013; Schenkel et al., 2020). Approximately 50% of land-
falling TCs along the United States East Coast, Canada, and Europe eventually undergo extratropical transition
(ET; Hart & Evans, 2001). ET is the process by which a TC becomes an extratropical cyclone upon typically
encountering increasing baroclinicity, decreasing sea surface temperatures or making landfall, and interaction
with an upper-tropospheric trough (Evans et al., 2017; Jones et al., 2003). The associated transition to baroclinic
energetics leads to the post-ET re-intensification in 50% of TCs, yielding the landfall of damaging extratropical
cyclones (Bieli et al., 2019a; Hart & Evans, 2001). Moreover, climate projections suggest increasing numbers of
more intense ET events with more landfalls in western Europe later this century due to anthropogenic warming
(Haarsma et al., 2013; Liu et al., 2017). These projected changes in ET frequency and location necessitate a
complete understanding of ET-induced TC structure changes to better anticipate their associated hazards.

TC outer winds are a key element impacting the magnitude and area of hazards like storm surge and tornadoes
(Lin et al., 2014; Paredes et al., 2021). Indeed, damage is more strongly related to metrics accounting for TC
intensity and outer size than intensity alone (Chavas et al., 2017; Klotzbach et al., 2020). However, previous
studies have primarily focused on TC inner-core winds, which typically broaden and weaken during ET (Loridan
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et al., 2014; Quinting et al., 2014). However, TC outer size varies largely independently of intensity given that
outer radii are characterized by comparatively weaker winds, sparser convection, and differing energetics (i.e.,
radiative-subsidence balance; Weatherford & Gray, 1988; Chavas et al., 2015), which motivates a separate study.

Our knowledge of the TC outer size life cycle before ET has been well studied with the smallest sizes at genesis
(Chan & Chan, 2018; Schenkel et al., 2018). After that, outer size gradually increases throughout most of the
North Atlantic TC life cycle (Merrill, 1984; Schenkel et al., 2018). The largest TCs tend to be longer-lived, while
traversing the greatest distances (e.g., recurving into midlatitudes) suggesting that outer size expands during ET
(Cocks & Gray, 2002; Schenkel et al., 2018). However, there remains disagreement among prior work as to
whether lower-tropospheric TC outer size typically expands (Evans & Hart, 2008; Hart et al., 2006) or remains
unchanged during ET (Schenkel et al., 2018). Theory as given by the Rhines scale suggests that the TC outer size
distribution should shift toward larger values during ET in association with a stronger Coriolis parameter and
greater ambient relative vorticity accompanying ambient baroclinicity. In those cases where TC outer size in-
creases during ET, expansion may begin in the midtroposphere due to the enhanced imports of absolute angular
momentum associated with warm conveyor belt development as shown in a case study of Hurricane Bonnie
(1998) by Evans and Hart (2008).

Together, these studies suggest that our understanding of TC outer wind size and structure during ET remains
incomplete. Hence, this study investigates how the TC outer wind field changes throughout the troposphere
during and after ET using a large sample of cases. Specifically, we use multidecadal reanalysis data to quantify
changes in TC outer wind field size and structure. This work addresses the following questions:

o Does TC outer size typically increase due to ET?
e When and in what part of the TC do outer wind field changes first occur in association with ET?
¢ What TC and environmental factors are associated with outer wind expansion?

2. Data and Methods
2.1. TC Track Data

North Atlantic TC track data from 1979 to 2020 are obtained from the National Hurricane Center HURricane
DATabase, version 2 (HURDAT?2; Landsea & Franklin, 2013). Our analysis focuses on those TCs that: (a)
attained at least tropical depression strength and (b) completed ET in HURDAT?2. All TCs that undergo ET in
HURDAT?2 are tracked until their cyclolysis (C. Landsea, personal communication, 22 March 2022).

2.2. TC Outer Wind Data

TC outer wind field data are sourced from 6-hr 0.25° x 0.25° fifth-generation ECMWF reanalysis data (ERA-5;
Hersbach et al., 2020). Here we isolate the TC winds as the irrotational and nondivergent components within a
500-km distance from the TC computed by solving a Poisson equation using uniform boundary conditions (Davis
et al., 2008; Galarneau & Davis, 2013). While reanalyses underestimate TC intensity and its life cycle (Hodges
et al., 2017; Schenkel & Hart, 2012), ERA-5 TC outer size and structure throughout the troposphere are com-
parable to observations (Bian et al., 2021; Slocum et al., 2022). Moreover, the ERA-5 represents the timing and
structure changes of ET well compared to observations (Sarro & Evans, 2022).

Nontrivial uncertainties are associated with TC location in both HURDAT?2 (Landsea & Franklin, 2013; Torn &
Snyder, 2012) and reanalyses (Murakami, 2014; Schenkel & Hart, 2012). Hence, this study uses an objective TC
recentering algorithm, based upon the GFDL vortex tracker (Brammer, 2017; Marchok, 2002): (a) using the
HURDAT?2 TC center location as the first guess and (b) then compute the final TC location as the mean of the
centers of mass of 925-hPa, 850-hPa, and 700-hPa relative vorticity, 850-hPa and 700-hPa geopotential height,
and mean sea-level pressure around the first guess.

2.3. TC Outer Size Data

We employ an axisymmetric TC outer size metric defined as the radius at which the azimuthal-mean azimuthal
TC wind speed equals 6 m s™! (1) derived from the ERA-5. Schenkel et al. (2017) and Bian et al. (2021) have
shown that r¢ is more frequently defined than other metrics (e.g., rg) and is particularly well represented in
reanalyses. We use reanalysis data rather than the HURDAT? radius of 17 m s~! 10-m winds (R17) estimates
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since the latter is subjective, method dependent, and prone to uncertainty as discussed in Section 5 of the Sup-
porting Information S1 (Knaff et al., 2014; Landsea & Franklin, 2013). We compute g at each isobaric level from
1,000 hPa to 100 hPa at 25-50-hPa increments (i.e., ERA-5 isobaric output grid) following Chavas and
Vigh (2014):

1. Interpolating the wind field at a given isobaric level to a TC-centered polar coordinate using the objectively
identified reanalysis TC location, and removing data below the surface;

2. Partition the TC winds from the total winds by solving a Poisson equation using uniform boundary conditions
within a 500-km distance of the TC (Davis et al., 2008; Galarneau & Davis, 2013);

3. Calculate the azimuthal-mean azimuthal TC winds;

4. Interpolate the radial profile of these azimuthal-mean winds to a grid spacing equivalent to ~0.5 times the
ERA-5 horizontal output grid;

5. Identify rg from the radial profile as the first point outside the radius of maximum wind where the azimuthal-

mean azimuthal wind equals 6 m s™!.

We remove a horizontally and vertically varying ambient wind rather than subtracting out TC motion since the
latter assumes weak horizontal and vertical wind field variations that are atypical of ET cases (Klein et al., 2000;
Thorncroft et al., 1993). Undefined rq values may exist where isobaric levels fall below ground (Chavas &
Vigh, 2014) or when a reanalysis TC is too weak to identify. Part of our analysis will bin TCs into terciles based
upon the difference in rg between ET start and end, which is quasi-Gaussian with a mean of approximately O and a
longer right tail (see Figure S1 of the Supporting Information S1) to help identify cases that strongly contract (i.e.,
first tercile of outer size change) versus those that strongly expand (i.e., third tercile) during ET. Hereafter, we
refer to these two groups as the “contraction” and “expansion” groupings without the use of “strongly” in the
interest of brevity although both show substantial size changes. The expansion group is associated with TCs that
impact the United States east coast more frequently relative to the contraction group (Figure S2 of the Supporting
Information S1). Focus is placed on the 925-hPa level given this is where TC winds before and during ET are
maximized (Abraham et al., 2004; Franklin et al., 2003).

2.4. ET Definition

Given that HURDAT? only provides the ET end time, this study applies cyclone phase space diagnostics to ERA-
5 data to objectively compute ET start and end times for ET events in HURDAT?2 (Hart, 2003). The first metric is
the lower-tropospheric thermal asymmetry parameter (i.e., B), which quantifies TC frontal structure. This
parameter is computed as the difference between the 900-600-hPa layer thickness to the left-and right-of-TC
motion. ET start is defined when this parameter is greater than an empirically defined value of 10 m
(Hart, 2003). The second parameter is the lower-tropospheric thermal wind (i.e., —V7), which quantifies whether
the TC is a warm-core or cold-core cyclone in the 900-600-hPa layer. Together, these parameters define two
potential types of ET: (a) frontal, cold-core extratropical cyclones (B > 10, —V[ < 0) and (b) frontal, warm-core
(i.e., warm-seclusion) extratropical cyclones (B > 10, —VZ > 0). Here we exclude ET cases that acquire cold-
core structure before becoming frontal due to the rarity of the cases in the ERA-5 (8 TCs), our lack of under-
standing of their structure and energetics, and the potential uncertainty with the underrepresentation of the TC
warm core in these cases (Bieli et al., 2019b; Sarro & Evans, 2022; Schenkel & Hart, 2012).

ET start for both pathways is diagnosed when the TC retains its warm core (—V] > 0) while transforming from a
non-frontal (B < 10) to a frontal cyclone (B > 10). ET end for cold-core extratropical cyclones is defined when the
TC remains frontal (B > 10) while becoming cold core (— VZ < O). All cold-core extratropical cyclone ET events
diagnosed by the cyclone phase space with >18 hr disagreement with the HURDAT?2 ET end time are excluded
from the analysis following Sarro and Evans (2022). Defining ET end for warm-seclusion extratropical cyclones
involves identifying TCs that retain warm core and frontal characteristics through at least 12 hr before and after
the HURDAT?2 ET end time. This is followed by subjective examination of satellite data and ERA-5-derived
kinematic and thermodynamic data, similar to Sarro and Evans (2022). These criteria yield a total of 139 TCs
that undergo ET with the difference between the timing of ET end from HURDAT? versus the cyclone phase
space applied to the ERA-5 shown in Figure S3 of the Supporting Information S1.

NGUYEN AND SCHENKEL

30of 12

85U8017 SUOWILWIOD 3Ae81D) 8|ceolidde auy Aq peusenob a1e seole YO ‘@SN Jo Se|nJ 0} Aeiq1T 8ulUO /8|1 UO (SUORIPUOD-PUE-SWB 00" A3 1M AeIq 1[eul [UO//SdNY) SUORIPUOD pUe SWie 1 843 88S *[520zZ/E0/70] U0 AkeiqiTauliuo A8|IM Bwoye O JO AiseAIuN AQ €02 TTT 19%202/620T OT/I0P/W00 A8 1M AIq 1l juo'sgndnBe//:sdny wouy pepeojumod ‘S ‘G202 'L008r76T



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2024GL111703

2.5. Environmental and TC Diagnostics

Our analysis examines whether any differences exist between the characteristics of TCs and their environments
between the subset of cases with expansion and contraction during ET. To quantify thermodynamic environ-
mental favorability for TCs, we examine potential intensity (Bister & Emanuel, 2002; Emanuel, 1986). Potential
intensity has been used to quantify the environmental favorability for tropical development in prior ET studies
(Hart & Evans, 2001; Sarro & Evans, 2022):

CAPEgyw +5(14+3) Vaux W
R,T

v,sfc

Pmin = Pmst X €Xp

where p;, is the minimum theoretical central pressure, p,,; is the environmental mean sea-level pressure,
CAPERyy is the ambient mean sea-level CAPE evaluated at the TC radius of maximum wind, b = 2 following
Bister and Emanuel (2002), R; as the specific gas constant of dry air, and 7, . as the surface environmental
virtual temperature. These calculations use ERA-5 input variables averaged within a 500-km distance of the
HURDAT?2 track point between 5 and 10 days before TC passage to reduce TC self-contamination (Hart
et al., 2007; Schenkel & Hart, 2015a, 2015b).

To determine ambient favorability for baroclinic development, we use the 700-hPa Eady growth rate calculated
from ERA-5 data (Hoskins & Valdes, 1990):

0=03U‘ N7! @)

ov
0z

where f is the Coriolis parameter, ||‘;—:|| is the vertical wind shear magnitude, and N is the Brunt-Viisild frequency
calculated at 700 hPa. Each term is calculated as the average value within a 500-km radius of the reanalysis
TC track point at ET start and end following Yanase et al. (2020). Additionally, we also examine TC intensity and
16 at ET start and end.

2.6. Statistical Testing

We objectively test differences between distributions using a bootstrap approach for a two-tailed test at the 10%
and 5% levels in the time series and joint histograms shown later. Specifically, we randomly select ET cases (with
replacement) to construct a distribution, compute a median value, and repeat the process to obtain 10,000 medians
to estimate significance levels. Where possible, plots with bootstrapping utilized p-values defined using a false
discovery rate with values of @ = 0.2 and a = 0.1, which correspond to 10% and 5% global significance levels,
respectively (Benjamini & Hochberg, 1995; Ventura et al., 2004).

3. Results
3.1. Azimuthal-Mean Outer Size

Most TCs show no significant changes in lower and midtropospheric outer size until after ET end as suggested
by no significant differences in Figure 1 until then. This result agrees with the climatology of Schenkel
et al. (2018), while contradicting other studies whose conclusions remain uncertain given their focus on case
studies or results showing similarly large increases in the mean and standard deviation of outer size during ET
(Evans & Hart, 2008; Hart et al., 2006). However, there is a subset of TCs that expand during ET as suggested
by significant increases (p < 0.05) in the 75th percentile of 925-hPa rg from 863 km at ET start to 992 km at ET
end. This subset of cases first show significant ry increases in the lower troposphere (Figures 1a and 1b) before
building upwards (Figure 1c). These conclusions are not an artifact of cases dropping out due to cyclolysis as
shown by re-creating Figure 1 using cases that persisted for >24 hr after ET end (Figure S4 of the Supporting
Information S1).
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Figure 1. Heat map of hours relative to ET start and end versus rg (km) at (a) 925 hPa, (b) 700 hPa, and (c) 500 hPa. The red
solid line, shading, dashed lines, and dotted lines show the median, 95% confidence interval, 25th and 75th percentiles, and
5th and 95th percentiles, respectively. Stars show when either the time series of the 5th, 25th, 50th, 75th, or 95th percentiles of rg
for a given time bin is significantly different from ry at ET start using bootstrapping with p-values defined using false discovery
rates of a = 0.2 (light gray stars) and @ = 0.1 (dark gray stars).

Figure 2 shows the case-to-case variability in lower-tropospheric outer size changes during and after ET. Spe-
cifically, rg during ET is initially strongly related to values at ET start (R = 0.81; p < 0.05 at mid-ET) before
significantly decreasing thereafter to moderate correlations by 24 hr after ET end (R = 0.48; p < 0.05). This
weakening of correlations with time after ET start is due to a greater fraction of the smallest TCs at ET start that
expand during ET (70% of these cases) compared to the largest TCs (33%). Figure 2 also shows that the majority
of the TCs that have been the focus of ET case studies tend to be larger both during and after ET, and potentially
suggests that these TCs are atypical of outer size evolution. Last, Figure 2 results are also not sensitive to cases
dropping out due to cyclolysis following ET end (see Figure S5 of the Supporting Information S1). Together, the
results thus far suggest that most TCs do not expand until after ET end, although those cases that expand during
ET are often smaller at ET start. This latter result is the focus of the next section.

3.2. Vertical and Horizontal Structure

Composite vertical cross-sections of azimuthal-mean TC-relative azimuthal (i.e., tangential) winds show that
those TCs that strongly expand in outer size during ET first show a strengthening of lower-tropospheric outer

NGUYEN AND SCHENKEL

5of 12

85U8017 SUOWILWIOD 3Ae81D) 8|ceolidde auy Aq peusenob a1e seole YO ‘@SN Jo Se|nJ 0} Aeiq1T 8ulUO /8|1 UO (SUORIPUOD-PUE-SWB 00" A3 1M AeIq 1[eul [UO//SdNY) SUORIPUOD pUe SWie 1 843 88S *[520zZ/E0/70] U0 AkeiqiTauliuo A8|IM Bwoye O JO AiseAIuN AQ €02 TTT 19%202/620T OT/I0P/W00 A8 1M AIq 1l juo'sgndnBe//:sdny wouy pepeojumod ‘S ‘G202 'L008r76T



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2024GL111703

a) Mid-ET (N=138 TCs) b) ET end (N=139 TCs)
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Figure 2. Heat map of 925-hPa r¢ at ET start versus 925-hPa rg at (a) mid-ET, (b) ET end, (c) 12 hr after ET end, and (d) 24 hr
after ET end. The green dashed line shows the linear least squares regression between the two quantities with its equation,
correlation coefficient, and p-value provided. Stars denote selected TCs from previous studies.

winds (Figures 3b, 3d, 3f, and 3h). In particular, significant increases in lower-tropospheric outer winds (p < 0.05)
first occur at mid-ET with maximum increases of 2.4 m s~! at a distance of i ~ 1.0. After that, outer winds

continue to increase in magnitude over a broader region covering é > 0.5 with maximum increases of 6.9 m s~! at

24 hr after ET end. These outer wind increases also become deeper with time extending from the lower tropo-
sphere into the midtropsphere. This evolution differs from the downward expansion of Hurricane Bonnie (1998)
from the midtroposphere shown in Evans and Hart (2008). The expansion subset is also characterized by the
weakening of upper-tropospheric anticyclonic winds, which becomes significant (p < 0.05) 24 hr after ET end at
r/1¢ > 1.0. In contrast, the contraction subset shows no significant differences in TC outer winds during or after
ET (Figures 3a, 3c, 3e, and 3g).

We next examine the horizontal structure of 925-hPa azimuthal winds (i.e., level where the wind field changes
are strongest) in a TC motion-relative coordinate (Figure 4). The broadening of the outer winds for cases
in the expansion subset during ET (shown earlier in Figure 3) is associated with the development of asymmetries
downstream and to the right of motion. These asymmetries become strongest and most significant (p < 0.05)
downstream of the TC after ET end. Specifically, Figure S6 of the Supporting Information S1 show that the
differences in area-averaged right-of-motion TC winds increase from 0.4 m s~! stronger than left of motion at ET
start to 3.0 m s~! at 24 hr after ET end in the expansion subset. Relative to the winds at ET start, these increases are
maximized 24 hr after ET end with maximum changes of 10.2 m s~!. This downstream enhancement of TC outer
winds is consistent with the location of warm conveyor belt development highlighted by the green circles in
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Figure 3. Vertical cross-section showing the median values of the azimuthal-mean TC-relative azimuthal (i.e., tangential)
winds (m s~!; black contours) at (a,b) mid-ET, (c.d) ET end, (e,f) ET end + 12 hr, and (g,h) ET end + 24 hr as function of
distance from the TC center normalized by rg at ET start for the (a,c,e,g) contraction and (b,d,f,h) expansion subsets. Shading
shows the difference in azimuthal winds at ET start with the time being considered (m s~!; shading). The unfilled and filled
black circles in panels (d,f,h) show grid points where azimuthal wind differences are greater than 0 according to bootstrapping
with p-values defined using false discovery rates of @ = 0.2 and @ = 0.1, respectively.
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Figure 4. TC motion-relative plan view showing median values of 925-hPa azimuthal winds (m s~!) at (a, b) mid-ET, (c, d)
ET end, (e, f) ET end + 12 hr, and (g, h) ET end + 24 as a function of TC distance normalized by r¢ at ET start for the (a, c, e,

g) contraction and (b, d, f, h) expansion subsets and their difference with values at ET start (m s~!; shading). The unfilled and
filled black circles in panels (d, f, and h) show grid points where azimuthal wind differences are greater than 0 according to
bootstrapping with p-values defined using false discovery rates of « = 0.2 and a = 0.1, respectively. The azimuthal wind field
has been rotated around the TC center such that storm motion is pointing to the right (gray vector). The green circles identify the
downstream area of greatest TC wind field expansion during and after ET.
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Figures 4d, 4f, and 4h, which has been hypothesized to be important to size expansion in prior work (Evans &
Hart, 2008; Hart, 2003). In contrast, no significant differences occur at any point in the contraction grouping. In
summary, TCs that strongly expand in azimuthal-mean outer size tend to do so asymmetrically in the lower
troposphere during ET, building upwards and downstream with time.

3.3. TC and Environment Characteristics Favoring Expansion Versus Contraction

We next examine the differences in TC and environmental characteristics between TCs that show expansion and
contraction during ET (Figure 5). We only show those variables with either the largest changes or that are most
relevant in the interest of brevity. Those TCs that undergo strong expansion during ET tend to have smaller outer
sizes at ET start compared to those TCs in the contraction grouping (Figure 5a), with significant differences in the
25th, 50th, and 75th percentiles (p < 0.05). These significant differences include median values of 624 km in the
expansion grouping versus 840 km in the contraction subset. By ET end, those cases in the expansion subset have
expanded sufficiently such that they become significantly larger than TCs in the contraction subset as shown by
significant differences in the 25th, 50th, 75th, and 95th percentiles (Figure 5b). Specifically, median values for the
expansion group are 962 km compared to 765 km for the contraction subset. In contrast, TC intensity shows no
such significant differences between the expansion and contraction subsets with the majority of cases in both
subsets showing significant weakening (Figures Sc and 5d). Examination of environmental differences suggests
that the movement of TCs into a significantly more baroclinic environment by ET end is associated with larger TC
outer size expansion given the differences between the expansion and contraction subsets in the 25th, 50th, 75th,
and 95th percentiles (Figures 5e and 5f). Last, there are minimal differences in tropical development (i.e.,
maximum potential intensity) between the two subsets (Figures 5g and 5h). In their totality, these results suggest
those TCs that are both smaller at ET start and subsequently move into more strongly baroclinic environments are
associated with significant outer size expansion during ET.

4. Summary

This study examined how TC outer size and structure change in response to ET, and the environmental and TC
characteristics associated with these changes in outer winds. Our results suggest that most TCs do not show
significant changes in lower-tropospheric TC outer winds until after ET end. Our results suggest that TCs
increasingly lose memory of their lower-tropospheric outer wind field size at ET start with increasing time. This
memory loss is associated with initially small TCs typically undergoing the largest size growth during ET. A
comparison of those minority of TCs that expand and contract in outer size during ET shows that the former subset
exhibits a broad expansion of azimuthal-mean outer winds beginning in the lower troposphere at mid-ET.
Thereafter, the TC outer winds continue to strengthen and build upwards into the midtroposphere. This lower-
tropospheric azimuthal-mean broadening of winds is associated with increasing asymmetries concentrated
downstream of those TCs in the expansion subset.

More broadly, the weakening of TC inner-core winds and subsequent expansion of outer region winds, especially
after ET end, has implications for hazards. Specifically, hazards may change from concentrated wind and storm
surge damage near the TC center before ET to a broader footprint of storm surge and tornadoes concentrated
downstream of the TC by ET end given the sensitivity of the latter two parameters to TC outer size (Lin
et al., 2014; Paredes et al., 2021).We also expect hazards to become concentrated downstream by ET end in
association with the asymmetric expansion of the TC wind field as shown previously. Knowledge of the TC and
environmental characteristics associated with these TC outer wind field changes may prove useful for anticipating
these hazards changes, especially given that strongly expanding cases tend to impact the United States east coast
more frequently.

Figure 5. Histogram with box-and-whiskers plot showing rg (km) at (a) ET start and (b) end, minimum sea-level pressure (hPa) at (c) ET start and (d) end, 700-hPa Eady
growth rate (day™") at () ET start and (f) end, and potential intensity (hPa) at (g) ET start and (h) end for the expansion and contraction subsets. The median is shown by
the vertical line near the center of each box, while the interquartile range is shown by the box perimeter. The notches show the 95% confidence interval of the median, while
the stars denote the 5th and 95th percentiles. The lower and upper whiskers show the first datum above q;—1.5(q3—q;) and below q; + 1.5(q3—q; ), respectively. The light
and dark gray thick outlines and shading for the box-and-whiskers statistics denote significant differences between the expansion and contraction subsets at the 10% and 5%
levels, respectively. The dashed green vertical line shows the threshold for baroclinic development from Hart and Evans (2001).
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