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ABSTRACT

Tropical cyclones (TCs) undergoing extratropical transition (ET) can develop into intense cyclonic systems
accompanied by high-impact weather in areas far removed from the original TC. This study presents an
analysis of multiseasonal global simulations representative of present-day and projected future climates using
the Model for Prediction Across Scales—Atmosphere (MPAS-A), with high resolution (15-km grid) throughout
the Northern Hemisphere. TCs are tracked as minima in sea level pressure (SLP) accompanied by a warm
core, and TC tracks are extended into the extratropical phase based on local minima in SLP and use of a
cyclone phase space method. The present-day simulations adequately represent observed ET characteristics
such as frequency, location, and seasonal cycles throughout the Northern Hemisphere. The most significant
changes in future ET events occur in the North Atlantic (NATL) basin. Here, a more favorable background
environment, a shift toward stronger TC warm cores in the lower troposphere, and a significant poleward shift
in TClocation lead to a ~40% increase in the number of NATL ET events and a ~6% increase in the fraction
of TCs undergoing ET. This equates to approximately 1-2 additional ET events per year in this region. In the
future simulations, ET in the NATL occurs markedly farther north by ~4°-5°N, and the resultant extra-
tropical cyclones are stronger by ~6 hPa. These changes hold potentially important implications for areas
directly affected by ET events, such as eastern North America, as well as for regions indirectly impacted by
downstream effects, including western Europe.

1. Introduction transition process, a TC can experience environmen-
tal changes such as increased baroclinicity, cooler sea
surface temperatures (SSTs), stronger SST gradients,
and/or interactions with existing midlatitude troughs
or cyclones (e.g., Jones et al. 2003; Kofron et al. 2010a).
These changes can induce structural modifications to
the TC, including loss of a symmetric inner core, expanded
asymmetric distributions of wind and precipitation, and
increased translation speeds, which allow the system to
impact a greater area as it transitions (Klein et al. 2000;
Jones et al. 2003; Wood and Ritchie 2014; Evans
et al. 2017).
TCs undergoing ET can develop into intense cyclonic
& Supplemental information related to this paper is available at ~ Systems that bring TC-like conditions (e.g., intense
the Journals Online website: https:/doi.org/10.1175/JCLI-D-19-  rainfall, strong winds, large waves) to areas far removed
0259.s1. from the original TC (Malmquist 1999; Jones et al. 2003;
Kitabatake 2011). Additional hazards associated with
Corresponding author: Allison C. Michaelis, allison.c.michaelis@ ~ET events include inland flooding, wind-induced wildfires,
gmail.com and sinking of ships (Arnott et al. 2004, and references

The extratropical transition (ET) of tropical cyclones
(TCs) occurs when a tropical cyclone translates into the
midlatitudes, interacts with midlatitude features such
as an upper-level trough or extratropical cyclone (ETC),
and transforms from a symmetric, warm-core tropical
system to an asymmetric, cold-core extratropical system,
effectively replacing the original TC characteristics
with a baroclinic structure (e.g., Jones et al. 2003;
Arnott et al. 2004; Kofron et al. 2010b; Kitabatake 2011;
Wood and Ritchie 2014; Evans et al. 2017). During the
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therein). Transoceanic shipping routes in late summer
and early autumn often shift poleward to benefit from
calmer conditions and avoidance of TCs; however, TCs
that recurve poleward into these regions and undergo
ET can pose serious threats (Harr and Elsberry 2000).
Major cities along the U.S. East Coast such as Wash-
ington, D.C., New York, New York, and Boston,
Massachusetts, experience an ET event every two to
four years; western Europe is affected by an ET event
about every two years (Hart and Evans 2001). Recent
examples of such events that affected the U.S. include
Irene (2011) and Sandy (2012); the latter resulted in 2 m
(~6.5 ft) of storm surge and over 900 mm (~3 ft) of snow
across parts of the northeast United States (Evans et al.
2017, and references therein). Additionally, these events
can adversely affect predictive skill on hemispheric scales,
owing to downstream dispersion of Rossby wave energy;
the outflow from recurving or transitioning TCs can
modify midlatitude flow and lead to high-impact weather
events, such as cold-air outbreaks or heavy precipitation,
downstream of the original TC (e.g., Harr and Dea 2009;
Archambault et al. 2013, 2015; Keller et al. 2019).
While previous research has looked extensively at
the ET process, and numerous studies have investigated
climate change effects on tropical cyclones, relatively
few studies have examined how ET events may be af-
fected by climate change (Evans et al. 2017; Jung and
Lackmann 2019). This complicated problem involves
changes in TCs (e.g., frequency, intensity, location) as
well as changes in the midlatitude environment. Early
investigations into this problem by Walsh and Katzfey
(2000) and Semmler et al. (2008) were limited by coarse
model resolution. More recently, several studies have
hypothesized that warmer SSTs, reduced vertical wind
shear in the North Atlantic tropical and subtropical re-
gions, and a projected eastward extension of the North
Atlantic hurricane development region could allow TCs
to survive in the midlatitudes longer, thus increasing the
frequency of ET events (Haarsma et al. 2013; Baatsen
et al. 2015; Liu et al. 2017). Furthermore, TCs that un-
dergo ET could have a higher chance of regaining hur-
ricane force winds in a future climate due to projected
increases in moisture and subsequent latent heat release
(Haarsma et al. 2013). Conversely, a case study of
Typhoon Songda (2004) conducted by Ito et al. (2016)
showed that weakening baroclinicity in the western
North Pacific created a less favorable environment and a
weaker future ET event. ET events have been shown to
produce devastating storm surges along midlatitude
coastlines, but research is lacking in how climate change
will affect these hybrid storms and their subsequent
impacts along the U.S. East Coast (Colle et al. 2015;
Booth et al. 2016). To fully address potential changes to
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the future impacts of these storms, we need to under-
stand how the location, frequency, and intensity of ET
events may change under future climate conditions, thus
defining the goal of this research.

As a complement to pseudo-global warming (PGW)
case studies such as Lackmann (2015) and Jung and
Lackmann (2019), here we analyze a set of novel high-
resolution (15-km grid) multiseasonal simulations con-
ducted in present and projected future environments
using the Model for Prediction Across Scales—Atmosphere
[MPAS-A; see Michaelis et al. (2019) for a complete
technical description of the simulation design]. In ad-
dition to high resolution, these simulations include a
unique approach to lower boundary forcing that retains
detailed, realistic SST features for both present-day and
future simulations. Future simulations utilize lower-
boundary change fields derived from an ensemble of
Intergovernmental Panel on Climate Change (IPCC)
general circulation models (GCMs) under the repre-
sentative concentration pathway (RCP) 8.5 emissions
scenario. The remainder of the paper is organized as
follows: section 2 describes the model simulations and
cyclone tracking techniques; section 3 evaluates the
present-day climate simulations in comparison to ob-
served ET climatology; section 4 presents projected
future changes in the ET climatology; and section 5
includes a summary of results, concluding remarks, and
ideas for future work.

2. Data and methods
a. Model simulations

We analyze a set of time-slice simulations conducted
using the atmospheric component of MPAS, version 5.1
(Skamarock et al. 2012); a complete technical descrip-
tion of these simulations is presented in Michaelis et al.
(2019). Our global model domain employs a variable-
resolution mesh with 15-km horizontal grid spacing
throughout the entire Northern Hemisphere, expanding
to 60km in the Southern Hemisphere (Fig. 1). A grid
spacing of 15km ensures a more accurate representa-
tion of storm-scale processes, namely those affected by
latent heat release, compared to traditional GCMs with
grid spacings on the order of ~100 km (Willison et al.
2013). Although we would optimally perform simu-
lations with a convection-allowing grid length (e.g.,
Gentry and Lackmann 2010), 15-km grid spacing is
sufficient for producing realistic tropical cyclones (Davis
et al. 2016; Davis 2018). In fact, our 15-km MPAS-A
simulations are capable of representing intense tropical
cyclones (Fig. 2), also shown by Michaelis et al. (2019,
their Fig. 7).
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FIG. 1. Variable-resolution mesh used in MPAS-A simulations and geographical regions of the
tropical cyclone basins defined in this study.

We simulate 10 years to sample varying phases of
El Nifio-Southern Oscillation (ENSO; Table 1) using
analyzed SST patterns from the Operational Sea Surface
Temperature and Sea ice Analysis (OSTIA; Donlon
et al. 2012). Additionally, we incorporate daily sea ice
fields created from climatological monthly-mean values
taken from a GCM ensemble mean. Our simulations
span 14.5 months from 1 March of the first year through
14 May of the second year; the first month is discarded as
spin up, and output is recorded at 6-h intervals. Physics
parameterizations for these simulations include Tiedtke
subgrid-scale convection, WRF single-moment 6-class

(WSM6) microphysics, Yonsei University (YSU) plan-
etary boundary layer, Community Atmosphere Model
(CAM) shortwave and longwave radiation, and the
Noah land surface model for surface processes.

The treatment of lower boundary conditions in our
future simulations is in some sense similar to PGW
methods (e.g., Schir et al. 1996; Frei et al. 1998; Kimura
and Kitoh 2007; Hara et al. 2008; Rasmussen et al. 2011;
Mallard et al. 2013a; Lackmann 2013, 2015; Trapp and
Hoogewind 2016; Gutman et al. 2018), but without the
constraint of lateral boundary conditions. For the fu-
ture simulations, we apply temperature changes derived
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FIG. 2. (a) Sea level pressure (hPa; contours) and 10-m wind speed (ms™'; shaded) and (b) 700-hPa vertical

velocity (m s~ !; shaded) for an example North Atlantic TC from the present-day MPAS-A simulations. SLP in (a) is
contoured every 4 hPa, reaching a minimum SLP of ~915 hPa. Velocities in (a) and (b) are shaded every 2.5 and
0.1ms™!, respectively.
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TABLE 1. Simulation years and corresponding ENSO phase during
the TC season (June-November).

Year ENSO phase
2010 Strong La Nifia
1988 Strong La Nifia
2011 Weak La Nifia
2013 Neutral

2001 Neutral

2005 Neutral

1992 Neutral

1994 Weak El Nifio
2015 Strong El Nifio
1997 Strong El Nifio

from an ensemble GCMs from phase 5 of the Coupled
Model Intercomparison Project (CMIP5) following the
IPCC Fifth Assessment Report (ARS5) RCPS8.5 emis-
sions scenario to the high-resolution analyses used for
our present-day simulations, including SSTs, deep soil
temperatures, and, just for a single-year spinup simula-
tion, to atmospheric temperatures at all levels. Addi-
tionally, we incorporate daily sea ice derived from this
GCM ensemble under future climate conditions and
set carbon dioxide (CO,) concentrations in the future
climate simulations to 936 ppm, consistent with the
RCP8.5 emissions scenario projections for the year
2100 (Meinshausen et al. 2011). With this configuration
and experimental design, MPAS-A is able to produce
and maintain temperature change patterns that are
remarkably similar to those produced by IPCC-class
GCMs (Michaelis et al. 2019).

Within a few weeks, the simulated synoptic pattern is
fully decorrelated with analyzed weather, and the model
generates a quasi-independent climate state. By using
analyzed, high-resolution SST patterns in both present-
day and future simulations (Figs. S1 and S2 in the online
supplemental material), our simulations provide realis-
tic midlatitude storm tracks and jet streams (Michaelis
et al. 2019). We use the same pseudo-climatological sea
ice field in each present-day simulation (Fig. S3) and the
same modified sea ice field in each future simulation
(Fig. S4). Thus, while we omit the effects of interannual
sea ice variability, our simulations can be used to study
changes attributable to Arctic sea ice loss. In our future
simulations, the Arctic is mostly ice free from late
August to early October (Fig. S4). Additional informa-
tion regarding the limitations of our simulation tech-
nique and evaluation of the present-day model climate is
provided by Michaelis et al. (2019).

b. Tropical cyclone tracking

We utilize the TempestExtremes feature-based track-
ing algorithm (Ullrich and Zarzycki 2017; Zarzycki and
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Ullrich 2017) to objectively identify simulated tropical
cyclones in each Northern Hemispheric basin (Fig. 1).
Storm centers are first detected as minima in SLP, and are
retained as candidate TC centers if certain criteria, such
as a 2-hPa closed SLP contour within 2° of the storm
center and a 300-500-hPa geopotential thickness maxi-
mum within 6° of the storm center, are met. This former
criterion places a strength requirement on the storm,
while the latter ensures the presence of a warm core.
Additional specifications for our TC tracks include a
travel distance of no more than 6° within a 6-h period, a
total lifetime of at least two days, and at least two days
with maximum 10-m wind speeds = 14ms ™' (~31 mph).
While we allow TempestExtremes to identify candidate
centers as far north as 60°N to prevent the premature
termination of trajectories, we postprocess the tracks
to eliminate TCs with a genesis latitude north of 45°N.
To prevent broken tracks from being double-counted,
trajectories are merged together if they end and begin
within 12 h of each other. Last, TCs are separated into
basins (Fig. 1) based on the location of TC genesis. A
comprehensive list of tunable parameters for Tempest-
Extremes, as well as our choices for each, is included in
Table 2.3 of Michaelis (2019). Results of the Tempest-
Extremes algorithm are most sensitive to the strength of
the SLP minimum and warm core (Zarzycki and Ullrich
2017). We performed sensitivity tests adjusting these
factors; results did not vary significantly from those with
our chosen configuration (not shown).

In general, the simulated spatial distribution of TC
activity matches observations reasonably well, with
the exception of the eastern North Atlantic (Figs. 3a,b).
There, a positive bias in vertical wind shear, and a
westward shift in the simulated African easterly jet,
apparently inhibit TC development [not shown; see
Done et al. (2011) and Michaelis et al. (2019) for further
discussion]. Analysis of TC intensity in the present-day
simulations demonstrates that the model is capable of
representing intense tropical cyclones (Fig 2; Michaelis
et al. 2019, their Fig. 7), especially when measured using
minimum sea level pressure. Although our simulations
parameterize convection, simulated TCs exhibit cen-
tral pressures comparable to the most intense observed
systems, as well as realistic TC features such as a well-
defined eye (Fig. 2).

c. Detection of extratropical transition events

We use the ExTraTrack extratropical transition tracker
(Zarzycki et al. 2017) to detect simulated ET events in
the present-day and future simulations. ExTraTrack is
an objective algorithm that continues TC trajectories
from TempestExtremes based on local minima in SLP.
Candidate centers are first identified as local minima in
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FIG. 3. Track density (number of cyclone tracks per 1° X 1° area) over the ten simulated years for (a) IBTrACS,
(b) present-day MPAS-A simulations, and (c) future MPAS-A simulations. Contours are shaded every 1 count in

all panels.

SLP compared to their eight surrounding neighbors.
Due to the high resolution of our model output, we
implement a secondary local minimum check using
neighboring grid points that are three grid points away
from the candidate center. Additionally, candidate
centers are discarded if the minimum SLP is greater
than 1020 hPa, or if the center is over topography greater
than 350 m in altitude. If multiple candidate centers are
detected, the center with the lowest minimum SLP is
retained. The storm propagation speed is limited to
40ms~', which constrains the search radius for candi-
date centers, and changes in storm direction are re-
stricted based on storm speed to prevent sharp changes
in storm direction from occurring. For example, storms
moving between 10 and 15ms ™" are allowed a change in
storm direction up to 135° while faster moving storms
(i.e., those moving at least 30ms ') are only allowed
a 45° change in track direction. In our configuration,
ExTraTrack does not track TCs from TempestExtremes

if they occur in the northern Indian (NI) basin (Fig. 1)
or dissipate south of 20°N.

The cyclone phase space (CPS; Hart 2003) method
is used to objectively detect and quantify simulated
ET events through examination of storm structure.
The level of symmetry of a cyclone is determined by
its 900-600-hPa thickness symmetry (B), calculated as

B=Z7 V4 V4

600hPa

Z

600hPa 900hPa|R N 900hPa|L’ 1)

where Z is the geopotential height at 600- and 900-hPa
levels, R and L indicate the right and left hemispheres
of the storm relative to storm motion, respectively, and
the overbar denotes an average value within a 500-km
radius of the cyclone center. Generally, large values of
B indicate an asymmetric nature, and vice versa. The
temperature and strength of the cyclone core is de-
termined by the lower-tropospheric (900-600-hPa)
thermal wind (—VLT), calculated as
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FIG. 4. Adapted from Zarzycki et al. (2017): overview of the cyclone phase space (CPS) diagrams for
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and the upper-tropospheric (600-300-hPa) thermal wind
(—VUT), calculated as

300 hPa

—VUT = (:)AJ

dlnp )

b
600 hPa

where the vertical profiles of the height perturbation
(AZ = Znax — Zmin) are computed using pressure levels
from 300 to 900 hPa at 50-hPa intervals. A positive
thermal wind signifies a warm-core cyclone. Likewise,
a negative thermal wind indicates a cold-core structure.
Similar to previous studies, our simulated TCs have
B < 10 and —VLT > 0, indicating a symmetric,
warm-core structure, and simulated ETCs have B > 10
and —VLT < 0, signifying an asymmetric, cold-core
structure (Fig. 4; Evans and Hart 2003; Hart et al. 2006;
Kitabatake 2011). Cluster analysis of 19 ET events from
1998 to 2002 by Arnott et al. (2004) provides additional
confidence in using these thresholds. Zarzycki et al.
(2017) increased the B threshold from 10 to 15 to ac-
count for high-resolution data; however, preliminary
analysis of ET events in our model output suggests that
maintaining the B threshold at 10 is appropriate. The
onset of transition occurs when either B first becomes
greater than 10 or —VLT first becomes negative; ET
completion is declared when the alternate criterion is met
(i.e., if ET onset is declared when B first becomes greater
than 10, then ET completion occurs when —VLT first
becomes negative, and vice versa). Satisfying both criteria
indicates the cyclone has fully transitioned from a TC to
an ETC (Evans and Hart 2003; Hart 2003; Haarsma et al.
2013; Wood and Ritchie 2014; Zarzycki et al. 2017).
ExTraTrack computes the aforementioned CPS pa-
rameters at each output time along the cyclone trajectory

(i.e., every 6 h) to determine the storm structure through-
out its life cycle. A 24-h running mean is used to smooth
the CPS values prior to analysis. A cyclone must maintain
tropical characteristics (i.e., B < 10 and — VLT > 0) for at
least the first 1.5 days of its trajectory. If this is not the case,
the cyclone is categorized as a subtropical cyclone. To be
categorized as an ET event, cyclones must fulfill the B
and — VLT criteria for 12 consecutive hours; storms that
satisfy only one criterion are categorized as partial ET
events. Partial ET events are typically events that dissipate
prior to ET completion, or transition back to a TC before
completing ET. Last, cyclones detected by ExTraTrack that
do not meet either ET criteria, or dissipate south of 20°N, are
categorized as TCs. The former generally being weaker cy-
clones with shallow warm cores. Our analysis in the following
sections will focus only on cyclones in the ET category.

3. Model present-day extratropical
transition climatology

Due to the low frequency of ET in the eastern North
Pacific (ENP; Wood and Ritchie 2014; Bieli et al. 2019),
we only evaluate the present-day MPAS-A ET clima-
tology for the North Atlantic (NATL) and western
North Pacific (WNP) basins. Here, we compare simu-
lated ET to the International Best Track Archive for
Climate Stewardship (IBTrACS; Knapp et al. 2010)
over the 10 simulation years. As previously mentioned,
an MPAS-A cyclone must maintain tropical charac-
teristics for at least the first 1.5 days of its lifetime, and
satisfy both CPS criteria (B >10 and — VLT < 0) for at
least 12h to be considered an ET event. Meteorolog-
ical agencies, such as the National Hurricane Center
(NHC) and the Japan Meteorological Agency (JMA),
typically declare the time of ET subjectively using
satellite imagery and surface observations to determine
when the system no longer exhibits tropical characteristics
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TABLE 2. Number of TCs, ET events, and percent of TCs that undergo transition in the North Atlantic and western North Pacific basins
over the 10 simulation years for IBTrACS and for present-day MPAS-A simulations. The percent transition range of internal variability
for IBTTACS is determined by calculating the percent of transitioning TCs for 100 10-yr samples.

% transition: Range of

Basin Data source No. of TCs No. of ET events % transition observed variability

NATL IBTrACS 141 49 35 2047
MPAS-A 189 60 32

WNP IBTrACS 300 112 37 30-44
MPAS-A 475 154 32

(Hart and Evans 2001; Kitabatake 2011; Zarzycki et al. 2017).
In the IBTrACS, this identification is denoted with an “ET”
tag in the recorded track, thus defining a storm as an ETC.
Therefore, it follows that we use this ET tag as a declaration
of ET completion for observed TCs. Here, we include all
IBTrACS cyclones that were categorized as an ETC at any
point during their lifetime, excluding first 1.5 days to be
consistent with our MPAS-A definition (i.e., a TC is not
included for analysis if it begins as an ETC and undergoes
tropical transition). Additionally, any unnamed storms are
removed from IBTrACS prior to analysis to remain con-
sistent with previous work (e.g., Zarzycki et al. 2017).

a. Frequency and seasonal cycle

In both basins, MPAS-A generates more TC activity
compared to IBTrACS (Table 2). TC activity in the
NATL is within the range of observed variability, but
MPAS-A does overestimate TC frequency in the WNP
(Michaelis et al. 2019, their Fig. 8 and section 4). For the
NATL, the IBTrACS 10-yr ET percentage is lower than
the range of previously published estimates for this basin
(~35% compared to 42%-55%; Hart and Evans 2001;
Jones et al. 2003; Zarzycki et al. 2017; Bieli et al. 2019).
Calculation of percent transition for IBTTACS from
1980-2002, however, resulted in 46 % of TCs undergoing
ET, consistent with Zarzycki et al. (2017). Additionally,
the IBTrACS 10-yr ET percentage falls within the
bounds of observed variability (Table 2). For the WNP,
the IBTrACS 10-yr percent transition is consistent with
the range of published estimates (~37% compared to
28%-56%; Klein et al. 2000; Kitabatake 2011; Bieli et al.
2019). The ET percentages for the present-day MPAS-A
simulations are slightly lower than IBTrACS for both
the NATL and WNP basins, but are still well within the
observed ranges of variability (Table 2).

In the NATL, the number of ET events in the present-
day MPAS-A simulations increases during the summer
months, reaches a maximum in September, and de-
creases thereafter (Fig. 5a). This seasonal cycle in the
latter portion of the TC season (i.e., after September)
is consistent with IBTrACS (Fig. 5c) and previous
studies (Hart and Evans 2001; Zarzycki et al. 2017;

Bieli et al. 2019). Our simulations produce too many ET
events in the shoulder months surrounding the TC sea-
son, primarily due to the overproduction of TCs. The
seasonality of the fraction of TCs undergoing ET be-
tween IBTrACS and MPAS-A exhibits clear differences
(Figs. 5a,c). For example, a secondary maximum in
IBTrACS ET percentage occurs in June when the frac-
tion of TCs that undergo ET is at an absolute minimum in
the MPAS-A simulations. The seasonality in percent
transition produced by the MPAS-A simulations some-
what resembles the ERA-I seasonal cycle presented by
Zarzycki et al. (2017, their Fig. 7) with maxima in July and
September and minima in June and October. Studholme
et al. (2015) also showed a seasonal ET cycle for the
NATL with relatively high ET percentages from July
through October (their Fig. 13), not unlike what is shown
here for our MPAS-A simulations (Fig. 5a). According to
Hart and Evans (2001), the highest percentage of ET
events occurs in the late fall when baroclinically favorable
and tropically favorable regions are in closest proximity.
Our MPAS-A simulations instead show ET percentage
maximized in late summer/early fall. There is clearly sub-
stantial variation in the literature regarding the seasonality
of percent transition for the NATL (Hart and Evans 2001;
Studholme et al. 2015; Zarzycki et al. 2017; Bieli et al.
2019), likely due to the large uncertainty in sampling these
quantities. Furthermore, there is an element of uncertainty
and subjectivity in the IBTTACS ET climatology.

With the exception of April, which comparatively has
too many simulated TCs and ET events, the seasonality
in the number of WNP ET events simulated by MPAS-A
compares well with IBTrACS; there is an increase in
ET frequency through the beginning of the TC season,
reaching a maximum in August, and declining there-
after (Figs. 5b,d). For the MPAS-A simulations, the
highest fraction of TCs undergoing ET occurs in June;
however, May, July—September, and November also
have relatively high percentages. The simulated fraction
of ET events is lowest in December and October
(Fig. 5b). The IBTrACS ET percentages over the 10
simulation years are also highest in May, June, August,
and September, and lowest in December (Fig. 5d). One
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FIG. 5. Total number of TCs (gray bars), ET events (red bars), and percent of TCs that undergo transition (black
line) per month over the 10 simulation years in the (left) North Atlantic and (right) western North Pacific for (a),(b)
present-day MPAS-A simulations and (c),(d) IBTrACS. Unnamed storms are excluded from IBTrACS counts.
Percent transition is only calculated for months with at least 10 storms in both datasets.

of the largest discrepancies between the simulated and
observed seasonality of percent transition for the WNP
occurs in the late spring/early summer, when the frac-
tion of TCs undergoing ET declines from May to June
in IBTTACS, but increases over the same period in the
MPAS-A simulations. Additionally, IBTrACS shows
a consistent decrease in ET percentage from August
through November; the MPAS-A simulations, with a local
maximum occurring in November, do not. As with the
NATL, uncertainty in the WNP due to sampling errors is
large, and variations in the seasonality of percent transition
are apparent throughout the literature. One consistent
pattern for the WNP, however, is a peak in ET percentage
occurring around May—June and a secondary maximum
occurring in September or October (Kitabatake 2011;
Studholme et al. 2015; Bieli et al. 2019). This same pat-
tern is evident in the MPAS-A simulations (Fig. 5b),
albeit with a tertiary maximum in November.

b. Location of extratropical transition

Upon initial visual inspection, there does not appear
to be a systematic latitudinal difference in the location

of ET completion between IBTrACS and MPAS-A
(Figs. 6a,b). The tracks of ET events in the MPAS-A
simulations extend farther east relative to IBTrACS,
particularly in the WNP, leading to an apparent larger
zonal variation in the location of ET completion (Figs. 6a,b).
This may be attributable to differences in how ET
events are identified between our simulations and in
the IBTrACS dataset. Because we categorize cyclones
into basins based on genesis location, there are a small
number of storms in the MPAS-A simulations that
generate in the NATL, but propagate into the ENP.
However, these storms represent a small fraction of
the total ET events (<5%) and therefore should not
significantly influence our results.

Comparison of the median latitude and longitude of
ET completion for all ET events over the ten simulation
years quantitatively highlights potential biases. Gener-
ally, the distributions of ET completion location compare
well between IBTrACS and MPAS-A (Figs. 6¢,d). In the
WNP basin, simulated MPAS-A ET occurs slightly far-
ther south (by ~1°), but the variability in this difference is
large (Table 3). Eastward shifts in simulated ET location
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are shown in black (blue).

are apparent in both basins, by 8° in the NATL and 3° in
the WNP; this difference in the NATL is more robust
(Table 3). Overall, the MPAS-A simulations present a
larger amount of variation in ET location relative to
IBTrACS (Fig. 6). Zarzycki et al. (2017) also showed a
larger range in the location of ET in their model simu-
lations compared to reanalyses, particularly with regard
to the longitude of ET completion (their Fig. 9), in part
attributed to a positive bias in ET duration. Differences
between the automated ExTraTrack and the subjective
information that goes into IBTrACS also likely con-
tribute to the differences evident in Fig. 6 (see Zarzycki
et al. 2017, their section 2.1).

4. Simulated future changes in extratropical
transition climatology

a. Background environment

1) VERTICAL WIND SHEAR

Large amounts of vertical wind shear are detri-
mental to TC development and intensification (e.g.,
Merrill 1988; DeMaria 1996; Vecchi and Soden 2007,
and references therein). Using a set of GCMs under
the IPCC Fourth Assessment Report (AR4) midrange
A1B emissions scenario, Vecchi and Soden (2007)
found significant increases in vertical wind shear in the
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TABLE 3. Median location of ET for TCs that undergo transition  of climatological monthly vertical wind shear averaged
in the NATL and WNP basins over the 10 simulation years for  gyer June—November are comparable between present-
IBTrACS and for present-day MPAS-A simulations. The p values day and future climates; maxima off the East Coast of

are reported from comparing the distributions using the Wilcoxon K .
rank sum statistical significance test. Italicized (bold) values in- North America, over the northern Pacific, and off the

dicate statistical significance at the 90% (95%) confidence level. western coast of Africa are apparent in both simula-
tions (Fig. 7a). However, future changes in magnitude

Median Median are clearly evident (Fig. 7b)

Basin Data source latitude (°N) longitude (°E) Y & o .
In the NATL, there are distinct areas with stronger
NATL ﬁg;‘gcf ig 3(1)2 vertical wind shear in the future: the tropical Atlantic
p value 0.80 0.08 between ~0° and 20°N, thr.oughout the Caribbeap Sea
WNP IBTrACS 39 150 and southern Gulf of Mexico, and at higher latitudes
MPAS-A 38 153 across the North Atlantic (Fig. 7b). Vertical wind shear in
p value 0.17 0.15 the tropical Atlantic increases, on average, by ~1.5ms™ ",

with maxima between 3 and 3.5ms ' occurring in

some areas. Throughout the Caribbean, vertical wind

NATL basin over the TC season (June-November) by  shear increases by ~2ms ™", on average, with maxima
the end of the twenty-first century. Haarsma et al. ~4.5-5ms~'. Stronger vertical wind shear in these
(2013) and Liu et al. (2017), on the other hand, using regions likely acts to inhibit TC activity in the future
GCM output from the IPCC ARS RCP4.5 emissions simulations (e.g., Fig. 5.14 from Torres-Vazquez 2018).
scenario, found a reduction in wind shear magni- On the contrary, vertical wind shear in the subtropical
tude throughout most of the NATL over the same and lower midlatitudes of the NATL basin decreases
time period. by an average ~1.2ms ™' in the future simulations, with
Here, we compute the magnitude of vertical wind several areas experiencing reductions between 2 and
shear using the vector difference between monthly- 3ms~ . This reduction in vertical wind shear is consis-
mean winds at the 850- and 200-hPa levels. Using tent with previous work (e.g., Haarsma et al. 2013; Liu
monthly-mean winds rather than daily winds in this et al. 2017) and implies a more favorable environment
calculation should not produce drastically different for future TC activity in this region. Creating a more
results (Vecchi and Soden 2007). The general patterns  supportive environment for TCs in the subtropics likely
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FIG. 7. (a),(b) 10-yr monthly-mean 850-200-hPa vertical wind shear (m s~ 1); (c),(d) SST (K); (e),(f) MPI (minimum SLP; hPa) averaged
over June-November for (left) present-day simulations and (right) future minus present-day. Shade intervals are every 2ms ™ in (a),
0.5ms 'in (b), 1K in (c), 0.5K in (d), 10 hPa in (e), and 2.5 hPa in (f).
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TABLE 4. TC and ET frequency statistics over the 10 simulation years for present-day and future simulations. The range of percent
transition (*10) from 1000 5-yr samples is included in column 5.

Basin Climate Number of TCs Number of ET events % Transition (*£10) % Transition o
NATL Current 189 60 32 17
(25-39)
Future 222 84 38 9
(34-42)
WNP Current 475 154 32 14
(26-38)
Future 500 161 32 5
(30-34)

increases the chances of TCs reaching the midlatitudes
intact, thus making ET more likely in the future simu-
lations in, and downstream of, these locations.
Changes in vertical wind shear throughout the WNP
are comparatively less robust. There is an area of slight
increase in the tropics, with a limited region to the
east of the Marshall Islands showing increases of up
to ~1.5-2ms~! (Fig. 7b). While an increase in vertical
wind shear could act to hinder TC development, this
change is relatively small, and therefore, may not have
a substantial effect on WNP TC activity. A larger area
of reduction in vertical wind shear occurs to the north,
between ~20° and 35°N. Here, vertical wind shear is
reduced by ~1.2ms ! on average, with a maximum of
~2-2.5ms "' toward the eastern portion of the basin.
This magnitude of vertical wind shear decrease is
comparable to the subtropical NATL, but does not
extend as far poleward. Therefore, while a reduction
in subtropical wind shear could raise the chances for
WNP TCs to undergo ET in the future simulations, it is
possible this effect may be greater in the NATL.

2) SEA SURFACE TEMPERATURES

It is expected that SSTs will continue to increase
under future climate conditions, which would further
contribute to an environment favorable for sustained
TC activity and, therefore, ET. Changes in SST are
fairly similar between the two basins (Fig. 7d). Both the
NATL and WNP show overall increased SSTs, and
exhibit a warming maximum north of Gulf Stream and
Kuroshio, respectively. This enhanced warming could
contribute to a tendency for TCs to retain tropical
characteristics, such as a warm core structure, to higher
latitudes, or to reach peak intensity at higher latitudes
(e.g., Kossin et al. 2016; Shen et al. 2018), which can aid
in the survival of TCs in the midlatitudes and therefore
increase the chance of ET. Additionally, the amount
of warming is comparable between the two areas; on
average across the basins, SSTs increase ~3 K in both
regions. Relative to the NATL, the zone of midlatitude
vertical wind shear increase in the WNP is found at

lower latitudes, which could counteract the aforemen-
tioned SST influence there.

3) MAXIMUM POTENTIAL INTENSITY

Comparison of the maximum potential intensity
(MPI; Emanuel 1995) fields shows a reduction in mini-
mum potential SLP (i.e., stronger potential intensity) in
the both basins, although this change is more substantial
in the NATL (Fig. 7f). On average over the full NATL
and WNP basins, from 0° to 60°N, the minimum poten-
tial SLP is reduced by ~9 and ~8hPa in the future, re-
spectively. Over only the tropical regions, however,
there is a ~13-hPa reduction in the minimum potential
SLP in the NATL compared to a ~5-hPa decrease in the
WNP. As shown in Fig. 7d and discussed above, the
change in SST over this time period and region is simi-
lar between the two basins, which suggests that another
factor, such as changes in convective available potential
energy (CAPE), could be a larger contributor to these
basin-dependent changes in MPI. Examining the aver-
age vertical wind shear, SSTs, and MPI over the primary
TC season, when the fraction of TCs undergoing ET is
generally highest, gives us a general idea of how favor-
able an environment is for ET and how that favorability
may change in the future. Whether or not an individual
TC undergoes ET, however, is largely dependent on the
local conditions during the lifetime of the storm.

b. Frequency

There is an increase in the overall number of sim-
ulated TCs in the NATL and WNP in the future sim-
ulations (Table 4; Figs. 3b,c). In the NATL, there is a
~18% increase in the number of TCs from 189 in the
present-day simulations to 222 in the future simula-
tions. The WNP experiences a smaller change, a ~5%
increase from 475 present-day TCs to 500 in the future.
This increase in TC activity differs from previous work
projecting an overall decrease in global TC frequency
(e.g., Knutson et al. 2010; Mallard et al. 2013b; Walsh
et al. 2015; Bacmeister et al. 2018). Other recent studies,
however, have found an increase in TC activity under
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FI1G. 8. Track density (number of storms per 5° X 5° box) of (a)—(c) non-ET and (d)—(f) ET events over the 10 simulation years in the
WNP for the (left) present-day simulations, (middle) future simulations, and (right) future minus present-day. Shade interval is 2.5 counts
in (c) and (f) and 5 counts in all other panels. Stippling in (c) and (f) indicates where the percent change in the number of events per year is
at least 50%. Stippling is restricted to where there is at least —one storm per year.

future climate conditions (e.g., Emanuel 2013; Korty
et al. 2017; Zhang et al. 2017; Bhatia et al. 2018), in-
dicating that a consensus has not yet been reached on
this issue.

The number of ET events in the NATL increases by
~40% in the future simulations, from 60 events to
84 events. The fraction of TCs that undergo ET in the
NATL is also higher in the future; ~38% of TCs un-
dergo ET in the future simulations compared to ~32%
in the present-day (Table 4). A higher percentage of ET
events in the future NATL is consistent with the results
discussed above; reduced subtropical vertical wind shear,
warmer SSTs, and stronger MPI values create an envi-
ronment more conducive to ET in the future simulations.
Comparison of the average percent transition for 1000
five-year samples between current and future simula-
tions suggests that this increase in ET percentage in the
North Atlantic is a robust result (not shown). There are
~5% more ET events in the WNP in the future, but the
fraction of TCs that undergo ET is similar in present-day
and future climates (Table 4). Even though environmental

conditions are also more favorable for ET in the WNP
basin in the future (Fig. 7), we see little to no change in
ET percentage. Both basins have a smaller standard
deviation of percent transition in the future climate
simulations indicating less interannual variability in the
future; thus, future TCs appear to be undergoing ET
more consistently year to year. The seasonal cycles of
ET in both NATL and WNP basins are largely un-
changed in the future simulations with a general in-
crease in frequency through the beginning of the TC
season, a peak in late summer/early autumn, and a
decrease in frequency thereafter (Michaelis 2019, their
Fig. 4.5).

c. Location

Generally, in both the present-day and future simu-
lations, track-density differences suggest that non-ET
events in the WNP exhibit tracks that are more zonally
oriented relative to those for ET cases (Figs. 8a,b,d,e).
The differences between track density patterns of non-
ET and ET events in the NATL are less distinct; both
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FIG. 9. Track density (number of storms per 5° X 5° box) of (a)-(c) non-ET and (d)-(f) ET events over the ten simulation years in the
NATL for the (left) present-day simulations, (middle) future simulations, and (right) future minus present-day. Shade interval is
2.5 countsin (c) and (f), and 5 counts in all other panels. Stippling in (c) and (f) indicates where the percent change in the number of events
per year is at least 50%. Stippling is restricted to where there is at least *one storm per year.

non-ET and ET events occur throughout the basin, al-
though the northern edge of the track density for ET
events does extend farther poleward (Figs. 9a,b,d,e).

In the NATL, there is a clear increase in both non-ET
and ET events around 30°-40°N in the future simula-
tions (Figs. 9c.f). This increase, coupled with a reduction
in TC activity in the Gulf of Mexico that is primarily
exhibited by non-ET events (Fig. 9c), suggests a poten-
tial eastward shift in NATL storm activity. Haarsma
et al. (2013) and Liu et al. (2017) also indicate a possi-
ble eastward shift in future NATL TC activity due to
warming SSTs. Our simulations show increased vertical
wind shear over the Gulf of Mexico and the Caribbean
(Fig. 7b) as an additional factor contributing to reduced
TC activity in these areas.

The WNP climate change signal in storm location is
less clear (Figs. 8c,f). There is an increase in the fre-
quency of non-ET events east of Japan as well as an
area of track density increase farther east into the basin,
around 180°E (Fig. 8c). These increases, coupled with a

reduction in activity of non-ET events northeast of the
Philippines in the Philippine Sea (Fig. 8c), suggest a
potential northeast shift of storm activity in the pro-
jected future simulations. ET events, on the other hand,
show a slight reduction in activity east of Japan and in-
creases along the east coast of China, over Taiwan and
Japan, and east of the Philippines (Fig. 8f). While the
changes in the overall number of TCs and ET events in
the WNP are small (Table 4), there are potential shifts
in where storms occur. However, the track density dif-
ferences in the WNP are noisier (Fig. 8) and therefore,
less robust than the signals in the NATL (Fig. 9), and
should be interpreted accordingly.

There is a clear northward shift, and slight eastward
extension, in the location of ET onset and completion in
the NATL in the future simulations (Figs. 10c,f). Again,
the signal in the WNP is not as robust. Here, the ET
onset density shows two areas of slightly positive change,
one to the west of Japan over North Korea and South
Korea, and the other toward the southeastern portion of
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events per year is at least 50%. Stippling is restricted to where there is at least =1 storm per year.

the basin at ~20°N, 165°W (Fig. 11c). The difference in
ET completion density shows a similar pattern; there are
areas of increase in the East China Sea and in the
southeastern portion of the basin with a region of de-
creasing density in between (Fig. 11f). The prevalence of
noise in the differences fields for the WNP indicates that
results should be interpreted with caution.

The median latitudes of ET onset and comple-
tion in the NATL occur ~4° and ~5° farther north in
the future simulations, respectively (Table 5). These
northward shifts are consistent with a significant
poleward shift in the latitude of TC genesis and lo-
cation of lifetime maximum intensity for all NATL
TCs in our simulations (Torres-Vazquez 2018). ET onset
and completion in the NATL occur farther east in the
future simulations by ~6° and ~1°, respectively; how-
ever, these differences exhibit a larger amount of var-
iance (Table 5). ET onset and completion locations in
the WNP show slight northwest and southwest shifts
in the future, respectively (Table 5). Due to the dipole

pattern exhibited by the changes in ET onset and
completion location in the WNP (Figs. 11c,f), it is
unsurprising that these differences are highly vari-
able (Table 5). Likewise, there is not a significant
shift in the location of TC genesis or lifetime maxi-
mum intensity for WNP TCs as a whole (Torres-
Vazquez 2018).

d. Intensity and cyclone phase space

NATL ET events in the future simulations are
generally stronger at each stage of the cyclone life
cycle (Table 6; Fig. 12a). The shifts toward lower
SLPs at ET completion and toward stronger post-
transition storms are the most robust (Table 6). The
minimum SLP reached by ET events in WNP during
the tropical phase is significantly lower by ~12hPa in
the future simulations (Table 6). Differences in in-
tensity between the present-day and future storms at
the other life cycle stages, however, are comparatively
small (Table 6; Fig. 12b).
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WNP for the (left) present-day simulations, (middle) future simulations, and (right) future minus present-day. Shade interval is 1 count in
the left and middle columns and 0.5 count in the right column. Stippling in (¢) and (f) indicates where the percent change in the number of
events per year is at least 50%. Stippling is restricted to where there is at least =1 storm per year.

Present-day composite CPS diagrams for all NATL
ET events (Figs. 13a,e) are comparable to Zarzycki et al.
(2017, their Fig. 11). The general structure for both
present-day and future events is similar; storms spend
the most time as tropical systems (i.e., frequencies are
highest in the bottom-right quadrant of the top row and the
top-right quadrant of the bottom row). Figures 13c, 13d,
13g, and 13h primarily show shifts toward larger — VLT in
the bottom-right and top-right quadrants for future storms,

respectively. This indicates that, as tropical systems,
future NATL ET events have stronger lower-level warm
cores. A stronger low-level warm-core structure in fu-
ture NATL ET events is consistent with expected in-
creases in moisture and enhanced latent heat release,
and is in agreement with the case-study findings of Jung
and Lackmann (2019). Stronger warm cores could be a
contributing factor in a higher fraction of NATL TCs
undergoing ET in the future simulations; TCs with an

TABLE 5. Median location of ET onset and completion for the NATL and WNP basins. The p values are based on a Wilcoxon rank sum
statistical significance test. Italicized (bold) values indicate statistical significance at the 90% (95%) confidence level.

Median latitude (°N)

Median longitude (°E)

Median latitude (°N)  Median longitude (°E)

Basin Climate of ET onset of ET onset of ET completion of ET completion
North Atlantic Current 35 303 40 313
Future 39 309 45 314
p value 0.003 0.18 0.001 0.41
Western North Pacific ~ Current 31 143 38 153
Future 31 142 36 150
p value 0.72 0.99 0.37 0.61
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TABLE 6. Median intensity (SLP; hPa) at various stages of the cyclone life cycle. The p values are based on a Wilcoxon rank sum statistical
significance test. Italicized (bold) values indicate statistical significance at the 90% (95%) confidence level.

Median minimum

Median SLP (hPa)

Median SLP Median SLP (hPa) Median minimum

Basin Climate tropical SLP (hPa) 12-h prior to ET onset (hPa) at ET onset at ET completion post-ET SLP (hPa)
North Atlantic Current 975 991 992 1000 1000
Future 969 988 989 997 994
p value 0.42 0.29 0.22 0.07 0.04
Western North  Current 953 979 981 997 996
Pacific Future 941 980 983 995 995
p value 0.02 0.57 0.57 0.35 0.50

enhanced warm core structure are likely able to survive
in unfavorable conditions for longer periods of time,
thus increasing the probability of undergoing ET
(Hart et al. 2006). The lack of substantial changes
in the other CPS quadrants suggests that, while the
structure of ET events is altered during the TC phase,
the overall ET process is largely unchanged in the
future simulations.

Similar to NATL ET events, ET events in the
WNP also spend most of their life as tropical systems
(Figs. 14a,b,e,f). Unlike NATL storms, though, there
are not drastic differences in the composite CPS dia-
grams between present-day and future storms. The
bottom-right and top-right quadrants of Figs. 14c and
14g show a dipole pattern in the difference field, in-
dicating that some storms experience stronger warm
cores in the future simulations, while others experience
weaker warm cores. Similarly, the pattern in Fig. 14c
shows increases in the frequency of both more positive
and more negative B values, rather than a systematic
shift in one direction. These changes in symmetry are
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consistent with the pattern of track density change for
WNP ET events (Fig. 8f), which shows both poleward
and equatorward increases in storm activity, suggesting a
greater geographic range of storm activity in the future
simulations.

5. Summary and conclusions

Previous studies that have examined how tran-
sitioning TCs could be affected by climate change
have found evidence for an increase in the percentage
of NATL TCs undergoing ET (Haarsma et al. 2013;
Baatsen et al. 2015; Liu et al. 2017). This is apparently
due to a more favorable background environment, an
eastward and poleward extension of the TC devel-
opment region, and/or an increase in TC strength. On
the contrary, a case study by Ito et al. (2016) showed
that weakened baroclinicity in the WNP created an
environment less favorable for ET in the future. Our
results are consistent with prior work for the NATL,
finding increases in ET activity, intensity, and transition

Minimum SLP Throughout Lifecycle: Western North Pacific
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FIG. 12. Boxplots showing the minimum SLP (hPa) reached as a tropical cyclone before ET onset, 12 h prior to
ET onset, at the time of ET onset, at the time of ET completion, and as an extratropical cyclone after ET completion
for all storms over the ten simulation years in the (a) North Atlantic and (b) western North Pacific basins. Present-
day (future) distributions are shown in blue (red). The bottom whisker indicates the maximum intensity (e.g.,
lowest minimum SLP). The top whisker indicates the minimum intensity (e.g., highest minimum SLP). The bottom,
middle, and top lines associated with each box represent the 75th, 50th, and 25th percentile intensity. The black
asterisks represent outliers that fall outside of =2.7¢ range.
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bottom row). The left and right bounds in (d) and (h) represent the 25th and 75th percentile —VLT in both rows.

percentage, and a northward shift in ET events for
that basin.

The current generation of GCMs are too coarse to
resolve TCs and consequently cannot represent ET.
Therefore, to examine how ET may be affected by cli-
mate change, we conduct a novel set of model simulations
using MPAS-A in present-day and future environments
that are designed to maximize our ability to analyze
changes in high-impact weather systems, including ET
events (Michaelis et al. 2019). Owing to computational
expense, our simulations are limited to a single set of
physics and a single future projection scenario (RCPS.5);
nevertheless, these simulations are capable of resolv-
ing strong TC and ET events, and thus provide a unique
opportunity to contribute to our understanding of ET
and climate change.

We used the TempestExtremes and ExTraTrack
algorithms (Ullrich and Zarzycki 2017; Zarzycki and
Ullrich 2017; Zarzycki et al. 2017) to track simulated
TC and ET events, and a CPS method to objectively
identify ET events. The simulated present-day esti-
mates of percentage of TCs undergoing ET in the
NATL and WNP basins are within the observed range of
variability (Table 2). Our MPAS-A simulations produce

more variation in ET location compared to observations
(Fig. 6), but the median location of ET in both basins
matches reasonably well (Table 3).

One of the most significant changes in the simulated
future ET climatology is that a higher fraction of NATL
TCs undergoes ET in the future simulations (Table 4).
Environmental factors that potentially contribute to this
future increase in ET percentage include reduced
vertical wind shear throughout the NATL subtropics
(Fig. 7b), warmer SSTs (Fig. 7d), and greater maxi-
mum potential intensity (Fig. 7f). Another factor that
could contribute to this result is a stronger warm core
structure in NATL TCs (Fig. 13), which likely increases
the chances of survival in unfavorable environmental
conditions, thus increasing the likelihood of ET. Addi-
tionally, there is a significant poleward shift in the lati-
tude of TC genesis and location of peak intensity for
NATL events in our simulations (Torres-Vazquez 2018),
which reduces the distance needed for a TC to travel in
an unfavorable environment, and therefore increases the
chances of ET. All of these factors increase the likelihood
of ET in the NATL and thus are consistent with the
simulated increase in ET percentage, and with previous
work. This increase in the frequency of ET events holds
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implications for potential future changes in the Northern
Hemispheric ETC climatology, especially during autumn,
which is outside of climatological peak of ETC activity;
such contributions will be omitted in GCMs and other
coarse modeling studies that are unable to capture TCs
and ET events. Similar changes in the background
environment occur in the WNP (Fig. 7), but there are
not significant shifts toward stronger lower-tropospheric
warm cores for storms in this basin (Fig. 14) nor is there a
change in the location of TC genesis or peak intensity
(Torres-Vazquez 2018), resulting in little change in ET
percentage for WNP events (Table 4).

Consistent with the shift in TC genesis and lifetime
maximum intensity location (Torres-Vazquez 2018), the
locations of ET onset and completion in the NATL are
also shifted significantly poleward in the future sim-
ulations by 4° and 5°, respectively (Table 5; Fig. 10).
Additionally, future NATL ET events are shown to be
stronger at later stages of the cyclone life cycle, par-
ticularly as post-transition ETCs where the median
minimum SLP is ~6 hPa lower (Table 6; Fig. 12a). The
outflow from ET events can modify midlatitude flow
and lead to high-impact weather far downstream from
the original TC (e.g., Harr and Dea 2009; Archambault

et al. 2013, 2015; Keller et al. 2019); therefore, this shift
toward stronger post-transition ETCs implies poten-
tially stronger outflow from future ET events, and con-
sequently, more extreme downstream impacts. These
results are also consistent with a case study of Hurricane
Irene (2011, NATL) by Jung and Lackmann (2019), who
found stronger downstream ridging in future simulations
of that event. WNP events, on the other hand, show no
significant change in ET location (Table 5; Fig. 11) and
are only significantly more intense as tropical systems,
where future storms are ~12hPa stronger (Table 6;
Fig. 12b).

Further analysis examining potential changes in the
ET process, storm-scale dynamics, and impacts associ-
ated with ET events will be the topic of an upcoming
paper. Additional future work includes investigating
the interannual variability in ET changes (e.g., com-
paring years with the largest changes to years with the
smallest changes), which will help shed light on the
primary factors affecting ET in future climate condi-
tions. The results of the simulations presented here are
largely consistent with other studies that used differ-
ent experimental designs, which increases confidence in
these results. However, there are several limitations to
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our experimental design that should be addressed
in future work. For example, an ensemble approach,
either with altered physics choices or initial condi-
tion perturbations, would be useful in cross-checking
these findings. Our simulations use analyzed SST
patterns, and do not include cold-wake feedbacks
that are present in observed TCs. Much more could
be done to address uncertainty in future projections,
including examination of other emissions pathways,
or the use of GCM SST clustering methods (e.g.,
Mizuta et al. 2014), which would take account of
variations in GCM SST change patterns. Finally, the
ability to run with a 3-km mesh over the TC-active
regions, with scale-aware convective parameterization
effectively omitting this parameterization there, would al-
low for even more realistic TC and ET representations.
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