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® Three ET pathways differ in frequency, seasonality, intensity,
and environment

® Type 1 storms are the most common and the most
destructive after transition

® Type 2 has weaker wind fields and transitions under weaker
baroclinicity

® Type 3 meets ET criteria concurrently under strong

baroclinicity
) Cheung et al., 2025, iScience 28, 112814
E July 18, 2025 © 2025 The Author(s). Published by Elsevier Inc.

https://doi.org/10.1016/j.isci.2025.112814

Correspondence

stevenhm.cheung@ewha.ac.kr (H.M.C.),
hoch@ewha.ac.kr (C.-H.H.)

Hung Ming Cheung, Chang-Hoi Ho,
Jung-Eun Chu

Earth sciences; Atmospheric science;
Climatology

¢ CellPress


http://creativecommons.org/licenses/by-nc/4.0/
mailto:stevenhm.cheung@ewha.ac.kr
mailto:hoch@ewha.ac.kr
https://doi.org/10.1016/j.isci.2025.112814
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2025.112814&domain=pdf

iIScience

¢? CellPress

OPEN ACCESS

Extratropical transition pathways
of tropical cyclones and their associated
storm intensity and destructiveness

Hung Ming Cheung,’-3* Chang-Hoi Ho,"* and Jung-Eun Chu?
1Department of Climate and Energy Engineering, Ewha Womans University, Seoul, Republic of Korea
2School of Energy and Environment, City University of Hong Kong, Kowloon, Hong Kong, China

3Lead contact

*Correspondence: stevenhm.cheung@ewha.ac.kr (H.M.C.), hoch@ewha.ac.kr (C.-H.H.)

https://doi.org/10.1016/j.isci.2025.112814

SUMMARY

Tropical cyclones (TCs) undergoing extratropical transition (ET) can have widespread impacts; however, the
differences in their evolutionary pathways remain incompletely understood. In this study, the cyclone phase
space is applied to classify TCs in the western North Pacific from 1979 to 2022 into three distinct types. Type 1
exhibits the most pronounced asymmetry changes and retains the strongest surface winds, whereas Type 2
undergoes more modest asymmetry changes and maintains a weaker wind field. Type 3, in contrast, pre-
serves a relatively symmetric wind field throughout the transition and occurs in a more baroclinic environ-
ment. Among the pathways, Type 1 demonstrates the highest post-transition destructiveness. Sensitivity
analysis indicates that while most findings are robust across classification thresholds, Type 3 is particularly
sensitive to threshold selection and requires careful interpretation. The present results enhance our under-
standing of ET variability and its implications for mid-latitude storm impacts.

INTRODUCTION

Tropical cyclones (TCs) are intense weather systems that form
over warm tropical oceans, characterized by strong winds and
heavy rainfall. As they move into mid-latitude regions, they
encounter environmental conditions different from those in the
tropics, including drier air, increased vertical wind shear, lower
sea surface temperatures (SSTs), steeper SSTs, moisture, and
horizontal air temperature gradients.'™ These changes can
trigger a critical process known as the extratropical transition
(ET), which significantly alters the structure and intensity of
TCs.> During the ET, TCs can transform into extratropical cy-
clones (ETCs), which often exhibit faster movement and broader
wind fields compared to their tropical counterparts.”® In the
western North Pacific (WNP), a highly active basin for TC activity,
27-65% of TCs experience ET.>*'" This high frequency of ET
events underscores the significant potential risks associated
with transitioning TCs. For example, typhoon Hagibis (2019),
which underwent ET before making landfall in Japan, resulted
in over 90 deaths, 465 injuries, and extensive damage, including
nearly 80,000 flooded or damaged homes.'? Similarly, in the
assessment of TC risks in the Republic of Korea, Nam et al."®
highlighted the significant damage potential of weaker landfal-
ling TCs that undergo ET.

A widely used framework for analyzing ET is the cyclone phase
space (CPS; Figure 1), which provides a quantitative method for
tracking the structural evolution of a TC as it transitions into an
extratropical system.'* The CPS characterizes key storm prop-
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erties, including symmetry and thermal structure, through three
parameters derived solely from the geopotential height: the
lower-tropospheric thermal asymmetry (B), which increases
with increasing asymmetry; and the thermal wind at both the
lower (-V-;) and upper levels (-V7), which distinguishes warm-
core TCs (-V*7 > 0) from cold-core ETCs (V' < 0). In the CPS
framework, a TC typically begins as a symmetric warm-core sys-
tem (B < By and V-7 > 0, where B, is a predefined threshold)
before undergoing ET. During the transition, it becomes more
asymmetric and may develop a cold-core structure (B > By
and V17 < 0), marking its transformation into an ETC. The CPS
has gained popularity due to its ability to objectively classify
storm evolution using only geopotential height data, making it
a simple yet effective tool for studying ET with gridded
datasets.” 015718

In the CPS framework, the canonical ET pathway is character-
ized by a TC first acquiring asymmetric structure before transition-
ing into a cold-core ETC (referred to as Type 1 in this study). This
process is reflected by an increase in the B parameter beyond
By, followed by a shift of V7 from positive to negative values.
However, not all TCs follow this trajectory. Some storms first
develop a cold-core structure in the lower troposphere, as indi-
cated by an early decrease in -V below zero, while remaining
relatively symmetric before acquiring significant asymmetry later
in the transition (Type 2). A third pathway involves storms simulta-
neously meeting the asymmetry and cold-core structure criteria
(Type 3). The classification of these ET pathways follows the con-
ventions established in Studholme et al."' and Zarzycki et al.'®
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Figure 1. Cyclone phase space for the three extratropical transition pathways

The three pathways are (A) Type 1, (B) Type 2, and (C) Type 3. Each gray line represents the evolution of B and -V- throughout the lifetime of a tropical cyclone.
Red and black circles indicate the onset and completion of extratropical transition, respectively. Vertical and horizontal dashed lines mark the threshold of -V
and B, respectively. The purple line demonstrates the cyclone phase space trajectory of an illustrative case from each pathway, namely (A) Nanmadol (2022), (B)
Haitang, (2022), (C) Dolphin (2008). The numbers in parentheses indicates the sample size for each pathway.

Despite the significance of ET and the diversity in its structural
evolution, most studies have traditionally treated ET as a unified
process, without distinguishing between different transition
pathways. Only a few studies have systematically classified
them using CPS with reanalysis data, and these efforts have
focused on relative proportion of each type or region. For
example, Bieli et al.® quantified the proportion of each ET
pathway in the WNP and other basins; Studholme et al.’" exam-
ined global ET proportion and CPS trajectories; and Zarzycki
et al.’® analyzed ET proportion, duration, and intensity changes
in the North Atlantic. A comprehensive investigation of the differ-
ences in storm transition characteristics and environmental influ-
ences among these pathways in the WNP remains limited. This
study addresses TCs undergoing ET in the WNP, examining
the variations in storm intensity, structure, and destructiveness
among different ET pathways. Using best track and reanalysis
datasets for the period 1979—-2022, we classify ET cases into
three distinct pathways (Types 1—3) based on CPS parameters.
Through this classification, key differences in their properties
and potential hazards are identified. These findings will enhance
our understanding of ET variability and its implications for post-
transition storm behavior.

RESULTS

Characteristics of ET pathways

To classify the ET pathways, the evolution of TCs within the CPS
is analyzed using the Japanese 55-year Reanalysis (JRA-55)
data. In this study, ET onset is defined as the point when a TC
first exhibits an increase in asymmetry (B exceeds the threshold
of 15) or acquires a cold-core structure (V- < 0). ET completion
is marked by the first moment when both conditions are met. To
ensure the reliability of our ET case identifications, only the 445
TCs for which ET completion is confirmed by both best track
data and CPS analysis are examined. Based on this definition,
the ETs in our dataset are categorized into three distinct path-
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ways, as described in the introduction. Further details of the
CPS analysis are provided in the STAR Methods section.

Types 1, 2, and 3 account for 250 (56%), 140 (32%), and 55
(12%) of the TCs, respectively. A comparison of the proportions
of the three ET pathways in the WNP from previous studies®'° is
provided in Table S1. Across these studies, Type 1 emerges as
the dominant transition pathway, comprising between 59%
and 71% of all ETs. Type 2 exhibits greater variability across
studies, ranging from 15% to 30%, while Type 3, the least
frequent and most consistent, accounts for 11-17% of cases.
Findings from Wood and Ritchie'® further support Type 1 as
the predominant ET pathway in the WNP. Overall, the present
classifications are consistent with previous studies.

The CPS trajectories for the three pathways are shown sepa-
rately in Figure 1. Although a TC undergoing ET via any pathway
requires reduced symmetry before completing the transition, the
extent of symmetry change varies by pathway. Comparing the
range of B during ET (from onset to completion), Type 1 shows
a larger average change in B than Type 2, as indicated by the
spread in black and red circles in Figures 1A and 1B, respec-
tively. This suggests that during ET, storms following Type 1
develop greater asymmetry compared to those undergoing
Type 2, while differences in the rate of change in —V'; are less
pronounced. For Type 3, both B and -V remain close to their
respective thresholds at the time of ET completion (Figure 1C),
indicating that these storms do not exhibit strong extratropical
characteristics at this stage.

Figure 2 illustrates the annual cycle of ET proportions for each
ET pathway. The monthly values are determined by the timing of
ET onset for Types 1 and 2, and ET completion for Type 3. Type 1
peaks in September, with the majority (76%) of events occurring
between August and October. Type 2 reaches its peak slightly
earlier in August but is more evenly distributed across the other
months from May to November compared to Type 1. Apart from
August (29%) and September (18%), five other months each
contribute approximately 8-12% of the Type 2 events. Type 3
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Figure 2. Annual cycle of the extratropical
transition proportion for each transition
pathway

and 4C). Notably, its maximum wind
speed weakens from onset to comple-
tion. In contrast, Type 2 has lower
maximum wind speed than Type 1 at
both ET onset and completion, with no
weakening observed (Figures 4B and
4D). The overall wind pattern remains
largely unchanged from onset to comple-
tion for both Types 1 and 2. For Type 3 at
ET completion (Figure 4E), the maximum

Apr May Jun Jul
Month

Jan Feb Ma

primarily occurs from August to October with a maximum in
September, alongside secondary peaks in June and December.
Therefore, Types 1 and 3 are pronounced in late summer, while
Type 2 is more prominent in early summer. A similar annual cycle
was reported by Kitabatake, '® where Types 1 and 3 were group-
ed together.

Next, the geographical distribution of ET onset and completion
is examined in terms of latitude and longitude. At ET onset, the
latitude distributions of Types 1 and 2 are similar (p = 0.27), but
Type 2 exhibits a wider spread (Figure 3A), with its southernmost
occurrence nearly 10° lower than that of Type 1. The onset longi-
tude distributions of Types 1 and 2 are also not significantly
different (p = 0.58), although the interquartile range for Type 1
is slightly narrower, and the two distributions largely overlap
(Figure 3B). At ET completion, the mean latitude of Type 1 is
higher than Types 2 and 3 (Figure 3C). A statistically significant
difference in distribution among the three pathways is observed
(p = 0.0001), primarily due to differences between Types 1 and 2
(adjusted p = 0.01), and between Types 1 and 3 (adjusted p =
0.0003) (Table S2). However, the longitude distributions at
ET completion show no significant difference (p = 0.38)
(Figure 3D). The higher completion latitude of Type 1 may be
linked to its prolonged maintenance of a warm-core structure,
which enhances its resistance to the erosion of tropical charac-
teristics. Overall, aside from completion latitude, no systematic
geographical difference among the three ET pathways is
detected.

Storm intensity and large-scale environmental
conditions

Figure 4 presents the composite 10-m wind speed at ET onset
and completion, rotated to align with the direction of storm mo-
tion. In all ET pathways, the right-hand side of the storm exhibits
stronger wind than the left-hand side, consistent with the
composite wind patterns of storms over the WNP reported by Ki-
tabatake.'® Similarly, Kim et al.?° also observed this wind field
asymmetry in WNP TCs making landfall over South Korea. Within
a 4-degree radius of the storm center, Type 1 exhibits the stron-
gest surface winds at both ET onset and completion (Figures 4A

Alg Sep Oct Nov Dec

wind speed is lower than in Type 1 but
higher than in Type 2. Moreover, the
contrast between the left- and right-
hand side of the wind field is less pronounced in Type 3, suggest-
ing better preservation of symmetry in the wind field. In general,
significant differences in wind speed between ET pathways are
observed at the 99% confidence level within a 6- to 8-degree
radius of the storm center. These results are in agreement with
those of Kitabatake,'® which indicate that TCs completing ET
via Types 1 and 3 tend to have lower central pressures compared
to Type 2.

The dynamic and thermodynamic characteristics of the large-
scale environment surrounding the storms at the time of ET
completion are investigated. Figures 5A-5C presents compos-
ites of 500-hPa geopotential height, 850-hPa air temperature,
and 250-hPa zonal wind within a 50° x 50° region centered on
the storms. The 500-hPa height field illustrates the mid-tropo-
spheric flow pattern and associated synoptic features (e.g.,
troughs and ridges) that influence storm evolution during ET
completion. The 250-hPa zonal wind demonstrates the position
of the upper-level jet streak, while the 850-hPa temperature dis-
tribution displays the thermal structure of the environment, with
particular reference to the baroclinic zones interacting with the
transitioning storm. For all pathways, the composite storm
center is positioned between a trough to the west and a ridge
to the east. The 5880-gpm (geopotential meter) contour, which
typically indicates the subtropical high over the WNP, lies to
the southeast of the storm. The 500-hPa geopotential height pat-
terns also largely resemble those reported by Bower et al.’’ The
upper-level jet stream, indicated by wind speeds >30 ms™ ', is
located to the northeast of the storm, with its axis about 10°
away from the storm center. This also indicates that the storms
are approximately positioned below the right entrance region
of the jet streak. Figures 5D-5F shows the meridional gradient
of 500-hPa geopotential height and 850-hPa air temperature,
which are key indicators of baroclinicity and help assess the
strength of the large-scale forcing that influences storm evolu-
tion during ET. The temperature gradient to the north of the storm
is strong, while the temperature distribution to the south is more
uniform. Similarly, the geopotential height gradient is steep to the
northeast of the storm but weaker to the south, except in the im-
mediate vicinity of the storm center.
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Figure 3. Geographical distribution of extratropical transition onset and completion

Boxplots depict (A) onset latitude, (B) onset longitude, (C) completion latitude, and (D) completion longitude for each extratropical transition pathway. Orange
horizontal line and red plus symbol represent the median and mean, respectively. Outliers are omitted for clarity. The interquartile range is represented by box
height. Note that Type 3 is excluded from (A) and (B) because its onset of extratropical transition is not defined.

Distinct differences in environmental conditions are observed
among the three ET pathways. In Type 1, there is evidence of
interaction with the trough as indicated by the presence of an
open wave structure consistent with previous studies,*® which
is absent in Types 2 and 3 (Figures 5A-5C). Type 1 storms are
embedded in a stronger geopotential height gradient (Figure
5D), Type 3 storms are positioned closer to the 5880-gpm con-
tour (Figure 5C) and exhibit more pronounced geopotential
height and temperature gradients over a larger area north of
the storm center (Figure 5F). Although the jet streak axis remains
at a similar distance from the storm center in all three types, the
jet streak is weaker in Type 2 (Figure 5B). This may lead to
reduced upper-level divergence and consequently weaker low-
level convergence.

Overall, Type 1 storms experience a stronger baroclinic envi-
ronment than Type 2, with indications of interaction with a pre-ex-
isting wave. Type 3 is associated with the strongest baroclinic
environment, as reflected by the pronounced meridional gradients
of geopotential height and temperature. This strong baroclinic
forcing in Type 3 facilitates a rapid increase in asymmetry and
transformation into a cold-core structure. These differences in
environmental structure can be partially explained by the different
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latitude and season at which ET completion occurs. Type 1
completion tends to occur at higher latitudes (Figure 3C), where
geopotential height and air temperature are generally lower, and
their meridional gradients are stronger than at lower latitudes.
Seasonal variability also plays a role. After summer, when Type
1 tends to peak (Figure 2), the midlatitude environment features
lower geopotential heights and temperatures than in summer.
Consequently, these spatial and temporal factors shape the
different environmental fields associated with each ET pathway.

Destructiveness of post-transition TCs

During ET, storm wind fields expand,’® enabling a transitioned
TC to impact a larger area even as its maximum sustained
wind speed decreases. To better assess the potential destruc-
tiveness of TCs undergoing ET, we employ integrated kinetic
energy (IKE) which is an alternative metric of storm destructive
potential.’®*? The total IKE for each storm is calculated by sum-
ming over the time after ET completion until the end of record.
Boxplots of the three ET pathways indicate that IKE values are
concentrated in the lower range, with a tail extending toward
higher values (Figure 6A). The median IKE is highest for Type 1
(0.54 GJ), followed by Type 3 (0.30 GJ) and Type 2 (0.16 GJ).
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Type 1 also has the largest dispersion. A Kruskal-Wallis H test
confirms a statistically significant difference among the three
ET pathways (o = 1.30 x 10~%). A post-hoc test (Table S3) attri-
butes this difference primarily to the contrast between Types 1
and 2 (adjusted p = 5 x 1079, and between Types 2 and 3
(adjusted p = 0.0073), while the difference between Types 1
and 3 is insignificant (adjusted p = 0.59). It is important to note
that these values, derived using a B threshold of 15, are particu-
larly sensitive for Type 3 and should be interpreted with caution.
A more detailed analysis of the effect of the B threshold on ET
classification is presented in the following subsection.

Since the total IKE is influenced by the duration of the storm —
longer-lasting storms tend to accumulate higher IKE— it is as-
sessed whether the duration of the post-ET significantly affects
the results. The distributions of total areas covered by wind speed
>18 m s~ (or high-wind area) are very similar to those of IKE
(Figure 6B and Table S3). Furthermore, the post-ET storm duration
does not differ significantly among the three ET pathways
(p = 0.74), although Type 1 shows a wider dispersion (Figure
6C). Therefore, the differences in IKE among ET pathways primar-
ily stem from variations in high-wind area rather than storm dura-
tion. However, since IKE is proportional to the square of wind
speed, the greater maximum wind speed in Type 1 storms
(Figure 4) likely further enhance their IKE values. Thus, the greater
destructiveness associated with Type 1 may be influenced not
only by broader wind fields but also by their greater wind speeds.

Sensitivity of ET classification to the threshold of B
When the threshold of B is lowered from 15 to 11, the distribution
of ET pathways shifts with 294 (65%) cases classified as Type 1,
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Figure 4. Storm-centered composites of
10-m wind speed at extratropical transition
onset and completion

Panels show composite at (A and B) onset and
(C-E) completion of extratropical transition for the
three extratropical transition pathways. Each
panel has a radius of 15°, with gray dashed lines
marking grid intervals of 2°. A gray circle denotes a
radius of 4°. Stippling indicates statistically sig-
nificant differences in the median at a 99% confi-
dence level. Before compositing, all samples are
rotated so that their direction of motion aligns
northward.

ET Completion

(Type 3)

109 (24%) as Type 2, and 50 (11%) as
Type 3. While the overall occurrence of
Type 3 remains relatively stable, only 19
TCs retain their classification as Type 3
under both thresholds. The remaining
Type 3 cases primarily transition to Type
1, while some Type 2 cases are reas-
signed to Type 3.

The analyses are reproduced for B = 11
(Figures S1-S5). In most cases, the
adjustment of the B threshold does not
lead to substantial differences. The
annual cycle of ET proportions (Figures
2 and S1), geographical distribution
(Figures 3 and S2), composite surface wind fields (Figures 4
and S3), and large-scale environmental conditions (Figures 5
and S4) remain largely consistent. However, there is a notable
discrepancy emerges in the post-transition IKE and high-wind
area for Type 3. When the threshold of B is 15, Type 3 exhibits
significantly greater total IKE and high-wind area than Type 2
(Figures 6A and 6B). In contrast, when the threshold is lowered
to 11, the distributions of total IKE and high-wind area for Type
3 closely resemble those of Type 2 (Figures S5A and S5B).
This shift is consistent with the reclassification of cases dis-
cussed in the previous paragraph. Overall, while the main fea-
tures of each ET pathway remain largely robust to changes in
the B threshold, the post-transition IKE of Type 3 is particularly
sensitive. Given this sensitivity, the classification of Type 3
should be interpreted with caution, as it may be subject to uncer-
tainty depending on the B threshold chosen.

DISCUSSION

In this study, observational datasets from JRA-55 reanalysis and
RSMC-Tokyo best track are analyzed in order to investigate dif-
ferences in storm characteristics associated with three ET path-
ways in the WNP, as classified by the CPS. The findings highlight
distinct features across the three pathways while also revealing
the sensitivity of Type 3 to the choice of the B threshold.

The CPS analysis demonstrates that Type 1 undergoes more
pronounced increases in asymmetry than Type 2, while Type 3
completes its transition abruptly and retains near-threshold
properties. Temporally, Types 1 and 3 peak in September,
whereas Type 2 reaches its maximum in August. Geographically,

iScience 28, 112814, July 18, 2025 5
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Figure 5. Large-scale environmental conditions at extratropical transition completion
(A-C) Storm-centered composite of 850-hPa air temperature (shading; K), 500-hPa geopotential height (solid contours; gpm), 250-hPa zonal wind (dashed
contours; ms™"), (D-F) the meridional gradient of 850-hPa air temperature (shading; K m~") and 500-hPa geopotential height (solid contours; 10> gpm m~") over

a 50° x 50° domain at the completion of extratropical transition. Contours of 250-hPa zonal wind are drawn for the values exceeding 30 ms "at 10 m's

intervals. The circle at (0°, 0°) marks the location of composite storm center.

Type 1 occurs at higher latitudes at completion, with statistically
significant differences in completion latitude among the three
pathways. The composite surface wind field indicates that
storms undergoing Type 1 ET maintain the strongest winds at
ET completion. Large-scale environmental conditions at ET
completion suggest that Type 3 is associated with stronger bar-
oclinicity, characterized by steeper geopotential height and tem-
perature gradients over a larger area to the north of storms as
well as more intense upper-level jet streak. The analysis of
post-transition IKE highlights that Type 1 has the highest
destructive potential, followed by Types 3 and 2, indicating

6 iScience 28, 112814, July 18, 2025
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that Type 1 is not only the most common ET pathway but also
the most destructive. However, the total IKE and high-wind
area of Type 3 show notable sensitivity to the choice of B
threshold, with results differing significantly when B is lowered
from 15 to 11. While the overall properties of Types 1 and 2
remain largely consistent, Type 3 exhibits substantial reclassifi-
cation under different thresholds, necessitating careful interpre-
tation of its characteristics.

The distinct characteristics of the three ET pathways empha-
size the significance of understanding their evolution in the
context of climate change. Many studies indicate that global
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Figure 6. Integrated kinetic energy and storm characteristics after extratropical transition

Boxplots of (A) total integrated kinetic energy, (B) total area covered by winds >18 m s

~1, and (C) storm duration after the completion of extratropical transition.

Orange horizontal line and red plus symbol represent the median and mean, respectively. Outliers are omitted for clarity. The interquartile range is represented by

box height.

warming has the potential to modify ET activity in the WNP,
affecting its frequency, intensity, and destructiveness. 162525
Future research should explore how the proportions of the three
ET pathways may shift under warming climate conditions and
whether the observed structural differences in the current
climate will endure in a changing environment.

Limitations of the study

This study classifies ET pathways based on the CPS framework;
however, alternative methods exist for defining ET onset and
completion. For example, Demirci et al.”® identified the end of
the transformation stage by distinguishing an open-wave struc-
ture from the geopotential height field on the 500-hPa level. Ko-
fron et al.?” proposed that isentropic potential vorticity could
serve as a criterion for ET onset and completion, while Jung
and Lackmann®® employed surface latent heat flux and
baroclinic conversion to define ET completion. Since different
metrics emphasize distinct aspects of the transition process,
ET pathways classification may vary depending on the chosen
approach. Consequently, it remains uncertain whether the
present results are directly comparable to those derived from
alternative classification methods. Further research is needed
to assess the robustness of the findings across different
frameworks.

Another limitation of this study arises from its reliance on rean-
alysis data and best track data. Reanalysis data are known to
systematically underestimate TC intensity (maximum sustained
wind speed).??*® This bias primarily arises from the inherently
coarse horizontal resolution of reanalysis data, which limits their
ability to resolve TC features at finer scales. Capturing the fine-
scale dynamics that govern TC intensification typically requires
higher-resolution data.®* However, the JRA-55 reanalysis used

in this study assimilates wind profile retrievals around TCs,***¢

which helps improve the representation of TC wind fields. As a
result, the underestimation of wind speed shown in Figure 4 is
likely less severe than it would be if other reanalysis data were
used. Furthermore, the best track record from RSMC-Tokyo
monitors TCs within a defined area of responsibility (0°-60°N,
100°E—180°). If a transitioning TC moves beyond this region,
post-TC records may be incomplete and introduce uncertainty
into the IKE analysis. Future studies are recommended to inte-
grate data from multiple agencies to address this limitation.
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STARxMETHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER
Deposited data
JRA-55 Reanalysis Japan Meteorological Agency https://doi.org/10.5065/
D6HH6H41
RSMC-Tokyo best track Japan Meteorological Agency https://www.jma.go.jp/jma/jma-eng/

jma-center/rsmc-hp-pub-eg/besttrack.html

Software and algorithms

Regridding of storm wind field NCL https://www.ncl.ucar.edu/Applications/
(rectilinear to polar grid) Scripts/grid2geocircle.ncl

METHOD DETAILS

TC best track and reanalysis dataset
This study analyzes the best track data from the Regional Specialized Meteorological Center (RSMC) Tokyo-Typhoon Center, span-
ning the period 1979-2022. This dataset provides records of TCs in the WNP, including their center location and intensity. We focus
on the 539 TCs that are classified as “extratropical cyclone” at some point during their lifecycle. To enhance confidence in the iden-
tified ET cases, we consider only the 445 TCs for which ET completion is identified in both the best track data and through CPS anal-
ysis. While the timing of ET completion from these two sources generally agrees, minor discrepancies may occur as noted by
Kitabatake.'®

To characterize TC structure and the associated atmospheric environment, we use the Japanese 55-year Reanalysis (JRA-55) da-
taset, which has a horizontal grid spacing of 1.25 ° x 1.25 ° and is archived at 6-h intervals from the Japan Meteorological Agency.>®
This dataset incorporates assimilated wind profiles derived from the best track data.*®*” From this dataset, we extract geopotential
height at various pressure levels for CPS analysis, along with the following atmospheric variables: 500-hPa geopotential height,
850-hPa air temperature, 200-hPa zonal wind speed, and surface-level zonal and meridional wind speeds.

CPS and definition of ET pathways

The analysis centers on two parameters: the thermal symmetry parameter (B) and the lower-tropospheric thermal wind parameter
(V7). The B parameter quantifies the frontal characteristics of a cyclone by measuring the storm-motion-relative thickness asym-
metry between 900 and 600 hPa across the system. It is computed using the formula

B = h<Zeoo nPa — Z900 hPalight — Z600 hpa — Zgoo hPa\,eﬂ) (Equation 1)

where Z represents the geopotential height, h is assigned to 1 and —1 when a TC is located in the Northern Hemisphere and the
Southern Hemisphere, respectively, while an overbar indicates averaging within a 500-km radius on the left-/right-hand side of
the TC. Meanwhile, the —V- parameter characterizes the vertical thermal structure (i.e., the presence of warm core or cold core)
by examining the vertical gradient of the horizontal geopotential height distribution in the lower atmosphere. It is computed using
the formula

L a(AZ) 600 hPa

V: = Equation 2
’ 0N P |g00 npa (Ea )

where AZ is the geopotential height perturbation (Z,ax minus Z,,i) calculated within a 500-km radius from the TC center, and p is the
pressure level (either 600 or 900 hPa). A five-point running average is applied to both parameters to reduce noise. The missing values
due to running average at both the beginning and end of the sequence of the two parameters are filled with the corresponding un-
smoothed values.

TCs typically exhibit symmetric structure with warm cores which manifest as small B values and positive -V values. In contrast,
ETCs display asymmetric structure with cold cores characterized by large B values and negative -V values. Following Zarzycki
et al.,® a threshold of B = 15 is adopted to differentiate between symmetric and asymmetric storms. ET onset is identified when
a TC either becomes asymmetric (B > 15) or acquires cold-core structure (-V-+ < 0). By the same token, ET completion is considered
as the first instance when these two conditions are satisfied. Since a TC can jump between two quadrants in the CPS multiple times
during its lifetime, we define ET onset as the last time it moves from the lower-right (symmetric warm core) to the upper-right
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(asymmetric warm core) or lower-left quadrant (symmetric cold core), and ET completion as the first time it moves to the upper-left
quadrant (asymmetric cold core) from another quadrant. Accordingly, there are three possible ET pathways: gaining asymmetry
before transforming into an ETC (Type 1); acquiring a cold-core structure first before completing transition (Type 2); and developing
both asymmetric and cold-core structure at the same time step (Type 3).

Integrated kinetic energy
Following Powell and Reinhold,*® integrated kinetic energy (IKE) at a given time step is defined as

IKE = / 1weay =1 / UPdA (Equation 3)
v 2 2Ja

where p is the air density (=1 kg m™3), U represents the surface wind speed field, V and A denote volume and area, respectively. IKE is
calculated by considering only the grid points with U greater than 18 m s~ within 1000-km radius from the TC center in the present
study.

QUANTIFICATION AND STATISTICAL ANALYSIS

To ascertain whether differences in properties exist between the three ET pathways, we use the Kruskal-Wallis H-test* and the two-
tailed Mann-Whitney U test,*® which assess differences in the location of distributions. They serve as the non-parametric alternatives
to one-way ANOVA and Student’s t-test, respectively. The Mann-Whitney U test is applied to ET onset as this stage is not defined for
Type 3 pathway. For ET completion, we first perform Kruskal-Wallis H-test to determine if there is a significant difference among the
three pathways. If the Kruskal-Wallis H-test yields a significant result, we conduct post-hoc pairwise comparisons using Dunn’s
test,"! which accounts for the rank-based nature of the data. To control for the familywise error rate due to multiple comparisons,
the Bonferroni correction is applied, where the p-value for each pairwise test is multiplied by the number of comparisons, ensuring
a more stringent threshold for statistical significance. The Kruskal-Wallis H-test and the two-tailed Mann-Whitney U test are per-
formed using Scipy v1.10.1, while Dunn’s test is performed using Scikit-posthocs v0.9.0. The table below provides an overview
of our statistical analysis framework which includes the specific statistical tests applied to each variable, their corresponding
p-values, and subsequent post-hoc test where applicable.

Variable Statistical test p-value Post-hoc test

ET onset latitude Mann-Whitney U test 0.27 N/A

ET onset longitude Mann-Whitney U test 0.58 N/A

ET completion latitude Kruskal-Wallis H-test 0.0001 Dunn’s test with Bonferroni
correction (Table S2)

ET completion longitude Kruskal-Wallis H-test 0.38 N/A

Total IKE Kruskal-Wallis H-test 1.30 x 10°° Dunn’s test with Bonferroni

correction (Table S3)

Total area Kruskal-Wallis H-test 2.59 x 107° Dunn’s test with Bonferroni
correction (Table S3)
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