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Global increase in destructive potential of extratropical
transition events in response to greenhouse warming

1,24

Hung Ming Cheung@®' and Jung-Eun Chu

When tropical cyclones (TCs) move to the mid-latitudes, they oftentimes undergo extratropical transition (ET) by which they lose
their symmetry and warm-core characteristics. Upon transforming into extratropical cyclones (ETCs), they tend to impact larger
areas and thus larger populations. In light of the increased TC intensity due to global warming identified in previous studies, here
we examine its effect on the frequency and destructiveness of ET events globally using a high-resolution fully coupled Earth System
model (0.25° for atmosphere; 0.1° for ocean) prescribed with present-day, doubling, and quadrupling CO, concentrations. Our
findings indicate that ETCs originated from the tropics with higher destructiveness (indicated by integrated kinetic energy) become
more frequent in response to greenhouse warming, although the number of ET events does not change significantly. The key factor
in the change in the destructiveness of ETCs is the increase in wind speed and the high-wind area at ET. Despite the uncertainty in
the Northern Hemisphere, our results underscore the necessity for climate resilience in the mid-latitudes against global warming.
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INTRODUCTION

Extratropical transition (ET) is a process related to the changes in
properties of tropical cyclones (TCs), which are one of the most
devastating natural phenomena on Earth. During the transition, a
TC gradually transforms from a symmetric and warm-core
structure to an asymmetric and cold-core structure, and also
gains energy from the strong temperature and moisture gradient
instead of the water vapor evaporated over warm water' =,
Environments conducive to ET include lower sea-surface tem-
perature (SST), steeper SST gradient, less moisture, and stronger
vertical wind shear, which are common in the extratropics*”. If a
TC does not dissipate before the transition is completed, it
becomes an extratropical cyclone (ETC) that usually possesses
greater translational speed and spatial coverage than its tropical
predecessor*®, For the ETCs which impact Europe, the maximum
intensity of those with tropical origin can be significantly greater
than those that form in the mid-latitudes®. A transitioning TC can
also exert an impact far away from it. For example, the ET of
Supertyphoon Nuri (2014), which was active in the West Pacific,
indirectly led to heavy precipitation, cold-air outbreak, and heat
wave in different parts of the US'. As a result, TCs which undergo
or complete transition can pose a serious threat to both the inland
and coastal populations outside the tropics.

Although a TC is regarded as weakening when it moves to the
mid-latitudes, transitioning or transitioned storms can still be
accompanied by strong wind and heavy precipitation* and
sometimes re-intensify during the transition. Hurricane Sandy,
which formed in late October 2012 over the southern Caribbean,
completed ET before its landfall at New Jersey of the US East coast
as a Category 1 TC under the Saffir-Simpson scale'". Despite being
a relatively weakened storm, its hurricane-force wind extended as
far as 280 km from the storm center'2, Therefore, the storm surge
induced by Sandy affected an extended coastline across New
Jersey and New York, with the highest surge reaching 9-10 feet.
Compound with the astronomical high tides, it caused a death toll
of 72 and the associated property damage exceeded $50 billion

US dollars'. Hurricane Ophelia (2017) is another storm which
made a severe impact after the ET completion. It struck Ireland as
an ETC after its formation in the North Atlantic Ocean, and it
remained over the ocean during its tropical phase'*'. Flooding,
fallen trees, and electricity poles/cables caused widespread
damage, as well as three deaths in Ireland. In the West Pacific,
Typhoon Hagibis (2019) began ET in October before making
landfall in Japan'®. During the transition, the daily rainfall record in
the country was broken at the Hakone station (922.5 mm)'” and
caused over 90 deaths, 465 injuries, and almost 80,000 houses
flooded or damaged'®. Moreover, extreme ETCs can cause
damage to forests'®?° and coastal infrastructure?', and endanger
marine traffic?>?3, The changes in ET activities in the future
therefore bear high importance due to the socioeconomic impact.

Under a warmer climate, we expect a potential increase in the
mean or maximum TC intensity’*?®, so the possibility of TCs
surviving a prolonged period beyond the tropics or subtropics
becomes greater. In recent years, several studies have focused on
the possible future changes in ET activities caused by anthro-
pogenic warming using climate models. Multiple studies have
shown increases in the number of ET events or ET fraction over
the North Atlantic Ocean using global models?*-3!, although
several high-resolution models from phase 6 of the Coupled
Model Intercomparison Project (CMIP6) High-Resolution Model
Intercomparison Project (HighResMIP32) show mixed results in
spatial distribution®3. Future increases in storm intensity during
ET3435, or at ET completion and after*® are also documented.
Consequently, the proportion of transitioning TCs affecting Europe
can also increase3®. However, in terms of global changes in ET
activities, basins other than the North Atlantic received relatively
less attention®'3, There are diverse results for the ET frequency or
fraction over the West Pacific, South Indian, and South
Pacific3®3133, In addition to the lack of investigation on a global
scale, the use of high-resolution fully coupled global models,
which enable mesoscale atmospheric and oceanic features to be
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resolved and is essential for improved simulation of TC activities,
for studying future changes in ET events is rare33,

ET is unlikely if a storm is too weak to reach the mid-latitudes.
Given that TC is the pre-requisite of any ET event, we can expect
that improvement in TC simulation should have a positive
influence on that of ET. Previous studies have shown that the
horizontal resolution of a model has an impact on the simulation
of TC activities. Roberts et al.3” assessed the role of horizontal
resolution by evaluating six pairs of global climate models with
greater (50-200 km) and smaller (25-50 km) grid spacing from the
HighResMIP project. By comparing model simulations with
observation, they concluded that increased model resolution
could improve the spatial distribution of TC tracks and enable
more intense TC to be simulated, although only one of them can
simulate TC stronger than Category 3. Furthermore, coupling
atmospheric model with ocean model can improve the simulation
of air-sea interaction and thus TC activities such as TC peak
intensity®® and TC genesis frequency®® compared to an
atmosphere-only model, as the strong surface wind of TC can
trigger both positive and negative feedback by enhancing
evaporation*® and sea-surface cooling®', respectively. Moreover,
Baker et al.>® utilized the models in the HighResMIP project to
demonstrate that the ensemble model bias in track density of TC
that undergo ET in the North Atlantic and West Pacific is reduced
when the model grid spacing decreases.

To improve the prediction of the potential risk induced by ET
events in the future, here we analyze the global changes in ET
activities under increased CO, concentration scenarios simulated
by a high-resolution fully coupled global climate model, with a
focus on destructiveness (also as destructive potential). The
intensity of a TC or ETC (maximum sustained wind speed or
mean sea level pressure at storm center) is commonly used for
indicating its potential for causing damage. However, given the
asymmetric nature and expanded wind field of the ETCs, storm
intensity is not a sufficient indicator of destructiveness. Instead, we
use integrated kinetic energy (IKE) that measures both the
intensity and the extent of the wind field covered by a storm.
The use of a high-resolution version for both the atmosphere
(0.25°) and ocean components (0.1°) of the Community Earth
System Model (CESM) allows an improved simulation of mesoscale
oceanic features®®, which is important for the sensitivity of TC
frequency2. This model resolution is close to the finest one (0.25°
for the atmosphere and 0.05° for the ocean, but in separate
models) among the models participating in HigResMIP*? and
those in ref. 33, We apply the cyclone phase space which illustrates
the structural evolution of a TC to characterize ET events. The
results suggest an increase in the proportion or frequency of
highly destructive transitioned TCs, together with a decrease in
the total number of TCs, as a result of greenhouse warming.

RESULTS
Simulated ET events in the present-day climate

We utilize three sets of model simulations for the study: present-
day climate (PD), doubling (2xCO,), and quadrupling CO,
concentrations (4 x CO,) (see “Methods”). We select a model TC
to demonstrate the capacity of the model to produce a realistic ET
event. In the present study, an ET event is sub-divided into ET
onset and completion based on the cyclone phase diagram (see
“Methods”). ET onset is defined as the first time step at which a TC
becomes either asymmetric or acquires cold-core structure, while
the first time step at which a TC develops into a storm with both
asymmetry and cold-core structure after onset is regarded as ET
completion. The example shown in Fig. 1 is a typical TC formed in
the West Pacific during the 133rd year of the PD simulation. It
forms over the tropical ocean, moves northwestwards, and
recurves towards the mid-latitudes (Fig. 1a). Its evolution also
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follows a classical ET pathway on the cyclone phase diagram (see
“Methods”): first becomes asymmetric (upper right quadrant) and
then acquires a cold-core structure (upper left quadrant) (Fig. 1b).
At the peak intensity of TC (Time 1), the 10-m wind field shows a
high degree of symmetry in the vicinity of the inner core (Fig. 1¢),
and the precipitation is also the heaviest in that region (Fig. 1d).
The maximum wind speed and rain rate are 61ms~' and
1322 mm day~, respectively. The ET onset begins when the TC
moves to the south of Japan (Time 2). The storm is much weaker
than that at Time 1 with lower wind speed (43ms™") and less
precipitation (727 mm day~") over the inner-core region (Fig. 1e, f).
The wind field at the ET onset started to become asymmetric and
that of the TC outer region stretches zonally, expanding the
influence of its high wind speeds. At the end of the ET (ET
completion, Time 3), the maximum wind speed (28 ms~') and
precipitation (63 mm day~") reduce further, and symmetry can no
longer be observed from both fields (Fig. 1g, h). The result shows
that CESM can replicate the actual evolution of a TC that
undergoes ET.

We compare the transitioned TCs in the last 20 years of the PD
simulation with the historical TC dataset from the International
Best Track Archive for Climate Stewardship (IBTrACS*®). To align
the period of observation data with the PD simulation which is
based on a 2000-year greenhouse gas condition (367 ppm), we
selected the 1991-2010 period. In general, the CESM can capture
genesis (also as formation) location and TC tracks (both ET and
non-ET events) well (Fig. 2a-d and Supplementary Fig. 1a, b).
Active regions of TC activity (high TC passage frequency) in the PD
simulation correspond with those in the observation. There is an
underestimation of ET events in the West Pacific (0°-50°N,
100°-180°E), North Atlantic (0°-50°N, 10°-100°W), and South
Indian (0°-50°S, 30°-135°E), while the model overestimates it over
the South Pacific (0°-50°S, 135°E-70°W) (Figs. 2a-d and 3 and
Supplementary Table 1). The smaller number of ET events over the
North Atlantic is likely to be caused by a lack of TCs formed over
the tropical ocean in the region, which is also exhibited in many
global climate models?*374445  The shorter observed tracks
compared to the simulated ones over the South Indian is because
the area of responsibility of the meteorological center for this
basin is limited to 40°S on the polar flank (Supplementary Fig. 1a, b).
In addition, the maximum sustained wind speed during the ETC
phase is mostly not recorded in the data from the Joint Typhoon
Warning Center (JTWC), and it creates a discrepancy in storm
intensity between the best track data and model output over the
extratropics in the West Pacific and South Indian. For the seasonal
cycle of TC and ET activity (insets in Supplementary Fig. 1), the
model shows a distinctive TC season for all ocean basins. The
temporal distribution of ET activity approximately follows that of
TC. The peak of simulated ET activity is delayed by one month
relative to the observation in the West Pacific, North Atlantic, and
South Indian, while the model and observed peak align in the
South Pacific.

The fraction of TCs that undergo ET is 25% globally which is
contributed from about 40% in the North Atlantic and West
Pacific, 20% in the South Indian, and 8% in the South Pacific
Ocean (Fig. 3). The PD simulation tends to underestimate ET
fraction in most of the basins except for South Pacific. Note that
the observed fractions reported in other studies have a large
variation depending on the datasets and methods used for
defining ET. For example, it ranges from 27 to 65% in the West
Pacific and 35 to 68% in the North Atlantic'4293946=30 The same is
also true for simulated fractions. The ET fractions are 30-70% in
the North Atlantic (six models?*-3'46), 32% or 50% in the West
Pacific (two models3®3"), and at least 25% in other basins (one
model?"). In any case, we can see that the ET fraction in our study
is lower, and the uncertainty among different models and
methodologies is very high (especially outside the North Atlantic
and West Pacific due to a lack of modeling study).
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An example of a transitioned tropical cyclone (TC) from the present-day simulation. a The track of the selected case. Blue circles

correspond to the location of lifetime maximum intensity (Time 1), ET onset (Time 2), and ET completion (Time 3). The storm center (latitude
and longitude in degrees North and East, respectively) at each time is displayed in the parenthesis. b The cyclone phase space depicting the
evolution of the selected case (black line) and other TCs (gray lines) in the present-day simulation. c-h The 10-m wind speed (left) and
precipitation (right) field of the storm at Times 1-3, centered at the storm center at the respective time.

Published in partnership with CECCR at King Abdulaziz University

npj Climate and Atmospheric Science (2023) 137



npj

H.M. Cheung and J.-E. Chu

a Observation (ET)

2 4 6 8 10 12 14

b Observation (non-ET)

f 2xCO02 (non-E

4 8 12 16 20 24 28 32 36 40

Fig. 2 Global distribution of tropical cyclones (TCs) track frequency with and without extratropical transition (ET) in historical data and
climate simulations. The left- and right-hand column shows the ET and non-ET events, respectively, for a, b the observation; ¢, d the present-
day simulation; e, f doubling CO,; and g, h quadrupling CO, experiment. Each 6-hourly occurrence of storms is counted on a 1°x 1° grid.

In the North Indian (0°-50°N, 45-100°E) and East Pacific
(0°-50°N, 100-180°W), ET events rarely occur in the observation
(1 and 6 times) and the PD simulation (2 and 17 times)
(Supplementary Table 1). Considering the lesser contribution of
ET events from these two ocean basins in observation and all
simulations, we focus on the other basins in the following
analyses. Furthermore, considering the large model bias in TC and
ET frequency (notably the North Atlantic and West Pacific), we
interpret the result in terms of the direction of change (increase or
decrease).

Change in ET activity due to increased CO, concentration

To understand the changes in ET activity in response to global
warming, we investigate the changes in TC and ET frequency, the
fraction of ET to total TC (the sum of ET and non-ET events) (Fig. 3
and Supplementary Table 1), and intensity (Fig. 4) over each basin
from the three experiments. Globally, there is a decrease in TC
frequency under greenhouse warming. For the 2x CO, experi-
ment, a considerable reduction in TC frequency can be seen in the
South Indian, while the changes in the other basins are little.
However, a decrease in all basins is observed for the 4 x CO,
experiment. The weakening of the rising branch of the Hadley Cell
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during summer can be attributed to for the decrease in TC
frequency?*. The result is in agreement with Roberts et al.>" which
shows that the majority of the models in HighResMIP predict TC
frequency to decrease in the future.

The global or basin-wise frequency of ET events does not
exhibit significant changes with CO, concentration (Fig. 3 and
Supplementary Table 1). The changes in TC frequency mainly
affect non-ET events. Statistically significant changes in the annual
average number of ET events are not detected both in the 2 x CO,
or 4 x CO, experiments relative to the PD simulation, and in any
ocean basin. Previous studies generally showed increases in ET
fraction in future simulations>*=3". To identify the linkage between
changes in large-scale environments and the ET frequency, we
calculate the maximum Eady growth rate in the active ET seasons
to represent the regions of baroclinic development (Supplemen-
tary Fig. 2). Values of Eady growth rate greater than 0.25 day ' has
been used to identify areas with a high likelihood of ET?*#8° The
contours of the 0.25 and 0.5 day~' of the maximum Eady growth
rate in the three simulations are similar, but the lines of 0.25 day~’
of the 2xCO; and 4 x CO, experiments are at a slightly higher
latitude than that of PD over the West Pacific and North Atlantic
and do not change much over the Southern Hemisphere. In other
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Fig. 3 The number and fraction of extratropical transition (ET) events in a 20-year period. The stacked bar chart represents the number of
ET (black) and non-ET (gray) events for the corresponding ocean basin (a Global total; b North Atlantic; ¢ West Pacific; d South Indian; e South
Pacific) and dataset (OBS: IBTrACS; PD: present-day climate simulation; 2 x CO,: doubling CO2 experiment; 4 x CO,: quadrupling CO,
experiment), while the stem plot (red vertical line) denotes the ratio of ET events to the total number of tropical cyclones. The number of TC

equals the sum of the number of ET and non-ET events.

words, the large-scale environments that promote transition do
not alter with increased CO, concentration as seen from the
spatial distribution of averaged maximum Eady growth rate in the
active ET seasons (Supplementary Fig. 2). On the other hand, we
observe a greater ET fraction for both 2xCO, and 4xCO,
experiments in the North Atlanticc West Pacific, South Indian,
South Pacific, as well as the global total. Since the number of ET
events across the three experiments remains similar, the increase
in ET fraction can be attributed to the drop in the total number of
TCs (or the number of non-ET events).

We also verify whether the latitudes of TC genesis and ET onset
would change in response to global warming (Supplementary Fig.
3). Globally, there are poleward shifts in TC genesis and ET onset

Published in partnership with CECCR at King Abdulaziz University

latitudes, but not statistically significant, in the 2xCO, and
4 x CO, experiments. In both the North Atlantic and West Pacific,
the latitudes of TC genesis and ET onset in the 2xCO, and
4 x CO, experiments are significantly higher than those in the PD
(except for the TC genesis in 2 x CO,). In the South Indian and
South Pacific, although the two sets of latitudes move poleward in
general, the changes are not statistically significant. We can
observe from this analysis that the ET onset shifts to slightly higher
latitudes or remains in similar latitudes under greenhouse
warming in a magnitude comparable to the changes observed
in TC genesis. It means that the environment may not be
conducive for the number of ET events to increase, which is in
agreement with the analysis of the maximum Eady growth rate
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Fig. 4 Composited 10-m wind speed at the completion of extratropical transition between present-day (PD) climate simulation and
increased CO, experiments. The radius of each plot is 10°, and the grid (gray line) is drawn in a 2° interval. The top panel (a-e) shows the wind
speed interpolated to a storm-centered coordinate of the PD simulation for the global mean, the North Atlantic, West Pacific, South Indian,
and South Pacific. The difference in wind speed between the doubling CO, experiment (2 x CO,) and PD is shown in the middle panel (f-j),
while that of the quadrupling CO, experiment (4 x CO,) is shown in the bottom panel (k-0). Stippling represents a statistically significant
increase or decrease in mean wind speed at a 90% confidence level. Before making the composite, all individual storms were rotated so that

their directions of motion were aligned to the north.

(Supplementary Fig. 2). Diverse outcomes for ET onset latitude,
however, are observed in other studies. Michaelis and Lackmann3°
revealed that the median ET onset latitude would increase in the
North Atlantic and remain the same in the West Pacific, but a
slight decrease in all basins was detected from ref. 3'.

In the two elevated CO, experiments, we identify a global
increase in TC lifetime maximum intensity represented by the 10-
m wind speed (Supplementary Fig. 4). Due to its direct link to
socioeconomic impacts, wind speed is used as the indicator of TC
intensity instead of mean sea level pressure or vorticity. This
increase is mainly contributed by the major TCs (i.e., intensity
classification greater than Category 3) in the West Pacific and
South Indian Ocean. Therefore, it is reasonable to expect that the
intensity of a TC at ET completion would be greater when TCs
become stronger in the future.

Figure 4 shows the composite 10-m wind speed at the
completion of ET events rotated to the direction of storm motion.
The inner-core wind speed of the storms is the greatest in the
West Pacific and North Atlantic, and the right-hand side of the
storm is relatively stronger (Fig. 4b, c). In contrast, the wind speed
is higher on the left-hand side for the storms in the Southern
Hemisphere (South Indian and South Pacific) (Fig. 4d, e). Globally,
there is a mean increase in 10-m wind speed mainly within 6° from
the TC center. The increase for the 2 x CO, experiment is found in
a smaller patch co-exists with a decrease (Fig. 4f), while the
increase for the 4 x CO, experiment covers a larger area at the rear
semicircle (Fig. 4k). For the 2xCO, experiment, the signal of
enhanced wind speed is significant in the North Atlantic, where a
strong opposite signal exists in smaller area as well (Fig. 4g).
Reduced wind speed is primarily noticed in the other basins (Fig.
4h-j). Conversely, we can consistently identify an increase in the
North Atlantic, the South Indian, and the South Pacific Ocean in
the 4 x CO, experiment (Fig. 41, n, 0). A considerable area over the
left semicircle of TCs in the South Indian has a higher wind speed.
The increase in wind speed can be seen clearly from the mean
radial profile (Supplementary Fig. 5). Overall, the strengthening of
storms is more pronounced in the 4 x CO, experiment than in the
2xCO, experiment. Jung and Lackmann®® explained that the
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primary cause of stronger future storms is possibly the higher SST.
An increase in SST in the 2 x CO, and 4 x CO, experiments of the
CESM simulations can be seen in Supplementary Fig. 2 of the
supplementary information in ref. 2. Similar changes in storm
intensity in the North Atlantic and West Pacific at ET completion
can be seen from ref. 32, An increase in surface wind speed during
the transition is also found from the composite of 15 randomized
cases of the same event in the North Atlantic®®. Furthermore, the
increased TC intensity allows TCs to persist longer into the
baroclinic zone even if the southward boundary of the baroclinic
zone migrates poleward under greenhouse warming.

Change in the destructive potential of transitioned TCs during
ETC phase

In addition to intensity, the extent of the wind field that a storm
can cover is also an important factor to risk analysis. During ET, the
radius of gale-force wind can increase*?, so a transitioned TC can
potentially impact a greater population. An expansion of the 10-m
wind field during the ETC phase of transitioned TC is found in the
North Atlantic, South Indian, and South Pacific for the 4 x CO,
experiment, which contributes to a significant increase in the
global average (Supplementary Fig. 6). The mean changes
observed in the West Pacific are very small.

To comprehensively evaluate the possible damage that a
transitioned TC can inflict, we compute the IKE (see “Methods”). It
is an alternative metric of the destructive potential of a TC. Unlike
the maximum sustained wind speed, which is the common
indicator of potential TC impact, IKE considers the wind speed and
the extent of the wind field of a TC concurrently. We calculate the
IKE of each storm summed over the ETC phase, and classify them
into groups of low and high destructive potential. Low and high
destructive potential are designated as IKE below the lower
quartile (41 TJ) and above the upper quartile (428 TJ) of IKE of the
storms in the PD experiment, respectively. For the group of low
destructive potential, there is a slight increase in the number of ET
events in the 2 x CO, experiment but a significant decrease in the
4 x CO, experiment over the 20-year period (Supplementary Fig. 7
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Fig. 5 The proportion of transitioned tropical cyclones with lower
and greater destructive potential during their extratropical
cyclone phase. A stippled bar indicates an increase or decrease in
the proportion of storm in an increased CO, experiment (doubling
(2% COy; blue) and quadrupling CO2 (4xCO,; red)) from the
present-day simulation (PD; gray) is statistically significant at a
95% confidence level as obtained from the proportion test.

and Supplementary Table 2). These changes in the two sensitivity
experiments follow those of total ET events. However, the number
of storms in the 2 x CO, and 4 x CO, experiments both increase in
the group of high destructive potential while only the former one
is significant. The increase in the frequency for both low and high
group from the 2xCO, experiments can explain the indistinct
change in the composite wind field (Fig. 4f), as the wind speed of
the weaker and stronger storms offset each other. In terms of
change in fraction, we only detect a minor increase and decrease
for the 2xCO, and 4xCO, experiments, respectively, in the
group of low destructive potential (Fig. 5). For the group of high
destructive potential, we identify a greater fraction in both
sensitivity experiments, while the increase for the 4xCO,
experiment is significant. In summary, there are larger number
(for 2 x CO,) or fraction (for 4 x CO,) of ETCs originated from the
tropics with greater destructive potential under greenhouse
warming.

DISCUSSION

We analyze the climate simulations from a fully coupled Earth
System model (CESM) with high resolutions in the atmosphere
and ocean components to examine potential changes in ET
activities and associated destructive potential under greenhouse
warming. The two different CO, concentration scenarios give
similar conclusions: when CO, concentration is doubled, the
transitioned TCs are not significantly stronger than those in the
present-day climate on average. There are more ETCs with both
lower and higher destructive potential, while the increase for the
latter group is significant. When CO, concentration is quadrupled,
the storms are stronger. Although there are fewer ET events in
total, the ETCs with higher destructive potential have a significant
increase in proportion. In both cases, we can expect a greater
impact from the transitioned TCs on the mid-latitude region due
to human-induced global warming. The results for the North
Atlantic (greater ET fraction and intensity in both the 2 x CO, and
4xCO, experiments) broadly consistent with other
Studie529'31'33'34.

Since an ET event cannot develop without a TC form in the first
place, we can expect the uncertainty of the prediction of ET largely
inherits from that of TC activity. Reliable ET statistics in a
simulation depend on the maximum TC intensity a model can
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produce, as weaker model storms may not be able to survive long
enough until ET can start. Although finer model resolution shows
improved ability in simulating very intense TC*, it is still
underestimated in our model as seen in Supplementary Fig. 8.
While most of the TCs in the model are developed to up to
Category 2 (<49 m s~ '), only 8.3% of them are major TCs and none
of them can become a Category 5 storm (>70ms™"). It explains
why the model in the current study underestimates the overall
number of ET events in the present-day climate simulation,
especially in the West Pacific. In this basin, only a small fraction of
TCs can transform to ETCs relative to the observation (Fig. 3c).
Haarsma>3 suggests that an atmosphere-ocean coupled model
with horizontal resolution of at least 10 km, which is finer than
most of the state-of-the-art Earth system models at present, is
necessary for such purpose. Meanwhile, simulated TC genesis can
directly influence the number of ET events. The lack of model TC
formed in the North Atlantic, which may be due to biases in
convective activity, easterly wave, or SST?4, is likely to be the cause
of the low bias of ET events in the region.

The actual distributions of TC intensity and track in the
greenhouse warming experiments are highly uncertain given
the large bias in TC frequency in the North Atlantic. Furthermore,
the bias differs for TC tracks that are favorable (those moving
poleward) and unfavorable to ET (those moving toward the Gulf of
Mexico). Thus, the ET uncertainty results from the TC uncertainty
(rather than the baroclinic environment) can be quite large. On
the other hand, we can expect a smaller uncertainty in ET activity
in the West Pacific because of a smaller bias in TC frequency. It is
desirable to use ensemble model to quantify the model
uncertainty. However, performing multiple sets of fully coupled
climate simulations at high resolution is extremely expensive and
unfeasible. A collaborative effort to produce simulations from
different models is required to obtain a more comprehensive
picture of risk caused by ET events.

Despite lower occurrence than TCs, ETCs originated from the
tropics should not be taken lightly due to their larger coverage*?,
which allows far-reaching impact. Our results provide a scientific
basis for building climate resilience in the mid-latitude regions to
combat the risk caused by climate-related hazards under
anthropogenic climate change. It is especially important for the
coastal populations which are more vulnerable to compound
hazards including high wind and flooding caused by extreme
rainfall and/or storm surge.

METHODS
Historical TC data and model outputs

We use the best track of IBTrACS*® for the period 1991-2010. This
dataset contains the observation from the forecast agencies in
their respective area of responsibility at six-hourly intervals. The
center location (latitude and longitude) of TCs that is used in the
present study is the average from all the available sources. An ET
event is defined based on the variable “nature” in the dataset. The
maximum sustained wind speed is obtained from the variable
“usa_wind".

The CESM v1.2.2 is a fully coupled global climate model that
includes various components of the Earth system>*. The compo-
nent set is BC5: the atmosphere, ocean, land, and sea ice
components are the Community Atmosphere Model version 5
(CAMS5), the Parallel Ocean Program version 2 (POP2), the
Community Land Model version 4 (CLM4), and the Community
Ice Code version 4 (CICE4), respectively. The grid resolution is
ne120_t12: CAM5 and CLM4 have a horizontal resolution of 0.25°,
while that of POP2 and CICE4 are 0.1°. The number of vertical
levels in CAM5 and POP2 are 30 and 62, respectively. The three
experiments differ in the level of CO, concentration, while the
level of other greenhouse gases and aerosols are the same as in
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the PD experiment. The prescribed CO, concentration for the PD,
2x CO,, and 4 xCO, experiments are 367 ppm, 734 ppm, and
1468 ppm, respectively. The PD experiment is integrated for 140
years after initialization from a quasi-equilibrated climate state.
The 2x CO, and 4 x CO, experiments start at year 71 of the PD
experiment and are integrated for 100 years further. The elevated
CO, concentration in the 2xCO, and 4 x CO, experiments are
prescribed abruptly so that it would take up to several hundreds
of years to attain complete equilibrium. As a compromise, we
utilize the last 20 years of these two experiments to represent a
better-equilibrated state. The 4 x CO, experiment is introduced to
identify whether there is a nonlinearity in the climate response to
CO, forcing. The strong anthropogenic forcing of the 4 x CO,
scenario can also allow us to distinguish its impact from the
natural variability of the climate on the change of ET events.
Details of the experiments are explained in ref. 4,

Detection and tracking of model TCs

The TCs in the model are detected and tracked at six-hourly
interval using the same method as in ref. 2%, which is largely based
on the one applied in ref. 5. It is a simple algorithm which only
uses surface pressure, 10-m wind speed, and surface vorticity
because only a limited number of variables are produced at a six-
hourly interval. For vortex detection, the global field of the
departure of six-hourly surface pressure from the 14-day retro-
spective mean is first calculated for all time steps. A vortex is
regarded as a TC candidate if (1) it is a local minimum in the
surface pressure anomaly field with a difference of at least 3 hPa
from the neighboring grid points, and (2) the maximum value of
the 10-m wind speed within 100 km from the vortex center
exceeds 10ms~', and (3) the surface vorticity is greater than
0.00145 s~ ", For tracking, the procedure for the second time step
(time t + 6 h) differs from that for the subsequent time steps (time
t + 12 h and beyond) of each potential track. A vortex at any time t
is connected to the one at time t+ 6 h that is closest to it and a
potential track is formed. For time t+ 12h, a first estimate is
computed by extrapolating from the vortex location in the
previous two time steps. The vortex at time t+ 12 h which is
closest to the first estimate and is within 400 km from the vortex
at the previous time step is added to the same track. The
procedure for time t + 12 h is repeated for subsequent time steps.
Whenever a vortex cannot be found within 400 km from the
location at the previous time step of a track, the tracking is
discontinued. We remove tracks which are duplicate, or have a
maximum 10-m wind speed less than 17 ms~', or survive for less
than 2 days.

Cyclone phase space

The cyclone phase space is a framework depicting the evolution of
the structure of a TC®®. It has been used in many studies for
objectively and automatically defining ET events on gridded
datasets?334%47 A main advantage of this framework is that it
can be conveniently computed using geopotential height at
several pressure levels. For each time step, two parameters are
calculated, namely B and —VLT. The parameter B indicates the
existence of the frontal nature (or symmetry) of a cyclone and is
defined as the storm-motion-relative 900-600-hPa thickness
asymmetry across it. It is computed using the formula

B = h(Zsoonpa — Zo0ohealsighe — Z600hPa — Zs00 hPaljeft) M

where Z is the geopotential height, h is a value indicating the
hemisphere in which the TC is located (1 for the Northern
Hemisphere and —1 for the Southern Hemisphere), an overbar
means that the value underneath is taken average within 500 km
on the left/right-hand side of the TC. On the other hand, the
parameter fVLT indicates the presence of warm-core or cold-core
vertical structure and is defined as the vertical derivative of
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horizontal geopotential height gradient in the lower troposphere.
It is computed using the formula

A2 600 hPa
oInpP [900hpa

where AZ is the geopotential height perturbation (Z,,x minus
Zmin) calculated within 500 km of the TC center, and p is the
pressure level (either 600 or 900 hPa). To minimize the impact of
short-term fluctuation on the result, smoothing using a five-point
running average is applied to both parameters. The missing values
at the beginning and end of the time series of the two parameters
(resulted from the running average) are filled with the corre-
sponding unsmoothed values.

Since TCs have a high degree of symmetry with a warm-core
structure, they have small B values and positive —V: values.
However, ETCs are highly asymmetry and have a cold-core, they
have large B values with —VLT in the negative range. In this study,
the threshold of B for classifying symmetric and asymmetric
storms is set to 15, following ref. *6. As ET is a process by which a
TC becomes an ETC, the ET onset can be defined as the first time
step at which a TC (a) becomes asymmetric (B > 15) or (b) acquires
cold-core structure (—V%<0). These two pathways of ET have also
been considered in various studies?®334547 By the same token,
the first time step at which a TC develops into a storm with
asymmetry and cold-core structure after an onset is regarded as
ET completion.

We exclude the model TCs that do not pass through the right
bottom quadrant in the cyclone phase space throughout their life
cycles, because it means that they do not possess tropical
characteristics to be a TC. There are 74, 80, and 93 such TCs in the
PD, 2 x CO,, and 4 x CO, experiments, respectively.

)

_L—
=

Maximum Eady growth rate

The maximum Eady growth rate indicates the baroclinic instability
which is used for determining whether an environment is
favorable to ET. Hoskins and Valdes used this parameter to
represent baroclinically active regions®”. It has been used for
indicating regions of high likeliness of ET when values greater
than 0.25 day~' (see refs. 294850), The parameter is defined as
0=031fN"" dU/dz, where f is the Coriolis parameter, N is the
Brunt-Vaisald frequency at 700 hPa, dU(u,v)/dz is the vertical wind
shear between 200 hPa and 850 hPa, U(u,v) is the wind speed, and
z is the geometric height.

Integrated kinetic energy

Following Powell and Reinhold®®, integrated kinetic energy at a
time step is defined as

IKE = / lpuzdv:1 / U2dA 3)
v2 2/a

where p is the air density (=1kgm~3), U is the 10-m wind speed
field, and V and A denote volume and area, respectively. In the
present study, IKE is calculated using the grid points with U
greater than 18 ms~! within 1000 km from the TC center.

Significance test

The significance of changes in 10-m wind speed or area from PD
to 2xCO, (4xCO,) experiments is determined by one-tailed
independent samples Welch’s t test, which is similar to Student’s t
test but does not assume equal variance between two popula-
tions. For the comparison of the proportion of destructive ETCs,
the two-sample one-tailed Z test for proportion®® is employed. We
use the one-tailed Mann-Whitney U test, which is a nonparametric
test, for checking any change in the annual number of ET events
in the 20-year period.
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