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Abstract

Tropical cyclones (TCs) are extreme storm systems that form over warm tropical oceans. Along
their track TCs can mix up cold water which can further impact their development. Due to the
adoption of lower ocean model resolutions, previous modeling studies on the TC response to
greenhouse warming underestimate such oceanic feedbacks. To address the robustness of TC
projections in the presence of mesoscale air-sea interactions, we conduct century-long present-day,
CO; doubling and quadrupling experiments using the Community-Earth-System-Model 1.2.2 with
~25 km atmosphere and ~10 km ocean resolution. In these experiments an overall projected
weakening of the rising branch of the Hadley Cells suppresses TC formation in the main genesis
regions which weakens the TC-generated ocean cooling. Consistent with lower-resolution coupled
modeling studies we find a reduction in global TC frequencies, a poleward shift of fast-moving

extratropical TCs and an upsurge in precipitation rates and the intensity of landfalling events.

Keywords: tropical cyclones, extreme event, climate change, weather and climate, hurricanes,

typhoons, ultra-high-resolution simulation, air-sea interaction
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Tropical cyclones (TCs) are the most fatal and costliest weather disaster on our planet. It
is therefore of utmost importance to understand how their tracks, intensity and associated rainfall
patterns will change in response to greenhouse warming. A recent study(/) reveals consistent
patterns in observed changes in TC occurrence and those simulated by climate models, leading to
the conclusion that greenhouse warming may have already altered the statistics of TCs beyond the
level of natural variability. However, there still remain major uncertainties in model-based
projections of TCs, in part due to the effects of horizontal resolution(2, 3), atmosphere-ocean
coupling(4, 5), the choice of physical parameterizations(6) and discretization of the underlying
physical equations(7).

To determine the sensitivity of TC statistics and dynamics to radiative perturbations, three
main dynamical modeling approaches have been adopted:

1) In “pseudo global warming experiments”, Sea Surface Temperature (SST)
boundary conditions for a high-resolution atmosphere general circulation model are
obtained by adding SST responses from coarse resolution coupled earth system
model projections onto the observed SST climatology(8-73). A key advantage of
this method is that realistic observed SST conditions can be used for the control
simulation. However, this approach ignores possible two-way interactions between
atmosphere and ocean.

i) In fully coupled global earth system model simulations, either the atmosphere,
ocean or both are run at horizontal resolutions which are suitable for representing
mesoscale features(3, /4, 15). Even though this approach is computationally more
intensive, it captures the interaction between TCs and the ocean more realistically.

One disadvantage is that the coupled model SST climatology may still differ
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considerably in some regions from the observations. Such biases can influence the
representation of TCs.

ii1) In regional atmosphere or coupled model experiments, coarse resolution model

simulations are used as lateral boundary conditions(2). One of the key
disadvantages is that depending on the domain size, the dynamics inside the region
of interest is controlled by a mixture of prescribed horizontal boundary conditions,
external forcing and internal dynamics. Oftentimes, the relative role of these factors
is difficult to disentangle.

So far, the majority of studies on future changes in global TC statistics rely on the pseudo-
global warming set-up(8-/3) or on coupled models with relatively coarse resolution ocean
models(3, 7/4) which use ~100 km horizontal resolution. Their main conclusions can be
summarized as follows: global warming is likely to increase the TC intensity (frequency ratio of
strong versus weak events). Moreover, the thermodynamic enhancement of atmospheric moisture
content is accompanied by a robust increase of TC-related precipitation(3, 8, 12, 14). One of the
remaining uncertainties is the expected change in the global number of TCs. Whereas most of the
low-resolution global climate models and some SST-forced high resolution atmosphere models
project a general decline in the TC frequency(§, 12, 13), other higher resolution models (up to ~50
km) and statistical/dynamical downscaling studies predict an increase(2). There is some evidence
to suggest that the TC sensitivity in coupled models depends on the horizontal resolution(3), which
underscores further the need to use high-resolution configurations in both atmosphere and ocean.

Resolving mesoscale oceanic features is important for TC sensitivity studies, because
strong and slowly propagating TCs are known to enhance vertical ocean mixing, bringing colder

subsurface waters to the surface and mixing warm surface waters down to several hundred meters.
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In some cases, after the passage of a TC, SST can rapidly decrease by up to 10 °C around the area
of maximum wind speed(/6). Even though the affected area is small [O(20—100km)] the surface
temperature drop can provide an immediate negative feedback on the TC development(5). In
contrast, a TC-generated and mixing-induced increase of upper ocean heat content (OHC) may be
beneficial for the generation of subsequent TCs(/7, /8). It has further been suggested that TC-
generated ocean mixing may play an important role in the global transport of heat towards the
poles(/9). We therefore conclude that in order to properly quantify the sensitivity of TCs to
greenhouse warming, a coupled modeling approach is necessary that is able to adequately resolve
important TC features, such as eyewalls, and oceanic features(20), such as cold wakes, inertial
currents, upper ocean mixing and TC-generated mesoscale eddies.

Here, we present results from century-long present-day (PD, with a CO» concentration of
367 ppm), CO> doubling (2xCO2, 734 ppm), and CO, quadrupling (4xCO>, 1468 ppm) climate
sensitivity experiments conducted with the Community Earth System Model (CESM(27) version
1.2.2) (see Methods for model descriptions). The numerical simulations, which comprise the
highest resolution coupled climate change experiments conducted so far, are based on CAMS with
an atmospheric horizontal resolution of approximately 25 km and the POP ocean model with a
nominal resolution of 1/10°. These resolutions are sufficient to resolve key mesoscale process, both
in the atmosphere and ocean(22). Our study focuses on the simulated CO;-induced changes in TC

frequency, TC-related oceanic wakes, translation speed and landfall characteristics.

Results

Climate response to CO; doubling
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The PD simulation was integrated for 140 years and the 2xCO; and 4xCO; experiments
are 100 years long. In response to CO: doubling and quadrupling global mean surface air
temperatures increase towards the end of the simulations by 2.5 °C (1.8 °C) and 5.1 °C (3.8 °C)
(Fig. S1A). The top of atmosphere (TOA) radiation imbalance reduces from around 1 W m to 0.2
W m2 in the PD experiment (Fig. S1B). Initially there is large radiation imbalance in response to
greenhouse gas forcing, but it weakens gradually to around 1 W m in the 2xCO; and 2 W m™ in
the 4xCO; experiment, indicating that the coupled system slowly approaches near-equilibrium
conditions. However, it is worth noting that a complete equilibration would take up to several
hundred years. Global mean precipitation averaged over the last 20 years of the simulations
increases by 3.8 % and 7.1 % for the 2xCO; and 4xCO; experiments relative to the PD climatology
(Fig. S10).

In comparison with other earth system models, the high resolution PD experiment
presented here shows substantial improvement in the representation of SST and precipitation (Figs.
S2 and S3). Moreover the simulations are able to capture small-scale air-sea interactions partly
due to a more realistic representation of oceanic frontal zones, mesoscale ocean eddies (Fig. S4),
topography as well as coastal processes. Inspite of these improvements, there are still persistent
warm biases over the tropical western Pacific Ocean and in high-latitude regions as well as cold
biases over the tropical Atlantic (Fig. S2), some of which are similar to those found in low
resolution versions of the CESM(22, 23). The PD simulation has an improved representation of
the Intertropical Convergence Zone (ITCZ) especially over the eastern Pacific (Fig. S3). But, in
comparison with the Tropical Rainfall Measurement Mission (TRMM)(24) observational database,
the simulated ITCZ precipitation is too intense and the convergence zone is very narrow, likely

due to excessive low-level convergence(6). Furthermore, our PD simulation exhibits a more
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realistic representation of regional precipitation over major storm track regions, the East Asian

summer monsoon, and steep topographic regions such as foothills of Himalayas (Fig. S3).

TC genesis location and tracks

Our TC analysis focuses on the last 20 years of each simulation. To identify genesis
locations and tracks of TC, we use instantaneous 6 hourly surface pressure, 10 m wind speed, and
surface vorticity data and cut-off criteria, that are similar to those employed in recently developed
algorithms(6) (6) (6)(Methods). Comparison of the PD simulation with the observed best track
data from the International Best Track Archive for Climate Stewardship Version 4 (IBTrACS4)(25,
26) documents that the high resolution CESM captures the major genesis locations, tracks and
densities over the western North Pacific, North Atlantic, eastern Pacific, south Indian Ocean, and
South Pacific reasonably well (Fig. 1). However, in terms of TC frequency, we find an
underestimation in the model over the western North Pacific, eastern Pacific, and North Atlantic
and an overestimation of activity over the central tropical Pacific near the dateline due to ITCZ
biases, similar to what has been reported from previous high-resolution modeling studies(6, 12,
22). In spite of these seasonally modulated biases the model provides a reasonable representation
of basin-scale climatologies in Indian Ocean and the Pacific (Fig. S5), including the number of
TCs per year, mean duration, travel distance, translation speed, and intensity (Table S1).

In response to CO; doubling the model simulates a decreased TC track density over almost
the entire tropical and subtropical regions (with the exception of the eastern Bay of Bengal, and
patches in the Coral and Philippine Seas). This change resembles the observed trend in TC density
(Fig, 1C) suggesting that global warming pattern is already emerged in the observation. In the

4xCO2 experiment, the reduction in TC density is more pronounced extending further into the
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subtropics (Fig. 1E). TC track density decreases globally by 7 % and 32 % in the 2xCO; and
4xCO; experiments, respectively. This result is qualitatively consistent with previous studies using
of high-resolution (20-50 km) SST-forced pseudo-global warming simulations(9-/3). However,
it is important to note there that are still remaining modeling uncertainties in the projected response
of global TC numbers. Other fully coupled modeling studies using e.g. the HIFLOR set-up(3) show
no significant response of global TC frequencies to increasing CO> concentrations but a decrease,
when observed SSTs are nudged into the same model(3).

The reduction of TC density in parts of the tropics (Figs. 1D,E) can be explained in terms
of the simulated changes in relative humidity and vertical velocity (Fig. 2). Less favorable
environmental conditions for TC genesis, in particular a reduction of relative humidity and
anomalous downward motion (Fig. 2A), can be linked linked to an overall weakening of the rising
branches of the summer hemispheric Hadley cells (Fig. 2B,C), in agreement with recent
studies(27-29). Contrasting the tropical TC suppression, our CO; perturbation experiments
simulate an increase in TC track densities in higher latitudes, namely east of Japan and along the
east coast of North America (Fig. 1D,E). This feature is related to the overall expansion of the
subtropics in response to greenhouse warming and the associated poleward shift of the storm
tracks(30).

Given that extratropical TCs are typically characterized by higher translation speeds(31/),
an increase in extratropical TC density (Fig. 1D,E) may also translate into an increase in averaged
translation speeds. Our PD simulation captures the overall distribution of the translation speeds in
good agreement with the observations (Fig. S6A). However, the mean translation speed is slightly
overestimated (Table S1). In our simulations we find an increase of the average translation speed

by 2.1 % and 10.9 % in the 2xCO; and 4xCO, experiments, respectively. Furthermore, the
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probability distribution of translation speed also changes its shape, exhibiting a decrease in the
number of slow-moving TCs and a marked increase of TCs with translation speeds > 40 km h'!
(Fig. S6A). This shift of the distribution can be attributed to the increased TC density poleward of

30 °S and 30 °N (Fig. S6B) simulated in the 2xCO; and 4xCO; experiments.

Effect of air-sea coupling

TCs extract energy from the surface ocean in the form of sensible and latent heat fluxes
that result from strong wind speeds. During the passage of a TC and when ocean mixed layers are
relatively shallow, the surface ocean can cool considerably around the TC core due to the
entrainment of cold subsurface waters into the mixed layer(32). The TC-induced local SST
reduction, referred to as “cold wake”, can further influence the development and lifecycle of the
TCs. Moreover, it has been widely recognized that OHC is an important predictor for TC
development and intensity(33-35), thereby underscoring the relevance of two-way air-sea
interactions. Our current model set-up with 1/10° ocean resolution allows us to study the TC
sensitivity to greenhouse warming in the presence of such highly localized atmosphere-ocean
coupling. To illustrate the upper ocean temperature response to the passage of a TC, we select a
typical western North Pacific event which occurred between July 6 to July 18 in model year 124
of the PD simulation (Fig. 3). The TC first moves slowly with a translation speed of about 5 km h-
! until it reaches 19 °N. Thereafter the translation speed accelerates to about 10-15 km h'! in the
region between 20-30 °N. The maximum wind speed reaches 51 m s! around the well-resolved
edge of the TC which corresponds to a category 3 event based on the Saffier-Simpson scale for 1-
minute maximum sustained winds (Fig. 3A). The strong surface winds cool the upper ocean by up

to 5 °C preferentially along the right side of the track (Fig. 3E). This is where we observe also the
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strongest drop in OHC (Fig. 3F). The enhanced ocean response to the right of the TC track in the
Northern Hemisphere occurs because the asymmetric wind stress provides nearly resonant forcing
with inertial ocean currents which intensify entrainment of deeper colder water(32). The latent
heat flux anomalies (Fig. 3C), which attain values of up to 1000 W m™, are stronger on the left
side of the track, because negative SST anomalies are less pronounced there. The simulated
precipitation shows the characteristic shape of spiraling rain bands (Fig. 3B).

To further examine TC-related changes in ocean thermodynamics, we identify SST cold
wakes as the minimum SST anomaly within a period of 5 days after the TC passage and within a
200 km radius. The SST anomaly is calculated by subtracting the previous 14-day average. The
strongest TC-induced ocean cooling in our PD simulation attains extreme values of -15 °C. Overall
the simulated cold wake amplitudes are similar to observational estimates®’ (~ -5 to -10 °C),
especially in the more stratified continental shelf regions(/6, 36-38) (Table S2). It should be noted
here that lower resolution ocean models(34, 39) show considerably weaker cold wakes of typically
less than -1 to -2 °C.

Cold wakes, which can be found in the western North Pacific, southern Indian Ocean,
eastern Pacific, and South Pacific, are most strongly pronounced for slowly propagating TC over
tropical and subtropical regions within 25 °S to 25 °N (Fig. 4A). We also find a secondary peak in
cold wake amplitude around 40 °N where most of the storms have high translation speeds that can
exceed 30 km h! (Fig. 4B). The relationship between TC intensity and SST cooling for different
TC translation speeds remains essentially unaltered for the 2xCO» and 4xCO; experiments (Fig.
S7). Our 4xCO; perturbation experiment shows a discernable decrease in the annually
accumulated tropical ocean surface cooling induced by TCs (Fig. 5), which can be attributed to

the overall reduction in TC frequencies. An enhanced cold wake effect poleward of 40 °N in the

10
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North Atlantic can be explained in terms of the simulated meridional extension of the TC tracks

(Figs. 1D,E).

Landfalling TCs

One of the key advantages of a mesoscale-resolving coupled model is its capability to
resolve weather and climate processes in mountainous areas and along complex coastlines more
accurately. To determine the future impact of TCs on heavily populated coastlines we identify the
TC landfall locations in PD, 2xCO, and 4xCO», as well as the corresponding changes in TC
intensity and accumulated rainfall (Fig. 6). Considering the realistic representation of TC
climatologies in the Indian Ocean and western Pacific equatorward of 30 °S to 30 °N (Fig. S5), we
focus on this area for our landfall analysis. A landfalling TC occurs when the land fraction at a
previous timestep is 0 and land fraction at the current time step is greater than 0. Based on this
algorithm, the locations of landfalling TCs especially along the coastlines and many Indian Ocean
and Western Pacific islands are well captured (Fig. 6B). The TC intensity and precipitation during
landfall are calculated from the maximum wind speed within a 100 km radius from the storm center
and the corresponding area-averaged precipitation. Averaged over the landfalling events, mean
wind speed increases by 2.0 % and 6.1 % for the 2xCO; and 4xCO» experiments, respectively (Fig.
S9A). The projected changes in landfalling TC intensity is mainly due to the reduction of the
number of weak TCs and an increase of category 3—5 events (Fig. 6E). Precipitation changes are
even more pronounced attaining corresponding median values of 21 % and 47 % (Fig. 6F). Even
though TC frequencies are projected to decrease, our simulations document that landfalling TCs

will be more impactful due to stronger winds and heavier precipitation. We note that the overall
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trends of TC intensity and precipitation diagnosed for landfalling TCs are qualitatively similar to

those for all TCs including non landfalling events (Fig. S9C,D).

Discussion

Previous studies(2, 4, 39) have emphasized the need to use coupled mesoscale-resolving
global atmosphere/ocean models in projecting the sensitivity of TCs to future climate change. Our
results which are based on one of the highest-resolution coupled global model simulations of long-
term future climate change conducted so far, provide new insights into the robustness of previously
identified mechanisms. Our model simulates a global reduction of TCs in response to greenhouse
warming (Fig. 1D,E, Table S1), thus adding an additional coupled modelling perspective to an
otherwise controversial issue(2, 3). The corresponding spatial pattern shows qualitative similarities
with the observed trends(/) (Fig. 1C), thereby lending further support to the simulated response
and the notion of already emergent observational changes. The simulated TC reduction in large
swaths of the tropics and an extension of the “forbidden near equatorial zone” in the western
tropical Pacific (Fig. 6) can be explained by a weakening of the ascending branch of the summer
Hadley cells in both hemispheres (Fig. 2) and associated changes in relative humidity and vertical
motion (Fig. 2). The results are consistent with the recently identified observational linkage
between Hadley cell and TC trends(27) and previous modeling studies that emphasize the role of
large-scale tropical atmospheric changes as a controlling factor for future changes in TC
development (40-42). The Hadley cell-induced suppression of TCs densities in 4xCO>
equatorward of 20 degrees latitude (Fig. 2) includes a reduction of slow moving TCs, which in
turn leads to a weakening of the aggregated cold wake effect (Fig. 5) and a drop in TC-related

ocean mixing.
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The coupled model simulations presented here further support the robustness of the
previously identified increase in the global number of category 3—5 TCs(3, 10) (Fig 6E). However,
the 2.0 % increase in the magnitude of maximum wind speed from doubling CO; simulation (Fig.
S8) is at the lower end of the expected changes from the Intergovernmental Panel on Climate
Change (IPCC) A1B future warming scenario (+2 to +11 %)?, and smaller than projections from
the HIFLOR simulations (+3.2 % to 9.0 %)(/4). Interestingly, the projected changes in landfalling
TC intensity are nonlinear with a massive 150 % increase of category 3—5 events occurring for the
first CO; doubling (Fig. 6E), but no further change occurring between doubling and quadrupling.
The statistical robustness of this saturation effect needs to be further explored in subsequent studies
and for different model configurations.

One of the most robust projections(/4, 43) of future TC impacts is related to the largely
thermodynamically-controlled intensification of rainfall. This process is connected to an increased
risk for coastal flooding. In the 2xCO; and 4xCO; experiments the increase of tropical SST
(averaged over 30 °S to 30 °N) by 1.8 °C and 3.7 °C is accompanied by an increase of TC
precipitation by 7.7 % and 9.5 % per degree warming, respectively. This increase slightly outpaces
the rates expected from the thermodynamic Clausius Clapeyron scaling (~7 % °C!). This result is
consistent with earlier reports suggesting that future TC precipitation is controlled by both the
increases in environmental water vapor as well as storm intensity(2, /4)

Even though our high-resolution coupled simulations exhibit reduced tropical SST biases,
in comparison with coarser resolution coupled general circulation models, the mesoscale resolving
CESM1.2.2 PD simulation still exhibits substantial offsets in TC densities and tracks (Fig. S5), in
particular for North Atlantic hurricanes. A more detailed analysis is necessary to ascertain the role

of biases in convection and the representation of easterly waves and tropical Atlantic SST errors
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(Fig. S2). A viable approach to overcome the potential effects of SST biases on TC genesis and
tracks under PD conditions would be to use SST nudging techniques that tie the simulated SST
closer to the observations(3). However, it remains unclear to what extent such methods can be
applied for stronger CO» perturbations, such as for CO> quadrupling.

Summarizing, our mesoscale-resolving coupled CO perturbation experiments confirm
some well-known features of the sensitivity of TCs to greenhouse warming. We therefore conclude
that the two-way air sea interaction and the effects of ocean mesoscale processes do not play major
roles in large-scale shifts in TC statistics. However, we find several new features, such as the
reduction of aggregated TC ocean cooling and associated mixing equatorward of 20 degrees
latitude (Fig. 5), as well as saturation in wind intensity for CO; quadrupling (Fig. 6E) that highlight
the added value of improved representations of mesoscale air-sea coupling and coastal and

topographic processes.

Methods
Model and computational descriptions

In the present study, the Community Earth System Model(27) version 1.2.2 (CESM1.2.2)
is employed to perform fully coupled ultra-high-resolution simulations. The atmosphere
component is the Community Atmosphere Model (CAMS5)(44) with a spectral element dynamic
core at a horizontal resolution of around 0.25° and 30 vertical layers. CAMS is able to capture TCs
and observed behavior of global accumulated cyclone energy, albeit with large basin-to-basin
differences in TC climatologies(6) (Fig. S5). The ocean component of CESM is the Parallel Ocean
Program version 2 (POP2)(45) whichh is configured with a horizontal resolution of 0.1°

(decreasing from 11 km at the Equator to 2.5 km at high latitudes) and 62 vertical levels. The land
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model is the Community Land Model version 4 (CLM4)(46) and the sea-ice component is the
Community Ice Code version 4 (CICE4)(47). The prognostic carbon-nitrogen cycle component
was turned off in our simulations. The configuration for our PD experiment is very similar to the
one used in (22) except that we adjusted some elements of the convection scheme to improve our
PD representation of the El Nifio-Southern Oscillation. The high-resolution CESM1.2.2 model
shows a substantial mean-state bias reduction in SST (Fig. S2) and is capable of capturing localized
small-scale phenomena such as air-sea interactions over ocean frontal zones, mesoscale ocean
eddies (Fig. S4), and atmospheric extremes including eye-walled TCs and convective systems
generated by the Rockies(22).

We conduct three experiments with different levels of fixed greenhouse gas conditions: (1)
PD with a CO; concentration of 367 ppm), (2) CO; doubling (2xCO,, 734 ppm), and (3) CO>
quadrupling (4xCO», 1468 ppm). All other greenhouse gas and aerosol concentrations have been
kept at PD levels. The PD simulation is initialized from a quasi-equilibrated climate state(22) and
was then integrated for another 140 years. The doubling and quadrupling CO; forcing experiments
were branched off from year 71 of the PD expriment and integrated for 100 years each. For the TC
analysis, we focus on the better equilibrated last the 20 years of each simulation. Unless otherwise

stated, all other variables used in the main text focus on the last 20 years of each simulation.

TC detection and track

TCs are detected and tracked by adopting (with some minor adjustments) a recently
proposed method* . For our detection we use 6-hourly instantaneous surface pressure, 10-m wind
speed, and surface vorticity. First, we identify candidate lows by calculating local surface pressure

anomaly minima (threshold: lower than -3 hPa). Surface pressure anomalies (PS’) are obtained by
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subtracting surface pressure from a 14-day retrospective mean PS’; = PS; — [PS](_144-1a)
where the square bracket denotes a time average. If the maximum 10-m wind speed within 100 km
radius from the local pressure minimum does not exceeds 10 m s!, the low is discarded. After
finding candidate lows at all time steps, we employ tracking over 6 hourly intervals. The next track
location at #+6h is chosen simply as the nearest low to the original low at time #. If another low is
located within a 400 km radius circle, the track is continued. At subsequent time step (#+12h), the
low closest to the location that is extrapolated between ¢ and #+6h is chosen to be the next track. If
no other low is located within a 400 km radius circle, the track is terminated. This scheme is almost
the same as the original method(6), except they use 3 hourly instantaneous data, 200 km radius for
tracks, and a 50 km radius for wind speed. To avoid multiple counting of single storms, we
additionally remove any duplicated tracks and keep the track that started earliest. In addition, if
the maxima of wind speed along the track never reaches 17 m s, which is the threshold for a
tropical storm on the Saffier-Simpson scale, and the duration of the storm is less than 2 days, the
track is also eliminated. Lastly, we impose a threshold value of 0.00145 s! for surface vorticity
magnitude along the track to obtain global TC numbers of around 85 per year, similar to the

observations.

Translation speed

The translation speed is calculated based on the great circle distance of two points between
that at 6 hours before and 6 hours after the current location and then divided by 12 hours.
Translation speed at initial and final positions is calculated using the two neighboring forward and

backward positions, respectively.
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Upper ocean heat contents

Following the previous study(48), the Ocean heat content (OHC) is defined here as

0

OHC = p, C, [

[T(z) —26]dz (1)

where p, is sea water density (p,=1025 kg m™), C, is ocean heat capacity (C,=4.0x10° J kg™ °C"
1, T(z) the ocean temperature as a function of depth z down to the 26 °C isotherm, Zs. The
reference depth Ze is the climatological depth during the respective TC season. For the TC case

over the western North Pacific (Fig. 3), the climatological Zx¢ is calculated during June to October.

Note that the existence of a 26 °C isotherm is a necessary condition for TC formation (49).
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539 Fig 1. Present-day (PD) and future tropical cyclones (TCs) genesis location and tracks. (A
540 and B) TC genesis location (yellow dots) and tracks (blue lines) from (A) observations and
541 (B) PD simulation. (C) Linear trend of the observed TC track density (hours day!/year) for
542 the period 1990 to 2018, (D and E) track density changes (hours day™') in (D) CO, doubling
543 (2xCOz) and (E) CO; quadrupling (4xCO2) conditions related to PD condition.
544 Observational data is from IBTrACS4 during the 1990-2018 period. Track density was
545 obtained by the number of TC tracks over 5 x 5 degrees grid box. Yellow dotted areas in
546 C-E indicate values for which the local null hypothesis of zero relation can be rejected at
547 the 95 % level based on a Student’s ¢ test.
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552 Fig 2. Changes in latitudinal distribution of TC tracks and meridional overturning
553 circulations. (A) Changes in the probability density distribution (PDF) of the TC tracks as
554 a function of latitude in 2xCOz (light blue thick line) and 4xCO; (red thick line) conditions
555 relative to PD. Annual and zonal mean relative humidity (%) at 700 hPa (blue thin lines)
556 and vertical velocity (hPa day™') at 500 hPa (magenta thin lines) in 2xCO> (solid lines) and
557 4xCO2 (dashed lines) conditions. For consistency, the vertical velocity is multiplied by -1.
558 Shadings indicate one standard deviation of the year-to-year PDF for 2xCO; (blue) and
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559

560

561

562

563

4xCO;z (red) conditions. (B and C) Climatological summertime mass stream function in PD
(contours), and changes in mass stream function (shading) in (B) 2xCO; and (C) 4xCO
experiments. Summer mean is computed over June-November for the Northern
Hemisphere and December-May for the Southern Hemisphere. Values that are not

statistically significant at 95 % confidence level are marked by black cross-hatching.
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A 10-m Wind B Precipitation C Latent heat flux

564

565 Fig 3. Upper ocean response to the passage of a TC. A snapshot of (A) 10-m wind speed (m s
566 1, (B) precipitation (mm day™), (C) latent heat flux (W m?), (D) ocean current (vector)
567 and its speed (shading) at a depth of 5 m (cm s™!), (E) sea surface temperature (SST, °C)
568 anomaly, and (F) upper ocean heat content (OHC, kJ cm™) in response to a TC case passing
569 over the western North Pacific. The SST anomaly is calculated by subtracting the previous
570 14-day average. Green line indicates the track of the selected TC and green circle indicates
571 the center of the storm. Black box denotes the zoomed-in area in A-C. The circle with black
572 solid line in (E) represents the 200 km boundary from the storm center that is used to
573 calculate maximum SST cooling (i.e., cold wakes) whereas circles with black dashed lines
574 are those for storms at 24 hours and 48 hours before.
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577 Fig 4. Cold wakes and translation speeds. Global distribution of the TC-induced cold wakes by
578 (A) slow-moving TCs and (B) fast-moving TCs in the PD simulation. Slow-moving TCs
579 are defined as the TCs with translation speed lower than 10 km h'!. Fast-moving TCs are
580 defined as the speed greater than 30 km h™!. The cold wakes are identified as the minimum
581 SST anomaly within a circle of 200 km radius (e.g., circles in Fig. 3E) during the next 5
582 days after the TC passage.
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Fig. 5. Accumulated SST cooling effect induced by TC activity. (A) Annually accumulated
cooling due to TC passages in the PD experiment. The cooling effect is calculated by
adding the SST anomaly within a circle of 200 km radius along the TC passages over a
year. (B and C) Changes in SST cooling effect in (B) 2xCO; and (C) 4xCO;relative to PD.
The patterns are interpolated into 2 x 2 degrees grid box. All fields are smoothed using a

nine-point local average weighted by distance from the grid center.
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Fig. 6. Locatlons, prec1p1tat10n and intensity of landfalling TCs. (A to D) TC tracks (light blue)
and landfalling locations (yellow circles) from (A) observation, (B) PD, (C) 2xCO,, and
(D) 4xCO; simulations. Colors in B-D indicate different range of precipitation averaged
over a circle of 100 km radius from the storm center. (E) The number of landfalling TCs
for each category from tropical storm (TS) to TC greater than category 3 (TC3+) based on
the Saffier-Simpson scale in PD (gray), 2xXCO; (blue), and 4xXCO; (red) conditions. (F)
Precipitation (mm day™') by the landfalling TCs at each percentile of 5 %, 25 %, 50 %
(median), 75 %, and 95 %, respectively. Numbers above the bars indicate relative changes
in the (E) TC number and (F) precipitation compared to PD values. To remove the impact
of extratropical storms, landfalling TCs within 30 °S—30 °N are considered. Vertical bars
in D denote the “forbidden near equatorial zone” defined as a longitudinal average of the
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624Figure S1. Time series of the global and annual mean (A) surface air temperature (°C), (B) net radiation

625 imbalance at top of the atmosphere (TOA) (positive downward, W m2), and (C) precipitation (mm
626 day!). Gray colors denote quantities for 140 years of the PD condition, and blue and red lines
627 indicate 100 years of doubling CO; (2xCO;) and quadrupling CO, (4xCO.) experiments started
628 from year 71 of PD, respectively.
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631Figure S2. (A and C) Annual mean SST (°C) climatology from (A) observation and (C) PD condition. (B

632 and D) Standard deviation of the annual mean SST from (B) observation and (D) PD condition. (E
633 and F) Model bias in (E) annual mean SST and (F) standard deviation. (G and H) Changes in
634 annual mean SST in (G) 2xCO; and (H) 4xCO; relative to PD. Observational data is from
635 HadISST(/7) for the 1990-2018 period. Last 20 years of the simulation data are used. Long-term
636 linear trends were removed before any statistical analysis.
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638Figure S3. Same as in Figure S2 but for precipitation (mm day™'). Observational data is from the Tropical

639 Rainfall Measurement Mission (TRMM)(2) 3B43 product during the 1999-2018 period.

34



60N

30N

30S

60S

30S

60S

640

641Figure S4. Standard deviation of the daily sea surface height anomaly (SSHA) from (A) observation and
642 (B) PD simulation. Observational data is obtained from Archiving, Validation and Interpretation

643 of Satellite Oceanographic Data (AVISO)(3) merged product during the 1993-2018 period.
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645Figure S5. The domain of each basin (upper) and the annual cycle of monthly TC frequency (year!) from
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observations (black), PD (gray), 2xCOz (blue), and 4xCO; (red) simulations. Gray shadings show

the range of year-to-year variability of TC frequency at each month.
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650Figure S6. Probability density distributions of TC translation speeds and track latitude. (A) TC

651 translation speeds and (B) track latitude in observations (black), PD (gray), 2xCO> (blue), and
652 4xCO; (red) experiments. Vertical bars indicate one standard deviation of interannual variability
653 in the observation and shadings indicate one standard deviation of interannual variability for the
654 simulations.
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658Figure S7. Relationship between cold wakes and maximum wind speed of TCs. The magnitude of cold

659 wakes as a function of wind speed for (A) slow-moving TCs with translation speed of less than 10
660 km h! and (B) fast-moving TCs with translation speed of greater than 30 km h'! in the PD (gray),
661 2xCO;z (blue), and 4xCO; (red) experiments.
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663Figure S8. Box plots of (A and C) maximum wind speed (m s!) and (B and D) precipitation (mm day!)

664

665

666

667

668

for (A and B) landfalling TCs and (C and D) all TCs in the PD (gray), 2xCO; (blue), and 4xCO>
(red) experiments. The limits of whiskers represent the 5th and 95th percentiles. The limits of
boxes represent the 25th and 75th percentiles. The line and circle inside the boxes indicate median
and mean, respectively. Values above 95th percentiles line are marked as the open circles. To

remove the impact of extratropical storms, TCs within 30 °S to 30 °N are considered.
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669Table S1. TC-related statistics for (A) observations, as well as the (B) PD, (C) 2xCO,, and (D) 4xCO>

670 experiments. Shown are the annual number of TCs, mean duration (days), mean travel distance
671 (km), mean translation speed (km h™!'), and mean maximum wind speed (m s™!). Values on the right
672 of plus-minus sign (+) indicate the year-to-year standard deviation.

673

674

(Ig})rggss y | BPD | (©2xC0. | (D)4xCOn
nTC per year (>TS) 85+9 85+11 799 586
mean duration (days) 9.0+0.9 6.9£0.5 6.5+0.5 5.9£0.5
mean travel distance (km) 3882+429 31964252 3087+313 3005+328
mean tranﬂaﬁorlll_sllieed (km | g 0£0.7 19.3+0.8 19.7+0.9 21.4+13
mean (Umax) (m s™!) 39.3+1.7 32.9+1.0 33.6+1.2 34.7£1.6
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675Table S2. List of observed cold wakes, including name of the TC, maximum SST cooling, latitude of the

676 maximum cooling, and references.
Maximum .
Number |TC Name (year) cooling (°C) Latitude Reference
1 Soulik (2018) 8.1 32°N €))
2 Lupit (2010) 3.8 20 °N %)
3 Fanapi (2010) 2.5 24 °N (&)
4 Malakas (2010) 3.0 24 °N 3)
5 Megi (2010) 7.0 19 °N %)
6 Frances (2010) 2.1 22 °N 3)
7 Ma-on (2011) 4.3 24 °N (6)
8 Muifa (2011) 3.5 22 °N (6)
9 Talas (2011) 11 24 °N 6)
10 Kulap (2011) 1.0 20 °N 6)
1 Roke (2011) 0.8 29 °N 6)
12 Bolaven (2012) 2.0 20 °N (6)
13 Sanba (2012) 0.8 24 °N (6)
Prapiroon o
14 (2012) 33 22 °N (6)
15 Kai-Tak (2000) 10.8 20 °N (7)

677

678
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