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Abstract

This study uses experiments from the Energy Exascale Earth System Model (E3SM) to compare the influence on tropical
cyclone (TC) activity of: (i) the atmospheric effect of aerosols under specified sea-surface temperatures (SSTs); and (ii) the
net effect of greenhouse gases (GhGs) (including changes in SSTs). The experiments were performed using the CMIP6 Shared
Socioeconomic Pathway SSP5-8.5 emissions scenario with GhG-induced SST warming specified and atmospheric aerosol
effects simulated but without explicit ocean coupling. Insignificant changes in global TC frequency are found in response to
the atmospheric effect of future aerosols and GhGs, as significant regional responses in TC frequency counteract each other.
Future GhGs contribute to more frequent TCs in the North Atlantic, and reductions over the Northwestern Pacific and Southern
Indian Ocean. The atmospheric effect of future aerosols drives more frequent TCs over the Northwestern Pacific and reductions
over the Northeast Pacific and North Atlantic. Along with increases in TC intensity, global TC precipitation (TCP) is projected
to increase by 52.8% (14.1%/K) due to the combined effect of future aerosols and GhGs. Although both forcings contribute
to TCP increases (14.7-19.3% from reduced aerosols alone and 28.1-33.3% from increased GhGs alone), they lead to differ-
ent responses in the spatial structure of TCP. TCP increases preferentially in the inner-core due to increased GhGs, whereas
TCP decreases in the inner-core and increases in the outer-bands in response to the atmospheric effects of decreased aerosols.
These changes are distinct from those caused by aerosol-induced SST changes, which have been considered in other studies.
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1 Introduction causing economic damages exceeding $100 billion dollars

(NOAA 2022). There is growing evidence that TCs are

Tropical cyclones (TCs) are among the most destructive
natural disasters, with several events, including Hurri-
canes Katrina (2005), Harvey (2017), and Ian (2022), each
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affected by anthropogenic climate change. The fraction of
TCs reaching high intensities in the observational record
has been increasing (Knutson et al. 2019; Kossin et al.
2020; Klotzbach et al. 2022; Camargo et al. 2023), and
this trend is projected to continue with future warming
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(Walsh et al. 2016; Knutson et al. 2020; Camargo et al.
2023). There is lower confidence in the projected changes
in TC frequency. While some studies suggest that the total
number of global TCs has been decreasing in the observa-
tional record (Knutson et al. 2019; Klotzbach et al. 2022;
Chand et al. 2022), there is no consensus on how global
TC frequency may change in the future, as studies sug-
gest no significant change or small decreases in the global
number of TCs by the end of the 21st century (Vecchi
et al. 2019; Knutson et al. 2020; Sobel et al. 2021). Simi-
larly, there is no consensus on regional basin-wide trends.
While there are some trends found in observations, such as
more frequent TCs in the North Atlantic and less frequent
TCs in the Northwestern Pacific and Northeast Pacific,
the attribution of these trends to climate change is not
clear, partially due to the effect of multidecadal variabil-
ity and improvements in observations (Walsh et al. 2016;
Murakami et al. 2020; Klotzbach et al. 2022; Chan and Liu
2022), as well as uncertainties in the pattern of forced SST
change (Sobel et al. 2023).

Global trends in TC frequency are influenced primar-
ily by two external forcings: greenhouse gases (GhGs)
and aerosols (e.g., Mann and Emanuel 2006; Booth et al.
2012; Dunstone et al. 2013; Ting et al. 2015; Sobel et al.
2016, 2019). While GhGs concentrations have been steadily
increasing during the observational record, aerosol emis-
sions have followed a different trajectory. Anthropogenic
aerosol emissions increased during most of the 20th century
but have been decreasing since the 1980s, with the greatest
reductions observed in Europe and North America. Dur-
ing the historical period, increasing aerosol concentrations
counteracted the effect of GhG emissions on TC genesis, as
GhG-induced warming increases the potential intensity of
TCs, while aerosol-induced SST cooling contributes to a
reduction in potential intensity (Sobel et al. 2016). Aerosol
cooling is approximately twice as effective as GhG-induced
warming in changing the potential intensity of TCs per
degree Celsius of sea surface temperature (SST) warming,
due to differences between shortwave and longwave forc-
ings on potential intensity (Mann and Emanuel 2006; Booth
et al. 2012; Dunstone et al. 2013; Emanuel and Sobel 2013;
Sobel et al. 2019; Rousseau-Rizzi and Emanuel 2022); it
can be three times more effective than GhGs in causing PI
changes over the North Atlantic (Ting et al. 2015). As aero-
sol emissions are not evenly distributed around the globe,
there is evidence that the increase in aerosols emissions dur-
ing the 20th century led to a less favorable environment for
TC genesis in the Northern Hemisphere, where most of the
anthropogenic aerosol emissions are located, due to changes
in the atmospheric circulation such as greater vertical wind
shear and descending motion when compared to the pre-
industrial period, while the opposite is true for the Southern
Hemisphere (Cao et al. 2021).
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Since the 1980s aerosol emissions have been decreasing,
especially over Europe and North America. This reduction
caused regional changes in the global distribution of TCs
(Dunstone et al. 2013; Takahashi et al. 2017; Murakami
2022b), relative warming of the Main Development Region
(MDR), and a northward shift of the Inter-Tropical Con-
vergence Zone (ITCZ). As a result, TC seasons were more
active in the 1980s than they would have been without the
decline in aerosol emissions (Dunstone et al. 2013). Note
that long-term trends of Atlantic TCs are difficult to assess
due to the competing effect of modes of climate variability,
such as the Atlantic Multidecadal Variability (AMV, Golden-
berg et al. 2001; Emanuel 2005). While there is an ongoing
debate on whether aerosols are a primary force on driving
the AMV (e.g. Zhang et al. 2013; Murphy et al. 2017, 2021),
the Atlantic Overturning Circulation has also been suggested
as a driver of the decline of the number of major hurricanes
over the North Atlantic in 2005-2015, when only modest
changes in aerosol emissions occurred (Yan et al. 2017). In
the Northwestern Pacific, local changes in aerosol concen-
trations led to a reduction in TC frequency due to increased
vertical wind shear and decreased vorticity in the region
(Takahashi et al. 2017). According to Murakami (2022b),
the observed reductions of aerosol concentrations over the
western hemisphere led to an increase in TC frequency in the
North Atlantic and decreases in the Southern Hemisphere
and NWP. They suggested two pathways for these changes:
(1) a thermodynamic pathway, by which increased aerosol
loading over the ocean reduces solar insolation leading to
cooler oceans, weakening TC activity; and (2) a dynamic
pathway, by which the reduction of aerosol loading leads
to anomalous mid-latitude heating in the Northern Hemi-
sphere and to a poleward shift of the subtropical jets, altering
vertical wind shear. Meanwhile, the anomalous ascending
motion over the Northern Hemisphere leads to subsidence
anomalies over the Southern Hemisphere, decreasing TC
frequency in the region. In the present study, we analyze
how future changes in aerosol distribution may affect TC
frequency under fixed SST, thus in the absence of the ther-
modynamic effect.

In addition to TC frequency, it is important to include
precipitation in considering the potential for TCs impacts in
a future warming climate. Even though TCs are categorized
by their maximum sustained wind speeds (Saffir—Simpson
scale), water-related hazards are responsible for about 88%
of TC-related fatalities in the United States, with flooding
being the second greatest cause of deaths in the 1963-2012
period (Rappaport 2014). The importance of TC precipita-
tion has been recognized and there are proposed methods
on how to include rainfall and storm surge measurements
of severity (e.g. Bloemendaal et al. 2021). As such, reliable
projections of future changes in TC precipitation (TCP) can
provide valuable information to mitigate these hazards.
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An increase in TCP is already apparent in observations
(e.g. Guzman and Jiang 2021; Tu et al. 2021; Traxl et al.
2021; Shearer et al. 2022), though this wetting is limited to
the outer-bands of the TC, while there is a reduction in the
observed precipitation in the inner-core of the TC, in the
1998-2019 satellite observations (Guzman and Jiang 2021;
Tu et al. 2021). TCP is projected to become more intense
in a warmer climate (e.g. Scoccimarro et al. 2014; Patricola
and Wehner 2018, and references therein). These changes
are partially due to a greater moisture holding capacity in
the atmosphere with warming. The Clausius—Clapeyron rela-
tion indicates that for any given 1 °C warming, the mois-
ture saturation in the atmosphere should increase by about
7%. Indeed, the median projected increase in hurricane
precipitation with a 2 °C warming is about 14%, consistent
with Clausius—Clapeyron (Knutson et al. 2020). However,
the increased rainfall rates in some models far exceed this
simple theoretical estimate, with some studies suggesting
TC rainfall may increase by double the theoretical change
(Knutson et al. 2013; Villarini et al. 2014; Knutson et al.
2015; Liu et al. 2019). TC intensification has been suggested
as responsible for part of this wetting (Liu et al. 2019; Stans-
field and Reed 2021), with an estimated 12% of the accu-
mulated TCP increase associated with more intense TCs
(Stansfield and Reed 2021). This intensity-related enhance-
ment is similar to what has been proposed for other sorts of
precipitation extremes, because increased precipitation (e.g.,
due to the water vapor increase) leads to stronger vertical
motion, which increases precipitation further (e.g. Nie and
Sobel 2016; Nie et al. 2018).

Aerosols have been suggested to change the structure
of TCs, which can impact TC precipitation and intensity.
Studies using convection permitting models suggest that an
excess of aerosols increases the number of cloud condensa-
tion nuclei in the peripheral clouds, delaying precipitation
as the collision and coalescence process is initially sup-
pressed (Krall and Cottom 2012; Wang et al. 2014). Later,
it invigorates convection in the outer bands of the TC, while
weakening the convergence in the center of the storm and
thus, the intensity of the TC (Rosenfeld et al. 2012; Krall
and Cottom 2012). This results in weaker TCs, but with
stronger precipitation due to a larger rainband, partially due
to enhanced latent heat in this region (Wang et al. 2014;
Zhao et al. 2018). Conversely, TCs formed in a clean aero-
sol regime are usually more intense than the ones formed in
polluted states in convection-permitting simulations (Hazra
et al. 2013).

As clean air policies are developed and reinforced, a fur-
ther decrease in aerosol emissions is expected in the future,
especially over Asia. The Coupled Model Intercomparison
Project Phase 6 (CMIP6, Eyring et al. 2016) includes five
main narratives for the future of climate change scenarios,
known as Shared Socioeconomic Pathways (SSP; Riahi et al.

2017). Each narrative is associated with a different Repre-
sentative Concentration Pathway (RCP), that describes the
expected radiative forcings, both from GhGs and aerosols.
These scenarios range from a high mitigation scenario, with
the projected change meeting the goal of limiting the global
warming to around 1.5 °C by 2100 (SSP1-1.6; van Vuuren
et al. 2017), to a worst case scenario, with high emissions
and no mitigation scenario, where global warming can reach
over 5 °C by 2100 (SSP5-8.5; Kriegler et al. 2017) (IPCC
2021). In all CMIP6 future scenarios, with the exception of
SSP3 (Fujimori et al. 2017) and SSP4 (Calvin et al. 2017),
aerosols are projected to decrease in the future (Rao et al.
2017; Fiedler et al. 2019; Lund et al. 2019). In most studies
that assess projected changes in TC activity, the increase in
GhG radiative forcing and the reduction in aerosol emissions
occur simultaneously (e.g. Roberts et al. 2020; Knutson et al.
2020). In this study, we aim to decouple the regional effects
of the projected changes in TC activity derived from aerosols
from the GhGs effect in the CMIP6 SSP5-8.5 scenario, using
atmospheric-only idealized experiments from a TC-permit-
ting resolution global climate model (E3SM). The SSP5-8.5
scenario is a high emission scenario, including a projected
increase in radiative forcing of 8.5 W/ m? by 2100, with a
strong fossil-fuel based development and increases in GhGs
concentrations, while the enforcement of policies against
pollution and the development of new technologies leads to
reductions in aerosol emissions (Kriegler et al. 2017). Note
that the SSP5-8.5 can be considered unrealistic as it requires
large increases in GhGs emissions and coal consumption
that do not seem plausible given the current trends in GhGs
emissions (Hausfather and Peters 2020). However, the most
likely middle-of-the-road scenarios for radiative forcings,
SSP3 (Hausfather and Peters 2020), has higher aerosol emis-
sion rates than the high emissions scenarios (SSP5) (Rao
et al. 2017; Lund et al. 2019). As our objective is to explore
the contribution of atmospheric effects of the aerosols, we
chose a scenario with both high GhGs concentration and low
aerosol emissions.

The ability of aerosols to modulate TC activity is com-
monly explained by the fact that a greater aerosol burden
leads to a greater scattering of direct radiation, leading to
SST cooling and a less favorable environment for TC genesis
and intensification. While recognizing the importance of this
mechanism, here we focus on the impact of aerosols on TC
activity under constant SSTs. A similar method has been
used to estimate the direct effect of carbon dioxide (CO,) on
climate change projections, and highlighted the importance
of the atmospheric effects of the increase in GhGs. Bony
et al. (2013) has suggested that approximately half of the
projected changes in tropical precipitation are independent
of the surface warming. Instead, these changes can be attrib-
uted to the direct effects of the increases in CO, concen-
tration, associated with weaker radiative cooling leading to

@ Springer



A.C.T.Senaetal.

anomalous atmospheric circulation. While Chadwick et al.
(2014) suggested that the change in patterns of SST has a
greater influence on the regional distribution of the precipi-
tation response to abrupt 4 X CO, climate scenarios, they
suggest that the direct effect of the CO, may have contrib-
uted to the mean changes in the tropical circulation and rain-
fall changes, partially due to changes in the land-sea temper-
ature gradient. The direct atmospheric effects of CO, have
also been suggested to affect TC frequency. Yoshimura and
Sugi (2005) suggested that a uniform 2K warming alone in
global SST can reduce TC frequency by about 6%, whereas
this rate increases to 22% when the atmospheric effects of a
doubling CO, concentration are considered. Using a similar
experiment Held and Zhao (2011) found a 20% decrease in
TC frequency in experiments with doubling CO, concur-
rent with a 2K uniform SST warming. They found that half
of this response can be attributed to the increase in CO,
under fixed SST, while simulations with a 2K SST warming
can reproduce the other half. They also found that the rela-
tive importance of the CO, concentration and SST warm-
ing is regionally dependent, and attribute that to changes
in atmospheric circulation, notably in mean vertical motion
and mid-troposphere moisture due to the atmospheric effect
of CO,. TC intensification could only be reproduced with a
SST warming in their experiments (Held and Zhao 2011).
Due to the relatively low residence time of anthropogenic
aerosols, rapid variations in aerosol concentrations are more
realistic than rapid changes in GhGs and it is reasonable to
study the atmospheric effect of a reduction in aerosol emis-
sions. Here, we explore how perturbations in the large-scale
circulation caused by the future changes in GhGs and in
aerosol emissions under the SSP5-8.5 scenario, excluding
the effect of aerosols on SST, may affect projected changes
in the frequency and regional distribution of TCs, the struc-
ture of TC precipitation, and TC environmental favorability.

2 Data and methods
2.1 Model description

A set of idealized atmosphere-only experiments were per-
formed using the high resolution (= 0.38°) energy Exascale
earth system model (E3SM), version 2 (Caldwell et al.
2019a), with greenhouse gas (GhG) concentrations and
aerosols emissions following the CMIP6 protocol (Eyring
et al. 2016).

E3SM version 2 uses two main parameterization schemes
to represent subgrid turbulent transport and cloud macro-
physics (Golaz et al. 2022). The Cloud Layers Unified by
Binormals parametrization (CLUBB, Golaz et al. 2002) is
used for shallow cumulus clouds, with liquid cloud fraction
and cloud liquid water diagnosed via a probability density
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function derived from subgrid moments of turbulence,
heat content, and moisture. Meanwhile, the deep convec-
tion scheme is based on the scheme proposed by Zhang and
McFarlane (1995), with updated dynamic constraints pro-
posed by Xie et al. (2019). The parcel buoyancy is derived
from the subgrid temperature obtained by the CLUBB
scheme (Golaz et al. 2022). Aerosol representation in E3SM
version 2 is based on the four-mode version of the Modal
Aerosol Module (MAM4, Liu et al. 2016), with improve-
ments on the characterization of aerosol-cloud and aerosol-
radiation interactions (Golaz et al. 2019, 2022). The aerosol
representation is characterized by four main modes: (1) Ait-
ken, (2) accumulation, (3) coarse, and (4) primary carbon
mode. While there is a general improvement in cloud char-
acterization in E3SM version 2, Golaz et al. (2022) reported
a bias in the cloud-aerosol interactions over mid and high
latitudes, with unrealistically small cloud droplet number
concentration frequently appearing under relatively clean
aerosol conditions.

2.2 Experimental design

Four E3SM experiments will be considered in our analysis.
A control historical simulation (CTLhist) was forced with
fixed GhGs concentrations and aerosol emissions, such as
black carbon, sufur dioxide, sulfates, primary organic mat-
ter and precursor gases, from the year 2010 following the
historical CMIP6 protocol. SST and sea ice were imposed
based on the monthly mean averages from the 1980-2010
period of the E3SM-DECK historical simulation (Golaz
et al. 2019). Biases in the background climatological SST
can lead to significant errors in TC activity in climate mod-
els (e.g., Hsu et al. 2019; Vecchi et al. 2019). Therefore in
these simulations, the forcing field was bias-corrected by
removing the monthly mean SST bias, defined as the dif-
ference between the monthly mean E3SM climatological
SSTs and the monthly mean 1980-2010 climatology of the
Hadley Centre Sea Ice and Sea Surface Temperature data set
(HadISST, Rayner et al. 2003). The initial conditions for the
atmospheric and land variables were derived from the end of
the historical period of the E3ASM-DECK experiments (asso-
ciated with the year 2015), as described in Sena et al. (2022)

A control future simulation (CTLfut) was performed
by imposing fixed GhG concentrations and aerosol emis-
sions from 2100 based on the SSP5-8.5 emissions scenario.
Monthly SST and sea ice were imposed based on the monthly
mean climatology for 2070-2100 from the 1pctCO2 experi-
ment of the E3SSM-DECK simulation (Golaz et al. 2022).
The 1pctCO2 experiment (Eyring et al. 2016) is based on
gradual increase of 1% per year in the CO, emissions until
quadrupling the emissions from 1850. As with the historical
simulations, the monthly SST bias relative to the 1980-2010
HadISST climatology was removed. The initial conditions
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for the atmospheric and land variables were derived from
the end of the 21st century for the 1pctCO2 experiments in
the E3SM-DECK, corresponding to the year 2100. Land use
is the same in both experiments, set to year 2015 according
to the CMIP6 protocol. Further details on the initialization
of these experiments and on their performance compared to
observations can be found in Sena et al. (2022).

Two additional new experiments were performed specifi-
cally for this study: (i) An experiment similar to CTLhist
experiment except the aerosol emissions were set to the 2100
levels as in CTLfut (ghgHaerF); (ii) an experiment similar to
CTLfut, but with 2010 aerosol emissions (ghgFaerH). The
GhGs, aerosols, and SST forcing used in all experiments
are summarized in Table 1. Thus, the difference between
ghgFaerH and CTLhist and between CTLfut and ghgHaerF
correspond to the response of TCs to future GhGs and SSTs,
given historical and future aerosol levels, respectively. Simi-
larly, the response to future aerosols emissions and their spa-
tial distribution is identified by the difference between the
ghgHaerF and CTLhist (for historical GhGs and SSTs) and
CTLfut and ghgFaerH (for future GhGs and SSTs).

We use SO, emission rates and concentration as a proxy
for changes in aerosols emissions, as SO, is suggested to
have the greatest mean effective radiative forcing among the

aerosol species changed in the 1850-2014 period (Thorn-
hill et al. 2021). The annual mean change in SO, emission
rate imposed in the future vs. historical climate is shown in
Fig. 1. As mentioned above, a global reduction in aerosol
emissions, with the greatest changes occurring over Asia,
is assumed in the CMIP6 SSP5-8.5 future scenario. Note
that changes in the SST forcing are based only on changes
in GhGs, not aerosols. This is a simplification, as it is esti-
mated that about 20% of the global temperature warming in
the CMIP5 RCPS8.5 scenario can be attributed to reductions
in aerosol emissions (Westervelt et al. 2015; Xu et al. 2018).
The RCPS8.5 scenario is the high emissions scenario in the
CMIPS experiments (Taylor et al. 2012) corresponding to
SSP5-8.5 in CMIP6, where the radiative forcing increases
gradually since 2005, reaching 8.5 W/m? by the end of the
21st century. In these atmosphere-only experiments, SST
responses to the changes in aerosol concentration are not
accounted for, whereas the effects of aerosols on the atmos-
phere are simulated. Specifically, the experiments account
for the direct effect of aerosols in the atmosphere and for
changes in the large-scale circulation due to the atmospheric
effects of the changes in global aerosol distribution, as well
as for cloud-aerosol interactions simulated in E3SM version
2. Note that the future SST is derived from the 1pctCO2

Table 1 Summary of the E3SM

. Aerosol emissions GhGs concentration SST
experiments
CTLhist Historical (2010) Historical (2010) Historical (1980-2010)
ghgHaerF Future (2100) Historical (2010) Historical (1980-2010)
ghgFaerH Historical (2010) Future (2100) Future (2070-2100)
CTLfut Future (2100) Future (2100) Future (2070-2100)

GhG concentrations and aerosol emissions were prescribed from the year 2010 for the historical period,
and the year 2100 according to the SSP5-8.5 pathway in CMIP6 for the future. Monthly sea surface tem-
perature (SST) was imposed based on the bias-corrected monthly mean SST for the 1980-2010 period in
the historical simulations and the 2070-2100 period for the 1pctCO2 in the E3SM-DECK

(a) 502

0° 60°E 120°E 180°

120°W 60°W

-14.0 -105 -7.0 -3.5 0.0 3.5 7.0 10.5 14.0
Vertically Integrated external forcing (10°molec/cm?/s)
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Fig. 1 Difference between the future minus historical August—-September—October (ASO) averaged a vertically integrated external forcing for
SO, (10° molecules/ cm? /s) and b sea surface temperature (K) imposed in the future experiments
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scenario while the experiments in this study are based on the
SSP5-8.5 scenario. As a result, the SST change in this pro-
tocol may be stronger than what would be expected from the
SSP5-8.5 scenario alone as the CO, concentration reaches
1265 ppm for 1pctCO2, while the it is 1140 ppm for the
SSP5-8.5 scenario by 2100.

Each experiment was initialized on April 1 and run for
one year, with model output saved at a 6-hourly temporal
frequency. Ten realizations of each experiment were per-
formed, differing only by a round-off error in the initial
temperature field, totaling an ensemble of ten runs for each
experiment.

The global distribution of TCs in the E3SM model is
reasonably reproduced in the historical control simulations
when compared with observations, while TC intensity is
underestimated, partially due to the spatial resolution con-
sidered (Davis 2018; Balaguru et al. 2020; Sena et al. 2022).

2.3 TCidentification and definition
of environmental variables

Simulated TCs were identified using the Toolkit for Extreme
Climate Analysis (TECA; Prabhat et al. 2012), based on
the TC tracking algorithm by Vitart and Stockdale (2001).
TCs are detected as disturbances with a maximum relative
vorticity greater than 1.6 X 10™*s~!, a local minimum sea
level pressure, and a warm core, with a local mean tempera-
ture between 300 and 500 hPa at least 0.8K greater than its
adjacent areas (Prabhat et al. 2012). The first location where
these conditions are met is considered the point of TC gen-
esis. TCs are classified according to their region of forma-
tion, using the definitions of basins used by Prabhat et al.
(2012). Only TCs with duration greater than 2 days are con-
sidered. As there is evidence that TCs have been migrating
poleward with climate change (e.g. Kossin et al. 2014; Daloz
and Camargo 2018), we chose to analyze all TCs found by
the algorithm, not limiting to the ones formed in the tropics.
An additional analysis was made using only TCs that formed
over the tropics and subtropics, defined as 40°S to 40°N.

To quantify TC characteristics, we calculated additional
metrics including (1) accumulated cyclone energy (ACE,;
10*k#?, or 10* squared knots), which is defined as the square
of the maximum sustained wind every 6-hours, summed
over the TC lifetime, and (2) TC intensity according to the
Saffir—Simpson scale, which is based on the intensity of the
maximum sustained wind. TCs that reached category 3 or
greater are referred to as “major TCs.”

In addition, we evaluated several indicators of large-scale
environmental favorability for TCs including the Genesis
Potential Index (GPI; Camargo et al. 2007; Emanuel and
Nolan 2004), which is used to estimate how favorable the
atmosphere and SST are to TC development. GPI is an
empirical index, calculated by:
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3 3 3 -2
GPI = |105n|z(%> (%) (1+0.1Vys) (1)
where 7 is the absolute vorticity at 850 hPa (s~!); RH is the
mid-tropospheric relative humidity at 600 hPa (%), V., is
magnitude of the vertical wind shear between the horizontal
wind at 850 and 200 hPa (m/s); and PI is the potential inten-
sity of the tropical cyclone (m/s), as defined by Emanuel
(1988).

Note that while GPI is useful to summarize information
from multiple variables, future changes in GPI may not
directly correspond to changes in TC frequency in CMIP5
models (Camargo 2013). Typically GPI increases with
anthropogenic climate change, while in most high-resolution
models TC frequency decreases. This behavior is depend-
ent on the variables used in the genesis index, as well as the
genesis index formulation, see e.g. Camargo et al. (2014).

We also analyzed the dynamical genesis potential index
(DGPI; Murakami and Wang 2022), an empirical index for
TC genesis based solely on dynamic variables, calculated as:

B d 23
DGPI = (2401 x V)™ - <5.5 - % x 105> :

34 24
(50— 20 X @s0) " - (5.5 + ]105;1)) M8 10
@
where ws, is the pressure vertical velocity of the wind at
500 hPa (Pa/s), us, is the zonal wind at 500 hPa (m/s) and
—dus/dy is the meridional shear vorticity associated with
the zonal wind (1/s).

Responses in TC frequency and environmental variables
are considered significant when they are different at or above
the 95% confidence interval according to the two-tailed stu-
dent-¢ test, unless noted otherwise.

2.4 Definition of tropical cyclone precipitation

We analyzed the following diagnostics of TC precipitation
(TCP):

(1) The total precipitation in the TC (totalTCP), defined
as the total precipitation within 500 km from
the center of the TC (e.g. Prat and Nelson 2013;
Khouakhi et al. 2017) through its lifetime.
(i) The radially-averaged precipitation at 25 km, 50 km,
100 km, 400 km, and 500 km from the center of the
TC (TCP25 km, TCP50 km, TCP100 km, TCP400
km, and TCP500 km, respectively). These radii
were chosen to represent the the inner-core (25 km
and 50 km), rainbands (100 km), and outer-bands
(400 km and 500 km) of the TCs.
(iii)) The azimuthally-averaged TCP was calculated from
25 km to 600 km from the center of the TC in 25 km
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increments, to facilitate study of the spatial structure
of TCP (e.g. Lonfat et al. 2004; Moon et al. 2022b).

Each TC is considered an independent event, and the mean
value of each environmental variable following the TC in a
6-hourly timescale is calculated as the mean for all TCs in all
10-member ensembles for each experiment. The SST at the
point of formation of each TC is used to calculate the rate
of change of TCP per degree of SST change considering all
TCs in each experiment. The uncertainty of these values is
defined as the 95% confidence interval considering all TCs,
in all 10-member ensembles for each experiment.

3 Results

3.1 Response in global tropical cyclone activity
to GhGs and the atmospheric effect of aerosols
in combination and individually

Our results indicate that neither the atmospheric effect of
future aerosols nor GhGs have a significant effect on the
global frequency of TCs. Furthermore, there is no significant
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Fig.2 a Total global number of tropical cyclones per year for each
E3SM experiment; b Global mean accumulated cyclone energy per
year (10* kt?); The boxplot represents the internal atmospheric vari-
ability of the 10-member ensemble in each experiment. The edges of
the boxplots show the 25th and 75th percentiles. Whiskers represent
1.5 the interquartile range. Outliers are marked with diamond-shaped
symbols. The median is marked as a straight line, and the mean is
noted by a white circle in panels a, b. ¢ Total number of global TCs

change in global TC frequency when there is a concurrent
change in aerosols and GhGs. The ensemble mean global TC
frequency is 104.2 TCs/year in the ghgHaerF experiment, and
114.6 TCs/year in the CTLhist experiment, but the changes
were statistically insignificant at the 95% confidence level
(Fig. 2a and Table 2). When we considered only TCs gener-
ated over the tropics and subtropics, the number of TCs in the
CTLhist is significantly greater than in the other experiments,
by about 10 TCs/year or 11%. No other significant changes
in the global TC number were found (Appendix Table 6).

Similarly, we did not find significant differences in the
total TC number in the Northern Hemisphere in response to
future aerosols, future GhGs, or both (Appendix Fig. 10a). In
the Southern Hemisphere, there is a significant reduction in
the total TC number in the ghgFaerH experiment compared
to CTLhist, suggesting a possible reduction in TC frequency
due to the effect of GhGs given historical aerosols (Appen-
dix Fig. 10b). No other significant changes were found for
the total TC frequency in the Southern Hemisphere.

In contrast, the number of major hurricanes, defined as
category 3 or above, significantly increases in the future due
to the combined GhG and aerosol forcings, with contribu-
tions from both GhG concentrations and the atmospheric

(b) Accumulated Cyclone Energy
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in the 10-member ensemble of each experiment. TCs are grouped by
intensity based on the Saffir—-Simpson scale, with category zero rep-
resenting TCs that do not reach the threshold of hurricane strength. d
Contribution of the intensity of the TC (based on the Saffir—Simpson
scale) for the mean seasonal ACE (10* kt?) in each experiment. The
error bars represent one standard deviation from the mean based on
all detected TCs
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Table 2 Ensemble mean global number of TCs in each experiment, grouped by intensity according to the Saffir—Simpson category, and the per-
centage of major TCs, defined as the number of TCs classified as category 3 or above divided by the total number of TCs

Experiment Total cat0 catl cat2 cat3 cat4 Major (%) ACE

CTLhist 114.6 7351 30.6 9.4l 1. 10 0.0 0.98aM 785. 721
ghgHaerF 104.2 63.71 27.8 10.2 2.5 0.0 2,471 695.0[21
ghgFaerH 110.3 65.61%! 27.0 11.2/41 6.3 0.2 5.950ll 941112l
CTLfut 110.4 59.4% 272 14,0121 9.5l 0.3 8.88falll 920.8/2b!

The ensemble mean annual ACE (10* kt?) is also shown. The values that are significantly different from each other at or above the 95% confi-
dence level are represented by a superscript, with [a] representing values significantly different from CTLhist; [b] from ghgHaerF; [c] from ghg-
FaerH; and [d] from CTLfut. When the values are significantly different from all the others, it is marked with [all]. No significant changes were

found for the global total frequency of TCs

effect of the decline in aerosol emissions (Fig. 2c and
Table 2). The average number of major TCs is 1.1 TCs/
year in the CTLhist experiment, increasing by 1.4 TCs/year
due to decreases in aerosol concentration (ghgHaerF), and
by 8.7 TCs/year due to future GhGs, assuming constant
aerosols (ghgFaerH). Similarly, there is an increase of 3.3
major TCs/year due to future aerosols given constant future
GhGs (CTLfut minus ghgFaerH) and 7.3 major TCs/year
due to future GhGs given constant future aerosols (CTLfut
minus ghgHaerF). All changes in the number of major hur-
ricanes are statistically significant. This suggests that while
increases in GhGs concentration make a greater contribution
to TC intensity, the atmospheric effects of the reduction in
aerosol emissions in the future are also an important con-
tributor to TC intensity changes. These results are main-
tained when considering only TCs formed over the tropics
(Table 6).

Global ACE significantly increases in the future with
the concurrent change in aerosols and GhGs (Table 2 and
Fig. 2b), from 785 x 10*k#> in the CTLhist to 920 x 10*kz>
in the CTLfut experiment. ACE also increases due to GhGs
alone, with the values increasing by 155 x 10*k#> (or ~ 20%)
and 226 x 10*kt* (or ~ 32%), given historical and future aer-
osols, respectively. This is mainly due to the greater contri-
bution of stronger TCs to ACE due to future GhGs (Fig. 2d).
There is a smaller, but statistically significant reduction in
ACE due to the atmospheric effect of future aerosols given
historical GhGs, due to a more moderate contribution of
major TCs to ACE. No significant changes in ACE were
found due to the atmospheric effects of aerosols given future
GhGs.

3.2 Response in regional tropical cyclone activity
to future greenhouse gases

While the changes in global TC frequency are small and
insignificant, there are statistically significant regional
changes in individual TC basins due to both the future
increase in GhG concentrations and the decrease in aerosol
emissions. In this section we will discuss the responses of
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TC activity and environmental variables due to changes in
GhGs, based on the difference between the CTLfut relative
to the ghgHaerF and the difference between the ghgFaerH
and CTLhist experiments.

Future GhGs contribute to fewer TCs in the Northwest-
ern Pacific (Fig. 3a, see also Table 3), with a reduction of
5.9 TCsl/year given historical aerosols (ghgFaerH minus
CTLhist) and 2.2 TCs/year given future aerosols (CTLfut
minus ghgHaerF; the latter is insignificant at the 95% con-
fidence level, but significant at the 90% confidence level).
TC frequency is also significantly reduced in the Southern
Indian Ocean (Fig. 3e), by 7.9 and 3.2 TCs/year given his-
torical and future aerosols. This is largely compensated by
the TC frequency increases in the North Atlantic (Fig. 3c),
by 9.7 and 8.1 TCs/year given historical and future aero-
sols, respectively. We also found a significant poleward dis-
placement of the latitude of maximum intensities of TCs in
both hemispheres due to future GhGs (Appendix Fig. 15),
consistent with what is found in the literature (Kossin et al.
2014; Sharmila and Walsh 2018; Daloz and Camargo 2018;
Studholme et al. 2022) and attributed to the expansion of
the Hadley circulation, that is commonly associated with
regional changes in SST (e.g. Zhou et al. 2020).

Various environmental factors contribute to the changes
in TC activity due to increased GhGs. The potential intensity
increases overall in each hemisphere’s summer (here defined
as August—October, ASO, for the Northern Hemisphere),
partially following SST warming (Fig. 4a and Appendix
Fig. 11a). This, in conjunction with a reduction of vertical
wind shear (Fig. 4b) and enhanced relative humidity in the
mid-levels (Fig. 4d) over the tropical North Atlantic Ocean,
generate a more favorable environment for TCs in these
regions. In the North Atlantic, this is aided by an increase
in absolute vorticity in the tropics (Fig. 4c). Though there is
more mid-level drying in the Gulf of Mexico, the changes
in the environmental conditions result in increases in GPI in
the North Atlantic (Fig. 4e), that leads to overall increases in
TC genesis in the region (Fig. 4f). Note that we consider TC
genesis as the first point where the disturbance that generates
the TC is identified, even if it is over land. The responses in
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TC frequency are similar for all the basins if we restrict the
analysis to TCs generated only over warm SSTs (not shown),

Table 3 Ensemble mean number of TCs/year in each experiment by
ocean basin: North Atlantic (NA), Northeast Pacific (NEP), North
Indian (NI), Northwest Pacific (NWP), South Atlantic (SA), South-
eastern Pacific (SEP), Southern Indian (SI), Southwestern Pacific
(SWP)

CTLhist ghgHaerF ghgFaerH CTLfut
NA 17.301 12.90 27.0fatl 21.00
NEP 28. 70041 18.3a¢! 28.41b.d] 19.7facl
NI 7.614 7.314 9.3 11.0/a0!
NWP 25.8b< 30.6lac! 19.91l1 28.4[c!
SA 1.4fed 1.9 2.8 3.9fabl
SEP 2.0 3.5 2.4 2.3
SI 16.11a1 12.90l 8.2labl 971!
SWP 16.2(¢! 17.0! 12300 15.3

For each basin, the values that are significantly different from each
other at or above the 95% confidence level are represented by a super-
script, with [a] representing values significantly different from CTL-
hist; [b] from ghgHaerF; [c] from ghgFaerH; and [d] from CTLfut.
When the values are significantly different from all the others, it is
marked with [all]

as well as if we restrict our analysis to the tropics (Table 7).
In the Northwest Pacific, there is mid-level drying in the
tropics and negative anomalies in absolute vorticity off the
eastern coast of Asia, contributing to an environment less
favorable for TC development (Fig. 4c, d). Though some
environmental variables in the Northwest Pacific act towards
a more conducive environment for TCs, such as PI increases
and reductions in vertical wind shear off the maritime conti-
nent, they do not seem to be enough to compensate the other
effects (Fig. 4a, b). The environment becomes less favorable
for TC development, as measured by both GPI (Fig. 4e) and
DGPI (Fig. 12a), and TCs become less frequent in the region
(Fig. 4f). Similar responses were found due to future GhGs
given constant, historical aerosols (Appendix Fig. 11 and
Fig. 12b).

In the Southern Hemisphere’s summer (January to March,
JFM), there is enhanced vertical wind shear and mid-level
drying over the Southern Indian Ocean, leading to fewer TCs
given future GhGs (Appendix Fig. 13).

In summary, future GhGs are associated with signifi-
cantly less frequent TCs in the Northwestern Pacific and
in the Southern Indian Ocean, and more frequent TCs over
the North Atlantic. These results are maintained when we
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Effect of future GHG concentration given future aerosols
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Fig.4 Difference between the ASO-averaged, ensemble-mean of the
CTLfut minus ghgHaerF experiments (representative of the effect
of the future change in GhGs given future aerosols) for a potential
intensity (m/s); b vertical wind shear between 850 and 200 hPa (m/s);
¢ absolute vorticity at 850 hPa (s7!), d relative humidity at 600 hPa

consider only TCs generated in the tropics (Table 7). These
regional changes compensate each other, and result in no
significant changes in global TC number. The percentage
of intense TCs significantly increases due to future GhGs,
leading to increases in seasonal ACE (Sect. 3.1).

3.3 Response in regional tropical cyclone activity
to the atmospheric effects of future aerosols

The significant TC responses to the atmospheric effect of
the decline in aerosols emissions in the future are concen-
trated in the Northern Hemisphere (Fig. 3 and Table 3), with
fewer TCs in the North Atlantic (— 4.4 and — 6.0 TCs/year
for ghgHaerF minus CTLhist and CTLfut minus ghgFaerF,
respectively) and in the Northeast Pacific (— 10.4 and — 8.7
TCsl/year for ghgHaerF minus CTLhist and CTLfut minus
ghgFaerF, respectively). Meanwhile, TCs become more fre-
quent in the Northwest Pacific (+ 4.8 and + 8.5 TCs/year
for ghgHaerF minus CTLhist and CTLfut minus ghgFaerF,
respectively).

Changes in the South Asian Monsoon associated with
the atmospheric effect of future aerosols can help explain
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the changes in environmental variables related to tropical
cyclogenesis in the Northwest Pacific. Monsoon activity
is one of the factors that modulates TC frequency in the
Northwest Pacific, with more intense summer monsoon
activity leading to more frequent TCs (Weng et al. 2022);
approximately 73% of the July-November Northwest Pacific
TCs are formed within the monsoon trough (Molinari and
Vollaro 2013). In CMIP6, the monsoon precipitation over
land is projected to increase by the end of the 21st cen-
tury, in both the SSP2-4.5 Jin et al. 2020; Chen et al. 2020,
and in the SSP5-8.5 pathways (Moon and Ha 2020; Chen
et al. 2020; Shekhar et al. 2024). We found a similar pat-
tern when considering only the atmospheric effect of the
reduction in aerosols. There is an increase in background
precipitation over South Asia, stretching to the Northwest
Pacific, and a reduction in background rainfall in the North
Indian Ocean associated with the atmospheric effect of the
reductions in aerosols. Accompanied by reductions in the
sea level pressure over the continent and stronger monsoon
westerlies over the continent, this pattern suggests an inten-
sification of the summer South Asian monsoon (Fig. Sh).
This generates greater ascent and greater relative humidity
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at the mid-levels over the Northwest Pacific (Fig. 5d-f), and
contributes to a weakening of the trade winds around the
Northwest Pacific (Fig. 5g), increasing absolute vorticity
closer to the continental areas (Fig. 5c). Together, these
responses contribute to a more favorable environment for
TC development, reflected in increases in GPI (Fig. Se) and
DGPI (Fig. 12c¢) in the area, and in the greater TC genesis
near the Philippines (Fig. 5i). Because these are not coupled
atmosphere-ocean experiments, they exclude an important
mechanism by which aerosols likely influence the monsoons.

The simulated pattern of change is, however, consistent with
studies that suggest that increases in anthropogenic aero-
sol concentrations are associated with a weakening of the
summer monsoon in the historical period (Saha and Ghosh
2019; Guo et al. 2015). The response of the monsoon to the
atmospheric effect of future aerosols given historical GhGs
(shown in Fig. 5) is consistent with the responses found for
the effect of aerosols given future GhGs (Appendix Fig. 14).

While there is a statistically significant reduction of TC
frequency in the North Atlantic due to future aerosols given

Effect of future aerosols given historical GHG concentration
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Fig.5 Difference between the ASO-averaged, ensemble-mean of the
ghgHaerF minus CTLhist experiments (representative of the atmos-
pheric effects of future aerosol given historical GhG) for a potential
intensity (m/s); b vertical wind shear between 850 and 200 hPa (m/s);
¢ absolute vorticity at 850 hPa (s~!) and d relative humidity at 600
hPa (%); e genesis potential index (GPI, dimensionless); f Pressure
vertical velocity (omega) at 500 hPa (Pa/s); g zonal wind at 200 hPa
(m/s). Contours in this panel shows the ensemble mean zonal wind
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both historical and future GhGs, there are no significant
responses in GPI, potential intensity, absolute vorticity, mid-
level humidity, vertical velocity, or DGPI (Figs. Sa—f and
12¢) to future aerosols that could explain these responses,
and there is only a weak increase in vertical wind shear in
the tropical North Atlantic and Gulf of Mexico. Neither of
these changes can explain the reduction in TCs in the North
Atlantic, that is widespread through the ocean basin (Fig 5i).

Meanwhile, there is an overall reduction in GPI over
the Northeast Pacific (Fig. Se), associated with an anticy-
clonic anomaly in the absolute vorticity (Fig. 5c) due to
future aerosols. Under historical GhGs, this is associated
with mid-level drying off the coast of Mexico (Fig. 5d) and
anomalous subsidence in the area (Fig. 5f). Together, these
patterns contribute to an environment less favorable for TCs
(Figs. 5e and 12c), leading to reduced TC genesis in the
region (Fig. 5i). Note that there is a reduction in vertical
wind shear off the coast of Panama and an increase in verti-
cal wind shear off the coast of Mexico due to future aero-
sols given historical and future GhGs (Fig. 5b). This could
be potentially attributable to a significant weakening of the
subtropical jet stream and the upper-level winds over the
tropical Northeast Pacific (Fig. 5g). Note that, as local reduc-
tions in aerosol emissions are small, the reduction in TC fre-
quency over the Northeastern Pacific is mostly attributed to
changes in the large-scale circulation due to remote changes
in aerosol emissions, notably over the Northwestern Pacific.

In summary, the atmospheric effect of future aerosol
reductions is associated with fewer TCs in the North Atlantic
and the Northeast Pacific, while they become more frequent
in the Northwest Pacific. The frequency changes over the
North Atlantic and Northwest Pacific are of the opposite sign
of the ones found due to increasing GhGs alone (Sect. 3.2).
These results are maintained when only TCs formed over
the tropics and subtropics are considered (Table 7). This
suggests that the atmospheric effect of future aerosols miti-
gates the TC frequency changes due to the increase in GhG
concentrations. The total global TC frequency does not
significantly change due to the atmospheric effect of future
aerosols, and neither does the total number of TCs in the
Northern Hemisphere. There is only a small, but significant
reduction in the number of TCs in the Southern Hemisphere
due to future aerosols given historical GhGs, associated with
a significant reduction in TC frequency in the South Indian
Ocean in this experiment. As no significant changes were
found given future GhGs, neither at the 95% nor at the 90%
confidence level, we chose not to explore these responses
further. The changes in seasonal ACE due to future aerosols
are either insignificant or characterized by a small reduction,
and we did not find any significant changes in the latitude of
the maximum wind speed in either hemisphere due to future
aerosols (Appendix Fig. 15). On the other hand, the atmos-
pheric effect of future aerosols significantly contributes to
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TC intensification, as the fraction of major TCs increases in
both GhGs scenarios, compounding to the effect of GhGs
(Sect. 3.1).

3.4 Response in regional tropical cyclone activity
to future greenhouse gases and aerosols
in combination

The overall change in TC frequency in these experiments is
affected by both the atmospheric effects of future aerosols
and by GhGs (including through GhG effects on SST). In
the Northeast Pacific, the total response of TC frequency is
dominated by the aerosol effects, with a significant reduc-
tion of — 9.0 TCs/year in the CTLfut minus the CTLhist
experiments (Fig. 3b, see also Table 3). This is associated
with significant reduction in the GPI off the coast of Mexico
and Panama (Fig. 6e), related to significant reductions in
relative humidity at 600 hPa (Fig. 6d), and significant nega-
tive anomalies in absolute vorticity over off the coast in the
Northeast Pacific (Fig. 6¢), leading to an environment less
favorable to TC genesis (Fig. 6f). This counteracts the effect
of the increase in the potential intensity over the Northern
Hemisphere (Fig. 6a), and the significant weakening of the
vertical wind shear over the basin (Fig. 6b).

Meanwhile, TCs are projected to become significantly
more frequent in the North Atlantic by + 3.7 TCs/year
(Fig. 3c), a more modest increase than the expected changes
without the contribution of future changes in aerosol concen-
trations. These changes were analyzed by Sena et al. (2022)
and are associated with increases in SST, reduced vertical
wind shear, and a moister atmosphere in the mid-levels (see
also Fig. 6). A positive anomaly of absolute vorticity also
contributed to the response (Fig. 6¢). In the Indian Ocean,
TCs become significantly more frequent in the North Indian
Ocean (+ 3.4 TCs/year) and less frequent in the South Indian
Ocean (— 6.4 TCs/year) (Fig. 3d—f). The reductions in TC
frequency in the Southern Indian Ocean are associated
with an increase in vertical wind shear in JFM, associated
with mid-level drying over the western and central South-
ern Indian Ocean, leading to a decrease in GPI over large
portions of the tropics, including the northwestern coast
of Australia (Appendix Fig. 15). No significant changes in
TC frequency were found in the Northwest Pacific when
considering the combined effect of both aerosols and GhGs
(Fig. 3a).

In summary, the total response of global TC frequency
to the effect of both future aerosols and GhGs is related
to increases in TC frequency in the North Atlantic and the
North Indian Ocean, while TCs become less frequent in
the South Indian Ocean and in the Northeast Pacific. These
changes compensate each other, and no significant changes
are found either in the global TC frequency or over both
hemispheres separately (see Sect. 3.1). The latitude of the
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Effect of both future GHG concentration and future aerosols
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Fig.6 Difference between the ASO-averaged, ensemble-mean of
the CTLfut minus CTLhist experiments (representative of the effect
of the changes in both GhGs and aerosols) for a potential intensity
(m/s); b vertical wind shear between 850 and 200 hPa (m/s); ¢ abso-

maximum wind speed significantly moves poleward in both
hemispheres, as a consequence of the increase in GhGs
(Appendix Fig. 16). The number of major TCs increases
with the concurrent changes in aerosols and GhGs, leading
to a greater response than due to either aerosols or GhGs
alone. The seasonal ACE increases as a consequence of the
increase in the percentage of major TCs. The magnitude of
the change in TC intensity, as well as the changes in regional
TC frequency, suggest that both future GhGs and future
aerosols contribute to the responses in TC activity in the
CTLfut minus CTLhist experiments.

3.5 Tropical cyclone precipitation

The model simulations project an increase in TC precipi-
tation in the future compared to the historical period for
joint changes in GhGs and aerosols (CTLfut-CTLhist)
(Fig. 7a). Total TCP increases by about 14.1 +2.1%/K, or
52.8 + 3.7%, globally due to the effect of both the reduction
in aerosol emissions and the increase in GhG concentra-
tions (Fig. 7a and Table 4). GhG changes account for an
increase of 6.9 + 1.2% /K, or 28.1 + 3.6%, given historical
aerosols (ghgFaerH minus CTLhist) and 8.3 + 1.4%/K,
or 33.3 +4.0%, given future aerosols (CTLfut minus
ghgHaerF). The rate of change of TCP per degree of SST
warming with GhGs is similar to the default expectation
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of 7%/K that would be obtained by the Clausius—Clapey-
ron relation alone (e.g. Knutson et al. 2020). Meanwhile,
the percent change of TCP is significantly greater than
the global increase in precipitation of 8.20 + 0.67% and
8.11 + 0.55% for historical and future aerosols, respectively,
and 13.25 + 0.62% for both future GhGs and future aero-
sols (Appendix Table 8). The mean and uncertainty of the
global precipitation is defined as the difference between the
10-member ensemble mean in each experiment and its 95%
confidence interval, respectively. While extreme precipita-
tion is expected to increase by the Clausius—Clapeyron rate,
the mean global precipitation increases are more modest,
ranging from 1 to 2%/K in most CMIP5 climate models
(Giorgi et al. 2019). Thus, the global mean precipitation
response found in the CTLfut minus CTLhist experiments
has a similar range, with a global mean change in SST in
the simulations of 6 °C, in regions equatorward of 60° of
latitude. In regions equatorward of 40° of latitude, the global
change in precipitation is about 10.6% and SST warms by
about 5.2 °C, leading to a similar rate of warming.
Regionally, the greatest difference between the rate of
change in TC precipitation due to both aerosols and GhGs
than due to GhGs alone is found in the Northwest Pacific.
Over this region, there is an increase in of 17.1 + 4.0% /K in
total TCP for CTLfut-CTLhist compared to 3.6 +2.6%/K
and 5.8 +2.5%/K for changes in GhGs given future and
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Fig.7 a Rate of change in total TC precipitation per degree Celsius
of warming. The points represent the mean change due to GhGs given
constant historical aerosols (ghgFaerH minus CTLhist, in blue trian-
gle), given constant future aerosols (CTLfut minus ghgHaerF, green
square) and varying both aerosols and GhGs (CTLfut minus CTL-
hist, black circle). The changes are calculated for the all TCs (global)
and in each basin. Error bars represent the 95% confidence interval.
The value of 7%/K is marked by a red line. b Boxplot of the mean
TCP in each experiment, divided by categories according to the
Saffir—Simpson scale for total TCP, within 500 km from the center
of the TC (in m/day, or 10> mm/day). ¢ Boxplot of the mean TCP
for each region, divided by experiments measured as the total TCP

historical aerosol concentrations, respectively. Changes in
aerosol emissions can help explain this response.

We found a significant increase in TCP associated with
the atmospheric effect of the reduction in aerosol emis-
sions (Table 5). Globally, the model projected an increase
of 52.8 + 3.7% in total TCP due to both future aerosols and
GhG changes. Experiments with only a reduction in aerosol
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within 500 km from the center of the TC (in m/day, or 10°> mm/day).
d Mean response of rainfall (mm/day) around TC the relative to the
distance from the center of the TCs for: ghgFaerH minus CTLhist (in
orange), CTLfut minus ghgHaerF (red), ghgHaerF minus CTLhist
(blue), CTLfut minus ghgFaerH (purple), and CTLfut minus CTLhist
(black). Shading represents the 95% confidence level. e Same as d,
but with the response represented in percentage. For panels b, ¢, the
boxplot represents the internal variability of the experiments for all
TCs in the 10 ensemble members in each experiment. The edges of
the boxplots show the 25th and 75th percentiles. Whiskers represent
1.5 the interquartile range. The median is marked as a straight line

emissions produced TCP increases of 14.7 + 3.9% given his-
torical GhGs (ghgHaerF minus CTLhist) and 19.3 +4.1%
given future GhGs (CTLfut minus ghgFaerH). These val-
ues exceed the mean increase in global precipitation in the
model (4.75 +0.77 and 4.67 + 0.38 % for historical and
future GhGs, respectively; Appendix Table 8). Regionally,
there were little significant changes, as the signal is weak
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Table 4 .P?I‘C?I’lt change in total Effect of the future GhGs
TC precipitation per degree
Celsius of change in SST at the Given historical aerosols Given future aerosols CTLfut—CTLhist

area of formation of the TCs
Mean (%/K) Error (%/K) Mean (%/K) Error (%/K) Mean (%/K) Error (%/K)

Global 6.9 1.2 8.3 1.4 14.1 2.1
NA 7.9 2.8 10.0 4.6 9.6 4.3
NEP 9.9 2.4 9.9 33 13.8 4.5
NWP 3.6 2.6 5.8 25 17.1 4.0
NI 42 2.0 1.7 24 9.6 2.6
SI 13.5 5.0 17.2 7.8 19.5 8.3
SWP 4.3 2.7 10.2 4.0 10.9 52

The response is due to future GhGs given historical aerosols (difference between the ghgFaerH minus the
CTLhist experiment) and given future aerosols (CTLfut and ghgHaerF), and due to future changes in both
GhGs and aerosols (CTLfut minus CTLhist). The values are shown for all TCs (global) and for each basin.
The error corresponds to deviations from the mean under the 95% confidence interval

Table 5 Percent change in total TC precipitation (» < 500km) due to future aerosols, and difference in SO, concentration integrated in the col-
umn (in ppt mol of SO,/mol of dry air and in percentage) at the area of formation of the TC

Atmospheric effect of future aerosols

Given Historical GhGs (ghgHaerF—CTLhist)

Total TCP (%) Error (%) SO, (ppt) Error (ppt)
Global 14.7 3.9 —15.0 (- 30%) 6.6
NA -22 12.0 —16.7 (- 38%) 7.7
NEP 2.7 8.3 2.6 (+3%) 20.5
NWP 44.1 6.2 —-9.2 (- 25%) 9.8
NI 7.1 12.1 —108.0 (— 79%) 444
SI 6.0 9.1 —2.9 (- 14%) 42
SWP -35 11.1 2.2 (+9%) 11.7
Given future GhGs (CTLfut—ghgFaerH)
Total TCP (%) Error (%) SO, (ppt) Error (ppt)
Global 19.3 4.1 —38.0 (— 46%) 11.8
NA -1.0 104 —-21.4 (- 39%) 8.9
NEP 4.7 8.9 - 3.0(-4%) 19.6
NWP 53.3 7.6 -91.6 (— 62%) 48.9
NI 25.1 9.8 —146.0 (— 73%) 55.2
SI 11.0 12.6 —22.5(—58%) 11.2
SWP 13.8 11.6 -2.0(-7%) 11.5
CTLfut-CTLhist
Total TCP (%) Error (%) SO, (ppt) Error (ppt)
Global 52.8 3.7 —4.8 (- 10%) 6.8
NA 34.8 9.7 —10.5 (— 24%) 8.3
NEP 46.7 7.7 —-6.7(—9%) 19.6
NWP 73.4 6.7 18.1 (— 49%) 13.5
NI 52.8 10.3 —80.3 (— 59%) 449
SI 75.1 9.7 —3.7 (- 18%) 3.1
SWP 36.6 10.3 0.7 (— 3%) 11.3

The response due to the atmospheric effect of future aerosols is shown given historical GhGs (difference between the ghgHaerF minus the CTL-
hist) and given future GhGs (CTLfut and ghgFaerH), and for changes in both GhGs and aerosols (CTLfut minus CTLhist). The values are shown
for all TCs (global) and for each basin. The margin of error corresponds to deviations from the mean under the 95% confidence interval
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Fig. 8 Difference between the mean precipitation within a 300 km
radius of the TCs for a CTLfut minus CTLhist experiments, rep-
resentative of the effect of both future aerosols and future GhGs
(colors), and mean values in the CTLhist experiment (contours); b
ghgFaerH minus CTLhist experiments (colors), representative of the
effect of future GhGs given historical aerosols, and mean values in
the ghgHaerF experiment (contours); ¢ ghgHaerF minus CTLhist,

relative to the noise from the ensemble members, with the
exception of a significant increase in total TCP over the
Northwest Pacific given future aerosols, of 44.1 + 6.2% and
53.3 +7.6% given historical and future GhGs.

More intense TCs have been suggested as a factor in the
increase in TCP (Liu et al. 2019). As discussed in Sect. 3.1,
TCs become more intense due to both future GhGs and aero-
sols (see also Fig. 2). In our experiments, stronger TCs are
generally associated with higher total TCP (Fig. 7b). How-
ever, the relation between TCP and TC intensity is weakened
with distance from the center of the TC, and is insignificant
in its outer-bands (Appendix Fig. 17). Meanwhile, similar
values to the total TCP changes due to future aerosols are
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representative of the atmospheric effect of the future aerosols given
historical GhGs (colors), and mean values in the CTLhist experi-
ment (contours); d—f Same as a—c, but for Surface Latent Heat Flux
(W/m?); g-i Same as a—c, but for vertical velocity in pressure coor-
dinates (Pa/s) at 850 hPa. Stippling represents areas where the differ-
ences are not significant at the 95% confidence level

found both in areas where there is a significant influence of
intensity on TCP, such as TCP100 km, and over areas where
intensity is not significantly associated with TCP, such as
TCP500 km (Appendix Table 9). This implies that, although
there is a correlation between TC strengthening and the
overall increase in total TCP, this relationship is driven by
its impact on inner-core TCP. Conversely, the wetting simu-
lated in the outer-band cannot be attributed to more intense
TCs. This distinction is crucial, considering that the wetting
in total TCP due to the atmospheric effects of future aerosols
is linked specifically to outer-band wetting, while TCP is
reduced in the inner-core (see Appendix Table 9, Fig. 7d).
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Fig.9 Vertical profile of the ensemble-mean latitudinal-averaged
cross-section of the mean vertical velocity within a 600 km radius
of the TCs for: a CTLfut minus CTLhist experiments, representative
of the effect of changing both aerosols and GhG/SST (colors), and
mean values in the CTLhist experiment (contours); b CTLfut minus
ghgHaerF experiments (colors), representative of the effect of future
GhGs given historical aerosols, and mean values in the ghgHaerF
experiment (contours); ¢ ghgHaerF minus CTLhist, representative of
the atmospheric effect of the future aerosols given historical GhGs
(colors), and mean values in the CTLhist experiment (contours). Stip-
pling represents areas where the differences are not significant at the
95% confidence level

Therefore, future strengthening of TCs alone cannot fully
account for the increased TCP identified in this study.

We also explored the possibility that the changes in global
TCP are partially due to the regional changes in TC fre-
quency. As described in Sect. 3.3, the atmospheric effects
of future aerosols are associated with less frequent TCs in
the North Atlantic and Northeast Pacific, and more frequent
TCs in the Northwest Pacific. There are generally small,
mostly insignificant, differences in the TCP depending on

the region of occurrence of the TC (Fig. 7c). Note, however,
that in both experiments with future aerosols (ghgHaerF
and CTLfut) TCP in the Northwest Pacific is significantly
greater than in the North Atlantic and Northeast Pacific
(Fig. 7c). The Northwest Pacific also has consistently the
greatest value of area-averaged summer precipitation in
all experiments, though this difference is only significant
for the ghgHaerF and CTLfut experiments. Moreover, the
Northwest Pacific has the greatest basinwide change in pre-
cipitation unrelated to TCs due to future aerosols, with an
increase of 27.7 + 4.7% and 35.1 + 7.3% in precipitation dur-
ing ASO, given historical and future GhGs, respectively.
Meanwhile, no significant changes in background precipi-
tation were found over the Northeast Pacific and the North
Atlantic due to the atmospheric effects of aerosols (Appen-
dix Table 10). We found a significant, positive correlation
between the mean summer area-averaged precipitation in a
basin and the mean TCP in that basin (r = 0.5, p = 0.011).
It is possible that the increase in the fraction of TCs occur-
ring over the Northwest Pacific, where the greatest abso-
lute values of area-averaged precipitation and the greatest
increase in area-averaged precipitation occur, skews the
global TCP towards greater values with future aerosols. Still,
the changes in background precipitation over the Northwest
Pacific are smaller than the TCP increase in the Northwest
Pacific (44.1 + 6.1% and 53.3 + 7.3%, Table 5 and Appendix
Table 10).

While both future changes in GhGs and aerosols con-
tribute to an increase in TCP, there are differences in how
each of these factors contribute to the spatial distribution
of this response. TC responses to GhGs are characterized
by greater increases in rainfall at the center of the TC, and
this rainfall increase is reduced with distance from the TC
center (Figs. 7d, e and 8b). Meanwhile, the atmospheric
response to future aerosol emissions causes a reduction in
TCP near the center of the TC and more rainfall at its outer-
bands (Figs. 7d, e and 8c). The response to both changes in
GhGs and aerosols jointly shows signs of the contributions
of both of these changes, with more modest precipitation
enhancements at the center of the TC and greater precipita-
tion increases at its outer-bands than what would be expected
from GhG changes alone (Fig. 7d, e). The highest increase
in TCP in CTLfut relative to CTLhist, when expressed as a
percentage, is simulated at approximately 200 km away from
the center of the TC. This location coincides with where the
greatest enhancement in TCP due to aerosols is simulated
(Fig. 7e).

Differences in the structure of the energy flux responses
in the TCs may help explain the differences in the spatial
structure of the TCP response to future GhGs and future
aerosols. The cleaner aerosol state is associated with an
overall increase in surface latent heat flux, which is stronger
at distances greater than 100 km from the center of the TC
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than near its center (Fig. 8f and Appendix Fig. 18f). This
generates a more unstable environment further from the TC
center, leading to more ascent in the area and greater com-
pensating subsidence at the inner-core of the TC. (Fig. 8i
and Appendix Fig. 18i). This pattern of stronger ascending
motion at the outer-band and greater subsidence in the TC
inner-core is not confined to the lower-levels, and expands
throughout the troposphere up to 100 hPa (Fig. 9c). One pos-
sible mechanism for these changes is that the lower aerosol
concentration leads to a lower number of cloud condensa-
tion nuclei (CCN). While the microphysical effects of the
changes in aerosol concentration are not represented in
E3SM, there are macrophysical effects of the changes in the
distribution of size and quantity of CCNs. Under fixed SSTs,
a similar amount of moisture available for cloud formation is
divided into a smaller number of CCNs which, in our experi-
ments, results in a quicker and more intense development of
rainfall in the rainbands. This, in turn, reinforces the eyewall,
leading to more subsidence in the inner-core of the TC.

Future GhGs also increase evaporation and surface latent
heat flux. However, the largest increases in surface latent
heat are found at the center of the TC (Fig. 8¢ and Appendix
Fig. 18e). The increase in surface latent heat due to future
GhGs is expected due to the increase in SST, leading to
increased evaporation. This leads to a more unstable envi-
ronment at the inner-core of the TC than at its outer-band,
and to stronger ascending motion at the inner-core of the
TC than at its outer-bands (Fig. 8h and Appendix Fig. 18h),
thus favoring convection near the inner-core. This stronger
ascending motion at the center of the TC is found throughout
the column, and it is accompanied by areas where there is
a reduction in vertical velocity at the west of the TC center
(Fig. 9b). While this subsidence appears in both of the
responses due to GhGs with historical and future aerosols
and its effect can also be seen in the CTLfut minus CTLhist
responses, it is not clear why the subsidence appears consist-
ently at east of the TC.

The total changes in the TC structure point to contribu-
tions from both the future changes in aerosols and GhGs.
Surface latent heat flux increases in the whole area of the
TC, though the increases are weaker at the center of the
TC (Fig. 8d). There is greater ascent at the lower-levels
at a 100-300 km radius of the TC due to combined future
GhGs and aerosols than either due to future aerosols or
future GhGs alone, though this increase is asymmetrical,
with smaller increases at the western portions of the TC in
similar areas where the anomalous subsidence is found due
to future GhGs (Fig. 8g). Meanwhile, there is an anomalous
subsidence at 850 hPa over areas closer than 50 km from the
center of the TC, though not as strong as that found in the
cleaner aerosol state alone (Fig. 8g). However, unlike the
pattern due to the atmospheric effect of future aerosols, this
anomalous subsidence at the center of the TC is confined
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to the lower-troposphere. The vertical cross-section of the
TC suggest a stronger increase in ascent over areas between
100-200 km from the center of the TC, consistently through-
out the column (Fig. 9a). Meanwhile, there are no significant
changes in vertical velocity closer to the TC center between
850 hPa and 250 hPa, and ascending motion is favored above
250 hPa (Fig. 9a), similar to the anomalies found at this
altitude due to GhGs alone. Finally, the pattern of the TCP
changes indicates the contribution of both factors, with an
increase in precipitation over the entire extent of the TC but
a more modest increase closer to the center of the TC than
what is found due to future GhGs alone (Fig. 8a).

4 Discussion and conclusions

Although future changes in aerosols and GhGs are com-
monly analyzed together in climate models, reductions in
aerosol emissions and increases in GhG concentrations have
had opposite effects on TC frequency and/or intensity in
the historical climate according to some models (e.g. Sobel
et al. 2016, 2019; Ting et al. 2015; Mann and Emanuel 2006;
Dunstone et al. 2013; Booth et al. 2012). While aerosols can
modulate TC activity by cooling SSTs, thereby reducing TC
potential intensity, here we focus on the atmospheric effect
of the decline of aerosol emissions under fixed SSTs, using
TC-resolving Earth system model (E3SM) simulations under
the SSP5-8.5 scenario for the late-21st century.

We found that the future increases in GhGs and the
atmospheric effect of decreases in aerosols combined lead
to more frequent TCs in the North Atlantic (21%) due to
increased PI, reduced vertical wind shear, and a moister mid-
troposphere. In the South Indian Ocean, the combined forc-
ing results in 40% fewer TCs due in part to increased vertical
wind shear and mid-level drying. In the Northeast Pacific
there is a reduction of 31% in TC frequency, due to mid-
level drying and a reduction in low-level absolute vorticity.
The regional TC responses to increased GhGs are partially
compensated by the atmospheric effect of future aerosols.
In particular, future GhGs (aerosols) lead to more (less)
frequent Atlantic TCs and less (more) frequent Northwest
Pacific TCs. Notably, these regional TC changes compensate
each other, producing insignificant changes in global TC
frequency in response to the atmospheric effects of future
aerosols and future GhGs individually and in combination.

Alone, the atmospheric effect of a cleaner atmosphere
is associated with a more active monsoon season over
South Asia. Accordingly, the atmosphere over the North-
west Pacific becomes more moist and anomalies in the
trade winds lead to reductions in vertical wind shear and
increases in low-level absolute vorticity, supporting a more
favorable TC environment over the Northwest Pacific. Note
that as the experiments used prescribed SSTs, this monsoon
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enhancement may be more intense than in a coupled atmos-
phere-ocean model. Still, it is consistent with studies that
suggest that anthropogenic aerosols are associated with a
weakening of the summer monsoon, while GhGs contribute
to a strengthening of the monsoon in the historical period
(Saha and Ghosh 2019; Guo et al. 2015).

In addition, the varied regional TC frequency responses
due to the atmospheric effects of future aerosols indicate
that the changes in TC frequency identified in this study pre-
dominantly stem from the impact of the alterations in aero-
sol concentration and distribution on the large-scale atmos-
pheric circulation, similar to the dynamic pathway identified
by Murakami et al. (2020). Despite insignificant effects on
global TC frequency, both the atmospheric effect of reduced
aerosols and increased GhGs contribute to stronger TCs in
the future. The number of major TCs increases significantly
in the future climate due to combined GhG and aerosol forc-
ings, with an increase that is greater than the individual con-
tribution of reduced aerosols and increased GhGs.

TC precipitation is also significantly affected by both
the atmospheric effect of reduced aerosols and increased
GhGs. Global TCP increases by 52.8 + 3.7% (Table 5), or
14.1 + 2.1%/ °C (Table 4), which is greater than the theoreti-
cal 7%/°C increase estimated by Clausius—Clapeyron. Future
GhGs alone contribute to TCP changes at a rate similar to
the theoretical value, with increases of 6.9 + 1.2%/ °C and
8.3 + 1.4%/ °C, given historical and future aerosol condi-
tions, respectively. This corresponds to a total increase of
28.1 + 3.6% and 33.3 + 4.0%, respectively. Aerosol reduc-
tions have a relatively smaller contribution, with increases
of 14.7 £ 3.9% and 19.3 + 4.1% given historical and future
GhGs and SSTs, respectively.

While future aerosol and GhG contributions to the TCP
response are of the same sign, they have important differ-
ences in their spatial distribution. Increased GhGs increase
rainfall at the inner-core of the TC. There is greater surface
latent heat release and ascent in the TC inner-core, favoring
convection. This response fades with distance from the TC
center, leading to weaker precipitation increases at the TC
outer-bands. On the other hand, future aerosol reductions
are associated with precipitation enhancements at the outer-
bands of the TC, with greater surface latent heat release
and greater ascent in the TC outer-bands, favoring convec-
tion. Furthermore, there is anomalous subsidence at the
inner-core of the TC due to the atmospheric effect of future
aerosols, reducing rainfall in the TC inner-core. The total
response to both future aerosols and GhGs/SST jointly is a
combination of both of these changes, with greater precipita-
tion increases at the TC outer-bands and weaker precipita-
tion increases at the TC center.

This change in TCP patterns is similar to what has been
found in observations. Satellite observations suggest that
there is a spatial pattern of TCP trends in the 21st century,

with a reduction of precipitation in the TC inner-core and
an increase in the outer regions (Guzman and Jiang 2021;
Tu et al. 2021). While these studies do not suggest a link to
reductions in aerosol concentrations, it is interesting to note
that a similar structure was found in this study. Moreover,
Lin et al. (2023) found a 11% increase in precipitation within
100 km of the TC center under a 5-fold increase in anthro-
pogenic aerosol concentrations in a cloud resolving model
without ocean coupling, with this amount doubling with
ocean coupling during the mature stages of the TC. This
is consistent the results found in the present study for the
reduction in aerosol emissions. Note that Lin et al. (2023)
performed the experiments in a convection-permitting model
at 3 km horizontal resolution.

In this study, the experiments treat all of the SST change
as attributable to GhGs, which is a simplification. Part of
the ocean warming could be attributed to the direct effect of
the aerosol reductions, which would lead to greater radia-
tive warming of the ocean surface in the future climate. Xu
et al. (2018) suggested that 20% of the warming between
the historical and late-20th century (2060-2080) RCPS8.5
scenario in CESM can be attributed to the future reductions
in aerosols, amounting to a 0.6K global warming (0.9K
over land). A similar rate was found in the GFDL model,
where the reduced aerosol emissions contribute to about 1K
global warming by the end of the 21st century in the RCP8.5
scenario relative to the 1881-1920 period, compared to a
total warming of nearly SK (Westervelt et al. 2015). While
our experiments with future aerosols neglect this effect due
to the experimental design, it is revealing that significant
responses in TC activity were found due to future aerosols
in basins adjacent to areas with the greatest reductions in
aerosol emissions, specifically over the Northwest Pacific.

Note that the experiments analyzed here do not use a
coupled ocean. Ocean feedbacks can affect TC develop-
ment through a few processes, such as: mixing of the sur-
face water with deeper ocean water and cooling the surface,
leading to a negative feedback on TC development (Korty
et al. 2008; Zhang et al. 2021); increased heat uptake by
evaporation (Zhang et al. 2021; Singh and Roxy 2022); and
freshening of the upper ocean, leading to cooler underlying
SSTs (Schade and Emanuel 1999; Bender and Ginis 2000;
Karnauskas et al. 2021; Balaguru et al. 2022; Singh and
Roxy 2022). This ocean feedback has also been suggested
to enhance precipitation near the eyewall of TCs under high
anthropogenic aerosol concentrations, producing more
intense TCs than a polluted environment without ocean cou-
pling (Lin et al. 2023). These processes are not represented
in atmospheric-only experiments.

As the spatial resolution of these experiments is not
sufficient to resolve convection, the results depend on the
convection parametrization. This is an important source
of uncertainty in the representation of TCs in climate
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models, and numerous studies have aimed to understand
and improve their representation. A short discussion of
this effect can be found in the “Appendix 2”.

Aerosol-cloud interaction is still a poorly understood
component of the climate system, and it remains a main
source of uncertainties in estimations of the radiative
feedback in a warming climate (Szopa et al. 2021). This
is partially due to scarce observations, with most of the
concurrent measurements of profiles of cloud dynamics,
microphysics, and aerosols made infrequently or over
relatively small areas (Fan et al. 2016). Still, the main
source of aerosol influences on the effective radiative
forcing under prescribed SST are cloud-mediated effects
(Fiedler et al. 2023). The inclusion of a sophisticated para-
metrization of aerosol-cloud interactions has been shown
to improve the zonal mean temperature biases in CMIP5
models (Ekman 2014). While there were significant
improvements in CMIP6 models, significant inter-model
differences remain. In general, models with a greater posi-
tive cloud feedback to GhGs also have a stronger cool-
ing effect from aerosol-cloud interactions, but the mag-
nitude of the aerosol-mediated cloud radiative response
to a 4 x CO, varied from — 1.39 to + 0.63 W/m? among
30 CMIP6 models studied by Wang et al. (2021). Even
in cloud-resolving models, there is low-confidence in the
effect of aerosol-cloud interactions, with bulk schemes
unable to fully reproduce the aerosol-cloud interactions,
while spectral bin microphysics is both computationally
expensive and limited by the observational uncertainties
(Fan et al. 2016; Khain et al. 2015).

These possible sources of uncertainty may be reflected in
the present study. There is evidence that clouds are highly
sensitivity to perturbations in aerosol concentrations in
E3SM version 2 (Golaz et al. 2022). The choice of para-
metrizations may lead to uncertainties in the representation
of the indirect effect of the aerosols, as described above.
Meanwhile, the representation of microphysics processes
associated with cloud formation may lead to further uncer-
tainties, as evidenced by studies that used convection-resolv-
ing models which suggest the opposite effect of aerosols on
TCP than found in the present study (e.g. Krall and Cottom
2012; Wang et al. 2014; Rosenfeld et al. 2012). This sug-
gests that further research could be performed to address
how robust these results are across different climate models
and scales.

This research suggests that, while SST may be an impor-
tant contributor to the TC responses to aerosol emissions,
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the atmospheric effects of aerosols can significantly con-
tribute to changes in TC activity. Moreover, it highlights
the importance of the proper representation of the spatial
distribution of aerosols when studying projected changes in
future TC frequency and precipitation.

Appendix 1: Supplementary figures
and tables

This section includes figures and tables that support the
changes in TC frequency and precipitation, discussed
in Sect. 4 (Figs. 10, 11, 12, 13, 14, 15, 16, 17, 18) and
(Tables 6, 7, 8, 9, 10).

(a) Northern Hemisphere

10 20 30 40
(b) Southern Hemisphere

CTLhist ‘
ghgHaerF }—‘:I:}—{
ghgFaerH }—DZ'—{

crirut — [ :

0 10 20
Number of TCs/year

ghgFaerH

CTLfut

Fig. 10 Total number of TCs in each experiment for a the northern
hemisphere, and b the southern hemisphere. The mean TC frequency
in the southern hemisphere for CTLhist and ghgFaerH are signifi-
cantly different. No other significant changes were found at the 95%
level. The boxplot represents the internal atmospheric variability of
the 10-member ensemble in each experiment. The edges of the box-
plots show the 25th and 75th percentiles. Whiskers represent 1.5 the
interquartile range. Outliers are marked with diamond-shaped sym-
bols. The median is marked as a straight line, and the mean is noted
by a white circle in panels a and b
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Table 6 Same as Table 2, but

S Experiment Total catO catl cat2 cat3 cat4 Major (%) ACE
considering only TCs formed
over 40°S and 40°N CTLhist 89.5falll 57 g lalll 23.50cdl 7 41d 07ledl 0 0.8alll 605.1/b<1
ghgHaerF 78.3lal 4741 20.9 8.3 1.7ed 0 2,20l 525 .4fail
ghgFaerH 79.41al 4754 19.8 7.7 4.3 0.1 5.5t 672.313b!
CTLfut 78.51a 41.8 la<l 19.0 1090l 6.6l 0.2 8.6 [alll 672.4 !

Table 7 Same as Table 3, but considering only TCs formed over 40°S
and 40°N

Experiment CTLhist ghgHaerF ghgFaerH CTLfut
NA 1391l 9.glall 19.6/21 15.5al
NEP 23.3fbdl 143t 21.7tbdl 15.1lac!
NI 5.7 5.4 6.9 8.3[ab!
NWP 19.3(b<l 22.1M2¢l 14,5t 19.8¢l
SA 1.1ed 1.5 2.3 2.4 @bl
SEP 1.8 2.5 1.9 2.0

SI 13.4falll 10.2fall 5.3fabl 5.5labl
SWp 11.61 13.1¢ 7.4k 11.4fcl

Appendix 2: Dependence of TC development
on convective parametrization in climate
models

While CLUBB, used in E3SM, has better performance in
reproducing observed temperature and precipitation than the
median across CMIP5 models, some biases remain, such
as excessive tropical water vapor and underestimation of
ice clouds in the midlatitudes (Guo et al. 2015). Qian et al.
(2023) have investigated the sensitivity of E3SM version 1
to changes in 18 tunable parameters of cloud and convective
parametrizations. They found that the relative importance of
each parameter has a strong spatial dependence, with model
improvements in one area often leading to degradation in
other areas with different latitude, surface type, and/or cloud
regime. There is evidence that differences in convection

Effect of future GHG concentration given historical aerosols
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Fig. 11 Difference between the ASO-averaged, ensemble-mean of the
ghgFaerH minus CTLhist experiments (representative of the effect of
the change in GhGs given historical aerosols) for a potential intensity
(m/s); b vertical wind shear between 850 and 200 hPa (m/s); ¢ abso-
lute vorticity at 850 hPa (s™!), d relative humidity at 600 hPa (%),

(b) Vertical Wind Shear
=* ~

-124-9.3 -6.2 =3.1 0.0 3.1 6.2
m/s

9.3 124

(d) Relative Humidity at 600hPa
et

§ T
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-0.4 -0.2 0.0 0.2 0.4
Number of TCs

120°E 180°

e GPI (dimensionless), and f TC genesis in a 2.5° grid (number of
TCs). Stippling indicates significant anomalies at or above the 95%
significance level for panels (a—e). Values are shown for the Northern
Hemisphere
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120°E 180°

Fig. 12 Difference between the ASO-averaged, ensemble-mean DGPI
(dimensionless) for a CTLfut minus ghgHaerF; b ghgFaerH minus
CTLhist; ¢ CTLfut minus ghgFaerH; d ghgHaerF minus CTLhist;
and e CTLfut minus CTLhist. Panels a, b represent the responses due

0° 120°E 180° 120°wW 60°W

ghgHaerF-CTLhist DGPI
=7 % o

-

-6.8 -5.1 -3.4 -1.7 0.0 1.7 34 51 6.8

to changes in GhG, while panels ¢, d represent the changes due to the
atmospheric effect of aerosols. Panel e represents the changes due to
both future GhGs and aerosols. Stippling indicates significant anoma-
lies at or above the 95% significance level

Effect of future GHG concentration given future aerosols - JFM
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R
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Fig. 13 Difference between the JFM-averaged, ensemble-mean of
the CTLfut minus ghgHaerF experiments (representative of the effect
of the change in GhGs given future aerosol) for a potential intensity
(m/s); b vertical wind shear between 850 and 200 hPa (m/s); ¢ abso-
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(b) Vertical Wind Shear
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lute vorticity at 850 hPa (s7!), d relative humidity at 600 hPa (%), e
GPL and f TC genesis in a 2.5° grid (number of TCs). Stippling indi-
cates significant anomalies at or above the 95% significance level for
panels (a—e). Values are shown for the Southern Hemisphere
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Effect of future aerosols given future GHG concentration
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Fig. 14 Difference between the ASO-averaged, ensemble-mean of the
CTLfut minus ghgFaerH experiments (representative of the atmos-
pheric effects of future aerosol given future GhG) for for a potential
intensity (m/s); b vertical wind shear between 850 hPa and 200 hPa
(m/s); ¢ absolute vorticity at 850 hPa (s~!) and d relative humid-
ity at 600 hPa (%); e Genesis potential index (GPI, dimensionless);
f Pressure vertical velocity (omega) at 500 hPa (Pa/s); g zonal wind
at 200 hPa (m/s). Contours in this panel shows the ensemble mean

(b) Vertical Wind Shear
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(d) Relative Humidity at 600hPa
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zonal wind at 200 hPa in the CTLhist experiment; h Sea level pres-
sure (contour), precipitation (colors) and 850- hPa wind; i TC genesis
in a 2.5° grid (number of TCs). For panels a—g, stippling indicates
significant anomalies at or above the 95% significance level. In panel
(h), the values are only shown for the North Indian and Northwest-
ern Pacific, to focus on the monsoon, and only significant values are
shown
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Effect of both future GHG concentration and future aerosols - JFM

(a) Potential Intensity

-18.0-13.5-9.0 -45 0.0 45 9.0 135 18.0

m/s

(c) Absolute vorticity at 850hPa
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Fig. 15 Difference between the JFM-averaged, ensemble-mean of the
CTLfut minus CTLhist experiments (representative of the effect of
the changes in both GhGs and future aerosols) for a potential inten-
sity (m/s); b vertical wind shear between 850 hPa and 200 hPa (m/s);
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(b) Vertical Wind Shear
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for panels (a—e)



The atmospheric effect of aerosols on future tropical cyclone frequency and precipitation...

(a) Northern Hemisphere
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Fig. 16 Latitude of the maximum wind speed from the 10-member
ensemble of each E3SM experiment in the Northern Hemisphere
(left) and in the Southern Hemisphere (right). The edges of the box-
plots show the 25th and 75th percentiles of the latitude of the maxi-
mum wind speed in the TCs. Whiskers represent 1.5 the interquar-
tile range. Outliers are marked with diamond-shaped symbols. The
median is marked as a straight line, and the mean is noted by a white
circle. For both hemispheres, there are significant poleward displace-
ment of the latitude of maximum wind speed with changes in GhG/
SST (differences between CTLfut minus ghgHaerF, ghgFaerH minus
CTLhist and CTLfut minus CTLhist), but not with future aerosols
(CTLfut minus ghgFaerH and ghgHaerF minus CTLhist)

Table 8 Area-average ensemble mean percent change in precipitation
for the experiments

Precipitation (%) Error
CTLfut-CTLhist 13.25 0.62
CTLfut-ghgHaerF 8.2 0.67
ghgFaerH-CTLhist 8.11 0.55
CTLfut-ghgFaerH 4.75 0.77
ghgHaerF-CTLhist 4.67 0.38

The values are shown over the ocean for the globe, averaged on the
whole simultation year. The error correspond to deviations from the
ensemble mean under the 95% confidence interval, and represent the
variability between ensembles. Only regions equatorwise from 60°
latitude were considered

schemes can also generate significant differences in TC
frequency and intensity, though studies diverge on which
parametrization parameters are more suitable to reproduce
the TC frequency, depending on the model, parameters and
area analyzed (Vitart and Stockdale 2001; Zhang and Wang
2018; Villafuerte et al. 2021; Fuentes-Franco et al. 2017;
Russotto et al. 2022). There are a few possible explanations
for these differences. Vitart and Stockdale (2001) suggested
that uncertainties in global TC frequency due to convective
parametrization, though generally small, are associated with
the background stability of the atmosphere, with convective
parametrizations with stronger/weaker background Convec-
tive Available Potential Energy (CAPE) producing more/less
TCs. Zhao et al. (2012) suggested that the TC frequency in a
high resolution global climate model is sensitive to the hori-
zontal cumulus mixing rate parameter, through changes in
the midtropospheric total convective mass flux and entrain-
ment into the convective cores. An increase in cumulus mix-
ing rate leads to a sharp increase in TC frequency initially,
but to a decrease in TC frequency when the parameter gets
to large values. They also suggested that TC frequency is
sensitive to the strength of the damping of the horizontal
flow, with increases in this parameter leading to more TCs
being formed. Zhang and Wang (2018) suggested that the
sensitivity of TC frequency and intensity in the North Pacific
to convective parametrization schemes is explained by dif-
ferences in the simulated low-level circulation. Simulations
with convective parametrizations that produced more TCs
had stronger low-level circulation between dry and wet
columns, which was aided by stronger evaporative cooling
associated with low-level clouds. Russotto et al. (2022) sug-
gested that TC activity is sensitive to changes in the mul-
tipliers for the entrainment rates for the strongly entraining
plumes in the cumulus convective parametrization, with
increases in this parameter leading to more frequent and
intense TCs. Fuentes-Franco et al. (2017) analyzed how TCs
are represented with two different convection schemes over
the CORDEX Central America domain and found that there
are significant differences in TC density, duration, and inten-
sity depending on convective parametrization, and that TCs
are generally better represented in the North Atlantic than
in the Northeast Pacific. Villafuerte et al. (2021) suggested
that convective parametrizations with weaker, less frequent
TCs over the Philippines have drier mid-tropospheric envi-
ronments and smaller areas of positive low-level vorticity
over the Pacific Ocean.
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Table 9 Percent change in total TC precipitation due to future GhGs, globally for all TCs, calculated as the radially-averaged TCP at 25 km, at
50 km, 100 km, 400 km and 500 km from the center of the TC

Atmospheric effect of future aerosols given

Historical GhGs Future GhGs

Precipitation (%) Error (%) Precipitation (%) Error (%)
TCP25 km —-122 6.0 —-8.3 6.4
TCP50 km - 6.6 5.8 -1.9 6.1
TCP100 km 9.9 5.2 15.7 54
TCP400 km 14.9 5.0 19.5 5.2
TCP500 km 9.8 5.0 14.1 5.6

Effect of future GhGs given

Historical aerosols Future aerosols

Precipitation (%) Error (%) Precipitation (%) Error (%)
TCP25 km 11.5 1.8 13.3 2.1
TCP50 km 9.9 1.6 11.7 2.0
TCP100 km 7.8 1.5 9.5 1.8
TCP400 km 54 14 6.7 1.5
TCP500 km 5.3 14 6.5 1.5

The response due to the atmospheric effect of future aerosols is shown on the top, given historical GhGs (difference between the ghgHaerF
minus the CTLhist) and given future GhGs (CTLfut and ghgFaerH). The response due to future GhGs is shown on the bottom, given historical
aerosols (difference between the ghgFaerH minus the CTLhist) and given future aerosols (CTLfut and ghgHaerF). The margin of error corre-
sponds to deviation from the mean under the 95% confidence interval

Fig. 17 Boxplot of the mean
TCP in each experiment,
divided by categories accord-
ing to the Saffir-Simpson scale
radially averaged TCP at: a

TCP per category
(a) TCP at 50km
10 1 w2 3 '
750 '

(b) TCP at 100km

¢
50 km, b 100 km, ¢ 400 km, P : : s %400 . U
d 500 km from the center of 500 e}
the TC. The boxplot represents E ‘ E 200 i * M
the internal variability of the 250 ! %* , é é % % é
experiments for all TCs in the 1
10 ensemble members in each 0 ' 0 ’

experiment. The edges of the
boxplots show the 25th and 75th
percentiles. Whiskers represent
1.5 the interquartile range. Out-
liers are marked with diamond-
shaped symbols. The median is
marked as a straight line
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Table 10 Area-average
ensemble mean difference in

Atmospheric effects of future aerosols

mean precipitation in each Historical GhGs Future GhGs

basin (in mm/day and percent), — —

total TCP (+ < 500 km, Precipitation TCP TCF Precipitation TCP TCF

in percentage) and TC (mm/day) (%) (%) (TCsly) ~ (mm/day) (%) (%) (TCsly)

frequency (in TCs/year) for

the atmosphere effect of NA 0.07 19  -22 —44%  —0.07 -16 -10  -60%

acrosols given historical GhGs — \pp  _ 96 -15 27— 104 0.06 15 47 —87%

(ghgHaerF minus CTLhist) and

future GhGs (CTLfut minus NWP 1.23 27.7% 44.1* 4.8% 1.60 35.1% 53.3* 8.5%

ghgFaerH) NI 0.34 13.8* 7.1 0.3 0.81 21.2% 25.1% 1.7
SI 0.24 7.8% 6 —3.2% 0.28 8.6* 11.0 1.5
SWP 0.24 6.5 -35 -0.8 0.26 6.5% 13.8* 3

The changes in background precipitation are shown for the most common TC season in each hemisphere
(ASO for the northern hemisphere and JFM for the southern hemisphere). Only regions over the ocean and
equatorwise from 60° latitude were considered. Significant values at or above the 95% confidence level are
marked with an asterisk

Precipitation Latent Heat Flux w at 850hPa
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Fig. 18 Difference between the mean precipitation within a 300 km
radius of the TCs for a CTLfut minus CTLhist experiments, rep-
resentative of the effect of changing both aerosols and GhG/SST
(colors), and mean values in the CTLhist experiment (contours); b
CTLfut minus ghgHaerF experiments (colors), representative of the
effect of future GhGs given future aerosols, and mean values in the
ghgHaerF experiment (contours); ¢ ghg2100aer2100 minus CTLhist,
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representative of the atmospheric effect of the future aerosols given
historical GhGs (colors), and mean values in the CTLhist experi-
ment (contours); d—f Same as a—c, but for Surface Latent Heat Flux
(W/m?); g—i Same as a—c, but for vertical velocity in pressure coor-
dinates (Pa/s) at 850 hPa. Stippling represents areas where the differ-
ences are not significant at the 95% confidence level
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