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ATMOSPHERIC SCIENCE

Substantial global influence of anthropogenic aerosols
on tropical cyclones over the past 40 years

Hiroyuki Murakami'*

Over the past 40 years, anthropogenic aerosols have been substantially decreasing over Europe and the United
States owing to pollution control measures, whereas they have increased in South and East Asia because of the
economic and industrial growth in these regions. However, it is not yet clear how the changes in anthropogenic
aerosols have altered global tropical cyclone (TC) activity. In this study, we reveal that the decreases in aerosols
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over Europe and the United States have contributed to significant decreases in TCs over the Southern Hemisphere
as well as increases in TCs over the North Atlantic, whereas the increases in aerosols in South and East Asia have
exerted substantial decreases in TCs over the western North Pacific. These results suggest that how society
controls future emissions of anthropogenic aerosols will exert a substantial impact on the world’s TC activity.

INTRODUCTION

The effect of anthropogenic climate change on global tropical
cyclone (TC) activity is of great interest for society because of the
substantial adverse impacts that TCs can have in terms of natural
hazards, water resources, ecosystems, economies, insurance, and
mitigation policy. Hence, a large body of work has already been
carried out by scientists with respect to how anthropogenic climate
changes can potentially alter global TC activity, and this has been
examined in the context of past, present-day, and future climates
(1, 2). Although the detection and attribution of changes in TC
activity in the past is a challenging topic owing to the lack of long-
term reliable observations, several studies have shown a potential
impact of anthropogenic climate changes on global TC activity over
the past 40 years (I1-6). Specifically, Murakami et al. (5) revealed,
using a large number of climate modeling simulations, that a climato-
logical change in global TC activity over the period 1980-2018 can
be detected in the spatial pattern of TC frequency of occurrence
(i.e., TCF or TC density; “Observed data” section). They showed
that TCF has decreased substantially in the South Indian Ocean and
western North Pacific (WNP) since 1980, whereas it has increased
in the North Atlantic (NA) and Central Pacific. They revealed that
these changes were attributable to the changes in combined external
forcing, including greenhouse gases, anthropogenic aerosols, and
volcanic eruptions.

Meanwhile, Murakami et al. (5) showed substantial decreases
in TCF over the NA in the experiments in which only CO, was
increased while other external forcings were fixed. The sign of the
changes in TCF in the NA was opposite to that in the experiments
run with all anthropogenic forcings. These results indicate a sub-
stantial influence of anthropogenic aerosols on TC activity in the
NA, which is a finding that is consistent with a previous study (7).
Evan et al. (8) also reported a potential impact of anthropogenic
aerosols from South Asia on TC activity over the Arabian Sea. How-
ever, these studies focused on the impacts of aerosols on TC activity
atlocal scale. There is relatively less literature on how the changes
in anthropogenic aerosols all over the world could have potentially
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influenced global TC activity over the past 40 years. Emissions of
anthropogenic aerosols, specifically sulfate, since 1980 have been
spatially inhomogeneous, with decreased levels in the Western
Hemisphere (e.g., Europe and the United States) owing to pollution
control measures and increased levels in the Eastern Hemisphere
(e.g., South and East Asia) because of the economic and industrial
growth in these regions. We hypothesize that this spatial contrast in
the changes in aerosol emissions may have had substantial impacts
on TC activity not only at local scales but also at the global scale,
through global changes in large-scale circulation patterns. By
analyzing the results from several idealized climate simulations, the
present paper reveals how the global changes in emissions of
anthropogenic aerosols since 1980 may have influenced the spatial
distributions of TCs throughout the world.

RESULTS

Changes in TC spatial distributions

Figure 1A shows the observed difference in TCF (“Observed data”
section) between the means of 2001-2020 and 1980-2000, revealing
significant decreases in TCF over the WNP and Southern Hemisphere
(SH) and increases in the NA (highlighted in the black rectangles
in Fig. 1A). The observed changes in sea surface temperature (SST)
over the same period show substantial warming globally (Fig. 1B).
Specifically, the warming is larger over the mid-latitudes of the
WNP, NA, and southern Pacific. The east-west spatial contrast in
the warming over the Pacific Ocean, with a triangular-shaped cooling
region in the east, resembles the known patterns of decadal
variation in SSTs [e.g., mega El Nifio-Southern Oscillation (9) or
Interdecadal Pacific Oscillation (10)] such that the observed chang-
es in TCF, as shown in Fig. 1A, could be a result of various factors
including multidecadal internal variation and/or anthropogenic
forcing such as greenhouse gases and aerosols, as reviewed by
Murakami et al. (5).

To reveal the individual impacts of the regional distribution of
changes in anthropogenic aerosols on TCs globally since 1980, we
conducted idealized climate model experiments by imposing differ-
ent spatial emission patterns of anthropogenic aerosols (including
sulfate, black carbon, and organic carbon aerosols related to human
activity), while the other experimental settings remained identical
(“Model” and “Model experiments” sections). In the early-decade
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Fig. 1. Observed and simulated changes in SST, TCF, TGF, and sulfate. (A) Mean difference in the observed (A) TCF and (B) SST between 1980-2000 and 2001-2020.
(C and D) As in (A) and (B) but for the simulated differences between ALL21 and CNTL. (E and F) As in (C) but for the simulated TGF and simulated column-integrated
sulfate burden in response to the prescribed emissions of sulfate, respectively. Note that sulfate aerosols are just one type of aerosol emission included in the experiments,
along with black carbon and organic carbon. White crosses (dots) indicate where the difference over the grid cell is statistically significant at the 95% (90%) level according
to the bootstrap method. Units: number per year for TCF and TGF, K for SST, and kg m™ for sulfate.

control experiment (CNTL), the mean emissions of anthropogenic
aerosols for the period 1980-2000 were prescribed, whereas the
mean values during 2001-2020 were adopted in the late-decade
experiment (ALL21). The difference in the simulated sulfate aerosols
between ALL21 and CNTL—namely, SALL21—is shown in Fig. 1F,
revealing substantial decreases in anthropogenic sulfates over Europe
and the United States and increases over South and East Asia. The
resultant differences in the simulated TCF and SST reveal somewhat
similar spatial patterns as observed, especially over the domains of
interest (Fig. 1, C and D). These consistent changes in TCF and SST
between observations and the model simulations reveal a substan-
tial influence of anthropogenic aerosols on the global distribution
of TCs and associated large-scale parameters.

The changes in TCF might be associated with the corresponding
changes in TC genesis frequency (dg), TC track or motion (dt), and/or
their nonlinear combinations (dn). We applied an empirical statis-
tical method of passage frequency (11, 12) (“Empirical statistical

Murakami, Sci. Adv. 8, eabn9493 (2022) 11 May 2022

analysis for TCs” section) to quantify each factor’s contribution to the
total changes in TCF for each domain in Fig. 1C. The results reveal that
the change in TC genesis (dg) was the primary contributor to the total
change in TCF for all domains (Fig. 2A). The changes in TC genesis
frequency of occurrence (i.e., TGF; “Observed data” section) for
S8ALL21 (Fig. 1E) reveal similar changes to those for TCF (Fig. 1C).

Impact of anthropogenic aerosols on global TC genesis

To further elucidate what caused the TGF changes in the domains
indicated by the blue boxes in Fig. 1E, we applied a recently developed
(13) dynamic TC genesis potential index (DGPI) (“GPI and varia-
tional method” section). The DGPI consists of four dynamical
factors, and the DGPI changes adequately reflect the TGF changes
(Fig. 2B). By applying a variational method (“GPI and variational
method” section), we were able to identify which element of the
DGPI is responsible for the total changes in DGPI (Fig. 2, Cto F). It
turns out that the changes in upward midlevel motion (wsqo) is the
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Fig. 2. Empirical and DGPI analysis to identify the causes for the TCF and TGF changes. (A) Fractional contribution of each term to the TCF changes. TCF changes over
the three tropical domains (black rectangles in Fig. 1A) are decomposed into TC genesis change (dg), TC track change (dt), and other nonlinear effects (dn) through an
empirical statistical analysis. (B to F) Fractional contribution of each term to the total DGPI change. The total DGPI changes (B) are decomposed into each term'’s contribution
through a variational method by (C) wsqo (vertical velocity at 500 hPa), (D) Vs (vertical wind shear between 200 hPa and 500 hPa), (E) du/dy (meridional shear vorticity at
500 hPa), and (F) Ggso (absolute vorticity at 850 hPa). The numbers in (B) denote the area mean changes in DGPI over the three tropical domains, while the numbers in
(C) to (F) denote the fractional contributions to the total changes for each domain and each variable.

primary contributor to the decreases in DGPI in the WNP and SH,
whereas the changes in vertical wind shear is the primary contributor
to the increase in DGPI in the NA. These results suggest substantial
changes in large-scale circulations caused by the changes in anthro-
pogenic aerosols, which, in turn, have led to the changes in TGF.
To help us interpret what is indicated by the results of the DGPI
analysis, Fig. 3 (A and B) shows the mean circulation at the 200-hPa
level simulated in the CNTL experiment. The three domains of
interest are actually located between the subtropical westerly jets in
both hemispheres, and the simulated mean wind speed at 200 hPa
is relatively weaker (Fig. 3A). The WNP and SH domains are also
located near the center of divergence fields in the upper troposphere,

Murakami, Sci. Adv. 8, eabn9493 (2022) 11 May 2022

whereas the NA domain is located where the convergence fields are
in the upper troposphere climatologically (Fig. 3B). The changes in
upper-tropospheric winds simulated by ALL21 show alternating
patterns, revealing poleward shifts of the subtropical westerly jets
(Fig. 3C). The tropical NA is subject to weakened westerly winds
(Fig. 1C), which, in turn, lead to reduced vertical wind shear, result-
ing in increased TC activity. In contrast, the mean changes in the
divergent winds show convergence anomalies over the WNP and
SH domains (Fig. 3D), revealing that the mean upward motion was
weakened over these domains, which, in turn, led to decreased TGF
and TCF. Overall, these changes are consistent with the DGPI analy-
sis and could be the primary reason for the changes in TC activity.
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Fig. 3. Simulated mean large-scale circulation and the changes in the upper troposphere. (A) The mean winds at 200 hPa (vectors) and the wind speed for the zonal
component (shading) simulated by the CNTL experiment. (B) The mean velocity potential (shading) and divergent winds (vectors) at 200 hPa simulated by the CNTL
experiment. (Cand D) As in (A) and (B) but for the simulated differences between the ALL21 and CNTL experiments. White crosses (dots) indicate where the difference in
zonal wind over the grid cell is statistically significant at the 95% (90%) level according to the bootstrap method. Units: m s™' for wind speed and divergent winds;

10% m? s~ for velocity potential.

Impact of regional aerosol changes on TCs globally

As indicated in Fig. 1F, the decadal changes in anthropogenic
sulfate aerosols since 1980 are not spatially homogeneous: They
decrease over Europe and the United States but increase over South
and East Asia. Therefore, these different signs of change may exert
different changes in global TC activity. To investigate this hypothe-
sis, we conducted two further climate model simulations like ALL21
but with separately prescribed decreased emissions of anthropogenic
aerosols over Europe and the United States (W21; Fig. 4A) and
increased emissions of aerosols over South and East Asia (IP21;
Fig. 4E and Table 1). Figure 4 (B and F) reveals the changes in TCF
simulated by the W21 and IP21 runs relative to the CNTL experi-
ment, respectively. The simulated changes in TCF reveal somewhat
similar changes between 8W21 and 8IP21; however, there are some
substantial differences in the detail. For example, the increases in TCF
in the NA are significant in W21 but not in 3IP21 (Fig. 4, B and F,
and Table 2). On the other hand, both W21 and 8IP21 reveal
decreased TCF in the WNP but more significantly in 8IP21 than in
8W21. The decreased TCF in the SH is significant in §W21 but not
in 8IP21. The changes in large-scale circulations also reflect these
TCEF differences (Fig. 4, C, D, G, and H). Although both §W21 and
8IP21 show a poleward shift in the subtropical westerly jets in the
Northern Hemisphere (NH), the shift is further extended to the NA
in W21 but is not extended in 8IP21 (Fig. 4, C and G). Therefore,
the increases in TCF in the NA in SALL21 are more attributable to
the decreased anthropogenic aerosols in Europe and the United
States, whereas the effect of increased aerosols in South and East

Murakami, Sci. Adv. 8, eabn9493 (2022) 11 May 2022

Asia imposes minimal effects on the TCF and TGF changes in
the NA. Meanwhile, the decreases in TCF and TGF in the SH
simulated by SALL21 are more attributable to the decreased an-
thropogenic aerosols in Europe and the United States via the in-
creasing convergence in the upper troposphere over the SH (Table 2
and Fig. 4D).

DISCUSSION

We speculate that the reduction in anthropogenic aerosols in Europe
and the United States has caused hemispheric heating in the NH
relative to the SH, which, in turn, has led to anomalous meridional
atmospheric overturning circulation. More specifically, the NH acts
as an ascending branch, whereas the SH acts as a descending branch,
meaning convective activity is suppressed in the SH, leading to
fewer TCs being generated there. As for the WNP, the effect of
increased anthropogenic aerosols from India and China might have
played a major role in the decreased TCF and TGF in the WNP
relative to the decreased aerosols in Europe and the United States.
The increases in anthropogenic aerosols might have led to a cooling
over the Asian continent, thereby reducing the thermal contrast
between the Asian continent and the Indo-Pacific oceans, in turn
leading to a weakening of the Asian monsoon circulation in the
boreal summer (Fig. 5). Accordingly, the monsoon trough, which is
one of the major sources of TC genesis in the WNP (14), would be
weakened in the summer, resulting in decreased TCF and TGF over
the WNP (Fig. 5).
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Fig. 4. Simulated changes by the additional idealized aerosol-prescribed experiments. (A to D) Idealized experiments prescribed with decreased emissions of
anthropogenic aerosols over Europe and the United States only (W21). (E to H) As in (A) to (D) except for increased emissions of anthropogenic aerosols over South and
East Asia (IP21). (A) and (E), (B) and (F), (C) and (G), and (D) and (H) are the same as in Figs. 1 (F and C) and 3 (Cand D) but for W21 and IP21, respectively.

The weakening of vertical wind shear in NA could be partially
the result of local ocean warming by the decreased anthropogenic
aerosols through the wind-evaporation-SST feedback (15-16) as an
analogy of Atlantic Meridional Mode (AMM) (17-19). The surface
ocean warming might have caused a northward shift of the Inter-
tropical Convergence Zone that, in turn, leads to a northward shift

Murakami, Sci. Adv. 8, eabn9493 (2022) 11 May 2022

in ascending branch of the Hadley circulation that reduces upper-level
westerlies around the main development region of Atlantic TCs.
Meanwhile, it is argued that AMM is an intrinsic atmosphere-ocean
coupled internal mode, and its decadal variation might have caused
decadal variations in hydroclimate including TCs in the NA over
the past 40 years (16, 19). Because the SPEAR (Seamless System for
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Table 1. Experimental settings. Listed are the experiment names,
prescribed emissions of anthropogenic aerosols, prescribed level for other
external forcings (e.g., greenhouse gases and ozone), and the number of
simulation years.

N Prescribed Other external Simulation
ame . "
anthropogenic aerosols forcing years

CNTL 1980-2000 mean
ALL21 2001-2020 mean

As in CNTL except for the Fixed level at 200
w21 2001-2020 mean over 2000

Europe and US

As in CNTL except for the

1P21 2001-2020 mean over

South and East Asia

Prediction and Earth System Research) model reasonably simulates
AMM in terms of the amplitude and power spectrum as observed
(fig. S1), we estimated how much the decadal variation in AMM can
potentially affect the TCF increases relative to the effect of anthropogenic
aerosol forcing (Fig. 6). Overall, the SPEAR experiments reveal that
the decadal variation in AMM might have partially contributed to the
increasing TCF over the NA, but the increases in TCF are not as
large as the increases through the effect of anthropogenic aerosols.

In this study, we applied a newly developed DGPI to the analysis
of TGF changes. This is because the simulated changes in DGPI
were relatively more consistent with the simulated changes in TGF
than those in the other conventional GPI formula. For example,
another GPI commonly used is Emanuel and Nolan’s GPI (20).
Although this GPI also reproduced a similar spatial pattern in the
changes to the changes in TGF and DGPI for §ALL21, this GPI is
markedly inconsistent with the total changes in TGF over the key
domains of the tropical WNP and the SH (fig. S2). Most of the GPI
formula had been optimized on the basis of the observed TGF and
reanalysis data for the present-day climate but not on the basis of
the different climates such as future projections. Therefore, particu-
lar attention should be directed to the uncertainty in the usage of
GPIs for interpreting the changes in TGF in different climates.

As reviewed earlier, previous studies have reported the effects of
anthropogenic aerosols on TC activity at local scales from a thermo-
dynamical point of view. For example, aerosol loading over the
open oceans can inhibit solar insolation at the surface, leading to
cooler surface oceans that, in turn, lead to suppressed convection
and decreased TC activity (7). This paper adds one more important
aspect to the dynamical viewpoint. The decreased anthropogenic
aerosols in Europe and the United States must have caused anomalous
heating in the mid-latitudes of the NH, thereby causing reduced
meridional gradients of atmospheric temperature. This, in turn, will
have led to a poleward shift in the subtropical jets, thereby altering
the vertical wind shear that is important for TC activity in the
NA. The additional heating in the mid-latitudes in the NH might
have also induced subsidence anomalies over the tropics in the SH,
thereby reducing the frequency of TCs over the SH.

Note that although the signs of the changes in TCF and TGF in
8ALL21 are consistent with the observed changes over the past
40 years in most regions, quantitatively the changes are different
from each other (Table 2). This is because other factors aside from

Murakami, Sci. Adv. 8, eabn9493 (2022) 11 May 2022

Table 2. Observed and simulated changes in TCF and TGF. Observed
and simulated changes were computed over the tropical domains of the
WNP, NA, and SH for TCF (black rectangles in Fig. 1A) and TGF (blue
rectangles in Fig. 1E). The bold numbers indicate where the change is
statistically significant at the 95% level based on a bootstrap method.
Numbers in parentheses denote the P value.

TCF
Period or Fractional difference (P value)
difference WNP NA SH
2001-2020 .o )
Observations minus (20263)/0 3(3061;0 —34.5% (0.00)
1980-2000 ! !
ALL21 minus —4.8% 8.7%
— 0
G CNTL (0.01) (0.00) 6.4% (0.01)
W21 minus -1.4% 6.5%
— 0,
QLA CNTL (0.46) (0.03) 4-8%(0.03)
IP21 minus -4.1% -1.8% o
8IP21 CNTL (0.04) (0.60) 1.9% (0.36)
TGF
Period or Fractional difference (P value)
difference WNP NA SH
) 2001-2020 45 gg, 33.6%
Observations minus (0.02) (0.00) -15.9% (0.01)
1980-2000 ! !
ALL21 minus —5.9% 8.1% @
OALL21 CNTL (0.00) (0.01) —7.0% (0.00)
W21 minus —2.8% 4.7% o
dW21 CNTL ©041) 0.13) —3.9% (0.03)
IP21 minus —4.6% —2.0% o
5IP21 CNTL 0.01) (0.55) 2.4% (0.19)

anthropogenic aerosols might also have been involved in the ob-
served changes in global TC activity since 1980. As reported in one
of our previous studies (5), greenhouse gases, volcanic eruptions,
and multidecadal natural variability might also have played important
roles in the observed changes in TCs globally since 1980. Also, a
rigorous estimate of quantitative contribution of anthropogenic aero-
sols to the observed changes in TCF remains challenging in this
study. This is because the idealized experiments that we applied
were so-called fixed forcing experiments in which long-term simu-
lations were conducted with the fixed level of anthropogenic forc-
ing. This allows modeled climate system to adjust more than it
would via a transient response to forcing changes occurring over a
40-year period.

Another caveat is that the SPEAR model systematically under-
estimates intense TCs such as the Saffir-Simpson category 3-5 TCs
(maximum wind speed > 50 m s~') because the 50-km mesh hori-
zontal resolution is not high enough to resolve the intense TCs.
Because the observed changes in TCF for category 3-5 TCs are
somewhat different from those for all storms including both weaker
and intense TCs (Fig. 7), there might be uncertainty in the model
results for which category 3-5 TCs are missing. However, we may
be able to investigate whether the simulated changes of TCF in the
relatively intense TCs for the SPEAR model are consistent with
these in the observed category 3-5 TCs. It turned out that the
threshold of 50 m s™* for the observed category 3-5 TCs corresponds
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Fig. 5. Simulated Asian monsoon and its changes. (A) Mean winds at 850 hPa (vectors) and the wind speed for the zonal component (shading) during July-October
simulated by the CNTL experiment. (B) As in (A) but for the simulated differences between the ALL21 and CNTL experiments. (C and D) As in (B) but for the W21 and IP21
experiments, respectively. White crosses (dots) indicate where the difference in zonal wind over the grid cell is statistically significant at the 95% (90%) level according to

the bootstrap method. Units: ms™".
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Fig. 6. Simulation basin total July-November TCF over the North Atlantic
Ocean. (A) The histogram shows the July-November mean basin total TCF over
the North Atlantic during July-November through the 200-year simulations (CNTL
and ALL21) by SPEAR. The error bars show the regressed range of July-November
basin total TCF between AMM index +0.290 and —0.34c in the SPEAR simulations.
The simulated basin total TCF was linearly regressed onto the simulated AMM
index. Then, the TCF values at the specific AMM index values were computed using
the linear relationship. Given the fact that the observed July-November averaged
AMM index was +0.29c over the period 2001-2020 and —0.34c over the period
1980-2000, the range of computed regressed TCF values between AMM index
+0.290 and —0.34c is assumed to be the effect of decadal change in AMM on TCF
variation in the SPEAR model. This figure highlights that AMM affects the basin
total TCFs in the model, but the magnitude of the AMM effect, as measured by the
length of error bars, is not as large as the mean difference caused by anthropogenic
aerosols (i.e., mean difference between ALL21 and CNTL).

Murakami, Sci. Adv. 8, eabn9493 (2022) 11 May 2022

to the 87th percentile for the intensity of all storms in observations.
The same 87th percentile of the storm intensity for all simulated
TCs by the SPEAR model corresponds to 37 m s, Therefore, the
simulated storms with a maximum wind speed of 37 m s™' or greater
may be considered as “category 3-5 equivalent TCs” to represent
intense TCs in the SPEAR model. The SPEAR model through
SALL21 shows a similar spatial pattern of the TCF changes in the
category 3-5 equivalent TCs to that of the observed category 3-5
TCs (Fig. 7). This indicates that, consistent with observations, the
SPEAR model shows the different responses of TCF between weaker
and intense storms to the aerosol forcing. Meanwhile, it would be
preferable to use a high-resolution model that can simulate intense
TCs to minimize uncertainty.

Last, it is important to emphasize that changes in anthropogenic
aerosols, as well as greenhouse gases, apparently can exert substantial
impacts on global TC activity, which delivers an important message
to society regarding the seriousness of the impacts our activities are
having and therefore the political decisions we make in the future in
terms of changes in emissions and their potential impacts on TC
activity on the global scale.

MATERIALS AND METHODS

Observed data

The International Best Track Archive for Climate Stewardship (21),
version 4, was used over the period 1980-2020 for the TC data. We
defined a TC by the lifetime maximum intensity being greater than
or equal to 34 knots (i.e.,, 17.5 m s71) in the observations. As in our
previous study (5), only TC positions with maximum surface wind
speeds of 34 knots or greater were counted every 6 hours over each
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A Observed TCF (category 3—5 TCs, 250 m s'l)
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Fig. 7. Observed and simulated changes in category 3-5 TCs. (A) Mean difference in the observed TCF for the storm locations with maximum surface wind speeds of
50ms or greater. (B) As in (A) but for the simulated difference between ALL21 and CNTL in terms of the category 3-5 equivalent TCs (=37 m s7"). It turned out that the
threshold of 50 m s~ for the observed category 3-5 TCs corresponds to the 87th percentile for the intensity of all storms in the observations. The same 87th percentile in
the SPEAR model corresponds to 37 ms™'. Therefore, the simulated storms with a maximum wind speed of 37 ms™' or greater are considered as category 3-5 equivalent

TCs in the SPEAR model.

5° x 5° grid box globally. The total count for each grid box was
defined as the TCF. The TCEF fields were further smoothed using a
nine-point moving average weighted by distance from the center of
the grid box. The same computation was also applied to TC genesis
(i.e., the TGF). The monthly mean large-scale parameters, such as
200- and 850-hPa winds, were derived from the Japanese 55-year
Reanalysis (22) over the same period of 1980-2020.

Model
The Geophysical Fluid Dynamics Laboratory Seamless System for
Prediction and Earth System Research (SPEAR) (23) was used for

Murakami, Sci. Adv. 8, eabn9493 (2022) 11 May 2022

the climate model simulations. SPEAR consists of the new AM4-
LM4 atmosphere and land surface model (24, 25), the MOMS6 ocean
model (https://github.com/NOAA-GFDL/MOMS), and the SIS2
sea-ice model (26). The horizontal resolution of the ocean and ice
components is 1° x 1° while that of the atmosphere and land surface
is an approximate 50-km mesh. Note that SPEAR simulates the
mass distribution of five aerosol types: sulfates, dust, black carbon,
organic carbon, and sea salt. The concentrations in the model are
calculated on the basis of the emissions, chemical production for
sulfate and secondary organics, dry and wet deposition, transport
by advection, and dry and wet convection (24). Specifically, SPEAR
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includes a physical process that interacts between aerosols and
convection (i.e., the aerosol indirect effect) (24).

Model-simulated TCs were obtained directly from 6-hourly
outputs using the scheme documented by Harris et al. (27). In short,
the flood fill algorithm is applied to find closed contours of sea level
pressure anomalies along with 1-K temperature anomalies to identify
the warm core. The storm detection must maintain above certain
conditions, as well as a specified relaxed wind speed criterion
(ie., 15.75m s ') due to the 50-km horizontal resolution, for at least
36 consecutive hours.

Model experiments

We conducted four types of climate simulations using SPEAR by
prescribing various spatial patterns of emissions of anthropogenic
aerosols. A summary of the experiments is provided in Table 1.
These experiments are so-called long-term climate simulations
prescribed with fixed anthropogenic forcing. The simulations were
initiated from the random restart files derived from the 1000-year
preindustrial control experiments. The simulation length was 210 years,
but the first 10 years were disregarded as the spin-up period. In the
experiments, the solar constant and all anthropogenic forcings
except that of anthropogenic aerosols (e.g., greenhouse gases and
ozone) were fixed at the year 2000 level. The only differences among
the four experiments were the prescribed emissions of anthropogenic
aerosols (i.e., sulfur dioxide, sulfates, black carbon, and organic
carbon emissions caused by human activity including agriculture,
industrial, transportation, residential, commercial, solvent produc-
tion, and waste). In the model, in addition to the above anthropo-
genic aerosol emissions, dust emissions are calculated interactively
using a threshold for wind erosion, and sea salt emissions are also
computed interactively. The CNTL experiment was prescribed
with the mean emissions of anthropogenic aerosols over the period
1980-2000, and a counter experiment (ALL21) was prescribed with
the mean emissions of anthropogenic aerosols over the period
2001-2020. Therefore, the difference between ALL21 and CNTL
(i.e., BALL21) represented the difference in the emissions of anthro-
pogenic aerosols between 1980-2000 and 2001-2020. An idealized
experiment, W21, was also conducted, which was identical to
ALL21 except that only the changes in emissions of anthropogenic
aerosols over Europe and the United States were included, with the
rest of the world remaining unchanged from CNTL. Another idealized
experiment, IP21, was also carried out. This was again identical to
ALL21 except that only the changes in emissions of aerosols over
South and East Asia were included.

Empirical statistical analysis for TCs
To reveal the relative importance of TC genesis, TC tracks, and
their combinations for the changes in local TCF, we applied the
empirical statistical analysis technique developed by Yokoi and
Takayabu (11) and Murakami et al. (12). Full details of the method
are of course available in those references; however, in short, the
climatological mean TCF in a 5° x 5° grid cell can be written
as follows

JAY = [[ 5T x A &) dAy (1)
where f(A) is the TCF in a specific grid cell A, the overline indicates
a climatological mean, g(Ao) is the frequency of TC genesis in grid
cell A, t(A, Ay) is the probability that a TC generated in grid cell A
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propagates to grid cell A, and C is the entire global domain over
which the integration is performed. The change in TCF over grid
A simulated by an idealized experiment relative to the reference
experiment can be written as follows

8f(A) = J | 8g(40) x HAAo) dAo -+ [ g(A0) x 51(4, A0)dAo +
dg dt
I gt0) x 514, A0) A,

dn

)

where § is the simulated change of an experiment relative to the
reference experiment (e.g., SALL21). The simulated change in TCF
can be decomposed into three factors: (i) TC genesis distribution
change (first term, dg); (ii) TC track change (second term, dt); and
(iii) the nonlinear effect (third term, dn). After computing these
three terms for each grid, the area averages of these are computed
for the domains of interests (blue rectangles in Fig. 1E) to reveal
the factors responsible for the changes in local TCF over the
domains (Fig. 2A).

GPI and variational method

A new GPI developed by Wang and Murakami (13) was applied to
the climate simulations to quantify the large-scale parameters
responsible for the changes in TGF. Unlike the conventional GPI
formula, the new GPI, termed the dynamical GPI (DGPI), consists
of four dynamical parameters only, as follows

2.3
DGPI = (2.0 + 0.1 x V;) ™7 <5.5 - dg—;‘“’ x 105>

(5.0 — 20 X ®s500)*4 (5.5 + | Caso x 10°) e 10 (3)

where V; represents the vertical wind shear, which is defined as
the magnitude of the difference in wind speed between the 200- and
850-hPa levels (units: m s™'); Casso is the absolute vorticity at the
850-hPa level (s™1); w3500 represents the vertical p velocity (Pa s at
500 hPa; and dusg/dy denotes the meridional shear vorticity associated
with the zonal wind at 500 hPa (1500, s ). Wang and Murakami (13)
revealed a reasonable representation of the climatological mean of
global TGF in addition to the interannual variations relative to
observations. Note that the DGPI is not completely independent of
the thermodynamic factors. DGPI implicitly includes the thermo-
dynamic effect by incorporating the vertical motion term (sqo)-
s is highly correlated with midlevel relative humidity. In general,
mean upward motion is important for TC genesis because the
boundary layer flows converge and the upward transfer of moisture
increases the midlevel relative humidity (13). Both the dynamic and
thermodynamic conditions are also conducive to the initiation of
organized convection or incipient cyclonic circulation (i.e., the
“seeds”). DGPI is also significantly correlated with SST and maxi-
mum potential intensity (13).

To quantify which of the changes in the four variables in the
DGPI were responsible for the changes in the DGPI between the two
climate simulations, we applied a variational method. The changes
in DGPI can be decomposed into four factors, as follows

ADGPI = AF1 -F2 - F3 - F4 + AF2 - F1 - F3 - F4 +

- e 4
AF3 . F1 -F2.F4 +AF4 .F1 -F2.F3 )
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where the overbar represents the mean of a reference experiment
(i.e., CNTL) and A represents the change of an experiment relative
to the reference experiment. F represents each component term of
the DGPI. Each term of Eq. 4 represents the fractional contribution
to the total DGPI change. The total changes (left-hand side of Eq. 4)
are shown in Fig. 2A, and each term’s contributions are shown in
Fig. 2 (Cto F). The fractional changes relative to the total change are
computed for each term and domain of interest (blue rectangles in
Fig. 2, C to F), and the domain mean fractional changes are denoted
by the numbers in each panel in Fig. 2 (C to F).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abn9493
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