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Abstract
Whether, and to what extent, strong tropical volcanic eruptions (TVEs) affect global tropical
cyclone (TC) genesis frequency (TCGF) remains uncertain. Here, we address this issue using both
high-resolution reanalysis data and large ensemble simulations. We find a significant increase in
TCGF over the Pacific within two years following TVEs, while a statistically insignificant decrease
over the South Indian Ocean, leading to an overall increase in global TCGF driven mainly by
Pacific basin responses. Strong TVEs suppress precipitation over the Maritime Continent and
lower global mean sea surface temperature (SST), while inducing warming in the equatorial central
Pacific, resulting in an El Niño-like SST pattern. These anomalies weaken the Walker Circulation
and drive low-level westerly wind and upper-level easterly wind anomalies over the tropical Pacific,
creating favorable conditions for enhanced Pacific TCGF. These results offer new insights into how
TVEs influence TC activity on both global and regional scales.

1. Introduction

Tropical cyclone (TC) activity is regulated by a vari-
ety of internal variabilities and external forcings. Over
the past few decades, significant attention has been
given to understanding how these factors influence
TC activity, particularly in terms of TC genesis fre-
quency (TCGF) across various basins (Walsh et al
2015, Emanuel 2018, Zhao et al 2022). Most of pre-
vious studies have focused on the influence of atmo-
spheric and oceanic internal variabilities on TCGF,
spanning from interannual to decadal and multi-
decadal scales (Wang and Chan 2002, Li et al 2015,
Patricola et al 2016, Zhang et al 2017, 2018, Zhao
et al 2018, Murakami et al 2020, Sobel et al 2021). In
addition, anthropogenic forcing has been shown to
induce basin-dependent TCGF changes (Murakami
et al 2012, 2013, 2018, Knutson et al 2019, Zhao et al

2020a, 2020b, Chand et al 2022). However, as a nat-
ural source of climate variability, the influence of
tropical volcanic eruptions (TVEs) on global TCGF
remains inconclusive and contentious, highlighting a
critical gap in our understanding of TC activity in the
context of natural climate variability (Camargo and
Polvani 2019, Benton et al 2022).

TVEs typically inject a large amount of sulfate aer-
osol particles into the stratosphere, reflecting down-
ward solar radiation, which consequently leads to the
decrease in sea surface temperature (SST), modulat-
ing associated large-scale circulations (Nicholls 1988,
Pausata andCamargo 2019, Fadnavis et al 2021, Zhou
et al 2023). Previous studies have extensively dis-
cussed the influence of TVEs on global TCGF through
their modulation of atmospheric and oceanic cir-
culations, particularly with respect to TCGF in
the North Atlantic (Guevara-Murua et al 2015,
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Altman et al 2021, Dogar et al 2023, Zhou et al 2023).
Some studies have suggested that TVEs suppress
global or regional TCGF due to decreased SST and
modified phase of the El Niño-Southern Oscillation
(ENSO) (Emanuel and Nolan 2004, Yan et al 2017).
Particularly, some studies found a significant decrease
in North Atlantic TCGF following strong TVEs (Evan
2012, Guevara-Murua et al 2015, Chiacchio et al
2017). However, these results were potentially con-
taminated by contributions from El Niño variability
in observation (Patricola et al 2016, Camargo and
Polvani 2019). Recent studies have also pointed out
that no evidence supports a decrease in TCGF follow-
ing TVEs (Camargo and Polvani 2019, Benton et al
2022). This inconsistency underscores the need to
clarify the role of TVEs in modulating global TCGF.

Various mechanisms have been proposed to
explain the atmospheric and oceanic circulation
changes following TVEs. One of the most signific-
ant impacts of volcanic eruptions is a decrease in
global mean SST. The rate of SST cooling is highly
latitude-dependent, including an inter-hemispheric
asymmetry, which can lead to a meridional shift
of the intertropical convergence zone (Pausata and
Camargo 2019) and diverse changes in TC activity
(Yan et al 2017, 2019). Specifically, TVEs could also
induce drought in India and reduce tropical precip-
itation. The redistribution of heating sources further
alters monsoon systems (Paik et al 2020, Chen et al
2022, Liu et al 2022, Zhou et al 2023), which can sub-
sequently lead to changes in regional TCGF. However,
whether monsoon circulation intensifies or shows a
basin-dependence after TVEs remains under debate
(Robock 2000, Iles et al 2013, Liu et al 2016, Zhou et al
2021, 2022, 2023). Many studies argued that TVEs
can trigger El Niño events in the following 1–2 years
by inducing strong equatorial westerly wind anom-
alies (Khodri et al 2017, Eddebbar et al 2019, Chai
et al 2020,Dogar et al 2023).Nonetheless, recent stud-
ies based on paleoclimate simulations have suggested
that changes in the occurrence of El Niño events fol-
lowing TVEs is insignificant and depends largely on
the preconditions of oceanic states, eruption timing,
and the amount of volcanic sulfate aerosols (Liu et al
2018, Predybaylo et al 2020, Zhu et al 2022).

Currently, confidence is lacking in depicting
global TCGF changes in response to TVEs based on
observations due to the co-existence of multiscale
climate modes affecting TCGF and the limited
observational records available. Although numerical
ensemble simulations using global climate models
are often used to detect the TVE effects, they could
not reliably capture TC activity due to their relat-
ively coarse model resolutions. In this study, we ana-
lyzed two major TVE events (El Chichón in 1982
and Pinatubo in 1991) using both reanalysis data
and high-resolution large ensemble simulations. The
Agung eruption in 1963 was excluded because of

unreliable TC best-track data prior to 1980, especially
in the Southern Hemisphere. We will show that a
clear increase in global TCGF following TVEs can be
detected from observations after removing the effects
of internal climate variabilities, such as ENSO (Jin
1997, Jin et al 2014), Interdecadal Pacific Oscillation
(IPO; Li et al 2015, 2018, Zhao et al 2020b), and
AtlanticMulti-decadal Oscillation (AMO; Zhang et al
2018, Song et al 2022, Zhao et al 2022). Furthermore,
high-resolution large ensemble simulations confirm
a robust increase in global TCGF resulting from
the weakening of the Walker circulation associated
with the reduced precipitation over the Maritime
Continent.

2. Data andmethodology

2.1. TC best-track data and reanalysis datasets
In this study, we used the TC best-track data from
the International Best Track Archive for Climate
Stewardship (IBTrACS) for 1950–2010, which
contain 6 h TC center (longitude and latitude)
and intensity (maximum-sustained surface wind)
information (Knapp et al 2010). The TC genesis loc-
ation was defined when its surface wind speed first
reached or exceeded 35 knots (about 17.2 m s−1)
during its lifespan. The TCGF during 1950–2010
was summed during the TC season from June to
November for the Northern Hemisphere and from
December to the following April (1950–2011) for
the Southern Hemisphere. Before 1980, Southern
Hemisphere TCGF was derived from ERA5 data,
while Northern Hemisphere TCGF was compared
with corresponding ERA5 values. The TC best-track
dataset for the Northern Hemisphere, excluding the
Indian Ocean, was obtained from the Joint Typhoon
Warning Center. Due to frequent data gaps, TC
records in the Southern Hemisphere and North
Indian Ocean before 1980 are considered less reli-
able. Therefore, the 1963 Agung eruption was not
considered in this study. We thus focus on the two
more recent events, namely Pinatubo and El Chichón
eruptions. Also, the TCGF after removing the 11-
year running mean for the Southern Hemisphere is
derived from the ERA data to substitute the TCGF in
observation before 1980 although we did not analyze
the TVE impact of Agung.

We used themonthly atmospheric data, including
850 hPa and 200 hPawinds, from the ERA5 (Hersbach
et al 2020) with a horizontal resolution interpol-
ated to 2.5◦. The 6 h ERA5 data, including surface
wind speed, sea level pressure (SLP), 850 hPa vorti-
city and 500–300 hPa averaged temperature, are used
to derive the TCGF in ERA5 reanalysis. The monthly
SST data were derived from the National Oceanic and
Atmospheric Administration (NOAA) (Huang et al
2017) and Hadley Centre Sea Ice and SST (HadISST)
(Rayner et al 2003) with the horizontal resolution
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interpolated into 1◦× 1◦. The precipitation data were
obtained from the Global Precipitation Climatology
Project (Huffman et al 1997, 2023).

2.2. NOAA-20C large ensemble reanalysis
The observed TCGF only contains two volcanic erup-
tion cases. To reduce the randomness and uncer-
tainty induced by low sample size, we further used
a large ensemble dataset for twentieth century (20C)
from NOAA. The version 3 of NOAA-20C assimil-
ated observed (reported) SLP to the model and gen-
erated 80 ensemble members by slightly perturbat-
ing the SLP (Slivinski et al 2019). This new version
of NOAA-20C has a horizontal resolution of total
spheric wavenumber 254 (about 50 km) and a 6 h
interval, which can be used to explicitly extract the
TC-like vortices based on tracking algorithm (Hodges
et al 2017). We analyzed the derived TCGF across 80
ensemble members from 1970–2010.

2.3. Large ensemble simulations fromGeophysical
Fluid Dynamic Laboratory (GFDL) and
community earth systemmodel (CESM)
We used large ensemble simulations by two global
climate modeling centers to assess the TCGF change
in response to volcanic eruptions. The first large
ensemble simulations are based on the SPEARmodel
developed by the GFDL, which is a new genera-
tion seamless model for synoptic to multi-decadal
simulations, predictions and projections (Delworth
et al 2020, Lu et al 2020, Xiang et al 2022). The
model physics, including parameterized schemes, are
renowned with the improved capability to simu-
late intraseasonal variability (Xiang et al 2022). The
dynamic core of cubic spheres in SPEAR is inherited
from the previous version of high-resolution atmo-
spheric model in GFDL (Zhao et al 2009). It has
an approximate horizontal resolution of 0.5◦ with
576× 360 grids, enabling it to resolve the TC-like vor-
tices reasonably. Previous studies have demonstrated
that SPEAR can well simulate the climatological dis-
tribution of TCGF and multiscale variabilities under
realistic boundary forcing (Delworth et al 2020, Lu
et al 2020). The historical runs of the SPEAR model,
covering 1921–2014, were forced by reconstructed
stratospheric aerosol data and greenhouse gas (GHG)
concentrations, consistent with the Coupled Model
Intercomparison Project (CMIP) protocols (Eyring
et al 2016, Haarsma et al 2016). Unlike CMIP, SPEAR
includes 30 ensemble members, each initialized dif-
ferently but using the same aerosol and GHG con-
centrations. The daily-averaged surface wind and SLP
data during 1921–2014 are used in this study to detect
the TC information (see the TC detection algorithm
in Method), and the monthly SST, precipitation, and
winds data are used to analyze the circulation changes
induced by volcanic eruptions. Note that both of
strongTVEs occurredwell before 2014. Therefore, the

limitation of simulation data to 2014 does not affect
our analysis or conclusions.

We also recalculated the annual mean SST and
TCGF from 1940–2010 in a previous study based
on Forecast-oriented Low Ocean Resolution mod-
els with and without flux adjustment (FLOR-FA and
FLOR), and SPEAR model in GFDL (Murakami et
al 2020). The three models from GFDL provide 95
ensemblemembers with FLOR, FLOR-FA and SPEAR
each containing 35, 30 and 30 ensemble members.
The models have two scenarios that one is natural
forcing experiment that only the volcano-induced
aerosols are added in the simulations and the other
is All Forcing experiment that both anthropogenic
GHG and volcano-induced aerosols are added as the
external forcing (Murakami et al 2020).

The second large ensemble simulations are from
the CESM developed by the National Centers for
Atmospheric Research (NCAR) (Hurrell et al 2013,
Danabasoglu et al 2020). Its dataset is used to verify
the results based on the dataset from SPEAR. The
CESM has different groups of ensemble simulations
for various research purposes. We also adopted the
historical run with 35 ensemble members. CESM1
has a horizontal resolution of 0.9◦ × 1.25◦, which
is relatively coarse for detecting TC-like vortices.
However, CESM1 provides 6 h instantaneous wind
data for 1990–2005 and the monthly data of SST and
winds for 1921–2005. This allows us to analyze the
1991 volcanic eruption. Notably, the instantaneous
wind speeds in TCs are usually stronger than the 6 h
averaged and daily mean values. We used the 850 hPa
instantaneous winds to derive the TC-like vortices.
Although the CESM1 underestimated the climato-
logical TCGF compared to the observations and the
SPEAR, its simulated spatial distribution of TCGF is
reasonable.

2.4. TC detection algorithm and spatial
distribution of TCGF
In this study, we used the TC detection algorithm
provided by the GFDL (www.gfdl.noaa.gov/tstorms/)
to extract the TC-like vortices in the ERA5, NOAA-
20C, SPEAR and CESM datasets (Zhao et al 2009,
Murakami and Wang 2010, 2023).

As in our previous studies (Song et al 2022, Zhao
et al 2022), we defined TCGF as the number of TCs
generated in an area of 20◦ in longitude and 10◦ in
latitude centered at a given grid point of 1◦ by 1◦

resolution.

2.5. Definitions of ENSO, IPO and AMO
The SST data were derived from HadISST. Here, we
first removed the annual mean from 1950–2010 data,
and then removed the linear trend. The monthly
ENSO index was calculated based on the averaged
SST in the Niño3.4 region (120◦–170◦ W; 5◦ S–5◦ N).
For the Northern Hemisphere, the annual ENSO
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index was averaged from June to November, while
for the Southern Hemisphere, it was averaged from
December to April of the following year. Themonthly
IPO index was downloaded from https://psl.noaa.
gov/data/timeseries/IPOTPI/, and the monthly AMO
index from https://psl.noaa.gov/data/timeseries/
AMO/.

2.6. Removal of ENSO, IPO and AMO signals in
observations
TCGF is modulated by internal oceanic modes across
interannual to interdecadal timescales (Wang and
Chan 2002, Vimont and Kossin 2007, Jin et al 2014,
Li et al 2015, Zhang et al 2018, Zhao et al 2018,
Murakami et al 2020). To minimize their influences,
we sequentially removed ENSO, IPO and AMO sig-
nals from the observational data, following methods
outlined in previous studies (Ashok et al 2003, Zhao
et al 2016). Note that we removed themonthly signals
of oceanic factors to analyze the monthly evolution of
global mean SST.

2.7. Definitions of global mean SST and strong
TVEs
To quantify the TVE impact on global mean SST,
we defined global mean SST as the SST averaged
between 60◦ S and 60◦ N, excluding higher latit-
udes potentially covered by sea ice. In the simulations,
we presented the global mean SST anomalies during
1921–2014 (1921–2005 for CESM) with the baseline
fixed as the climatological mean during 1921–1950.
We also applied an 11-year running mean to min-
imize the warming trend in historical high-resolution
large ensemble simulations since 1980s. In the obser-
vations, the original global mean SST anomalies are
derived by sequentially removing the monthly clima-
tology and linear trend from 1960 to 2020. The mod-
ified global mean SST anomalies are obtained after
removing the oceanic modes as introduced above.

In this study, strong TVEs are defined as those
with a volcanic explosivity index ⩾5 and a strato-
spheric sulfate (SO4) injection of at least 5–10 Tg.
These thresholds are informed by the characterist-
ics of major eruptions discussed in previous studies
(Sato et al 1993, Robock 2000, Zanchettin et al 2016),
and provide a consistent and objective basis for event
selection in our analysis.

3. Results

3.1. TCGF increase in response to TVEs
Figure 1 shows the changes in SST and TCGF
in response to the two strong TVEs since 1980.
Generally, the global mean SST displays a weak pos-
itive anomaly before the TVE and evolves into neg-
ative afterwards based on both original (green) and
signal-corrected (purple) time series (figures 1(a) and
(b); supplementary figures 1(a) and (b)). However,
the magnitude and duration of TVE-induced global

mean SST anomalies vary between the two TVE
events. The Pinatubo (120◦ E, 15◦ N) erupted on
15th June 1991, sustained until early September, and
induced a strong negative global mean SST anom-
aly in 1992, while the 1991 summer SST changed
little due to the short reaction time (figure 1(a)). In
contrast, the El Chichón (93◦ W, 17◦ N) erupted in
March 1982, which is half strong of the Pinatubo
eruption, induced a negative global mean SST anom-
aly in the same year (June–September; figure 1(d)),
with global mean SST quickly recovered in autumn of
1982. Due to notable SST cooling (∼0.17 ◦C), 1992
(for Pinatubo) and March–September 1982 (for El
Chichón)were identified as periods of strong volcanic
impact in the observations, as shown in figures 1(a)
and (b) (shaded) and supplementary figures 1(a) and
(b). SST anomalies also show distinct regional pat-
terns in response to the eruptions (figures 1(c) and
(d); supplementary figures 1(c) and (d)). Negative
SST anomalies were observed in the Atlantic Ocean
and western part of the North Pacific, and positive
SST anomalies were mainly located in the tropical
central to eastern Pacific in 1–2 years after the TVE
events. These patterns show consistency in both spa-
tial distribution and magnitude in SST change before
and after removing the internal climate variabilities,
including ENSO (Jin 1997, Jin et al 2014), IPO (Li
et al 2015, Zhao et al 2018, 2020a, 2024), and AMO
(Zhang et al 2018, Song et al 2022, Zhao et al 2022)
and in different SST datasets (supplementary figure
1). Both the SPEAR from the GFDL and the CESM
from the NCAR well reproduced the global mean
SST decrease induced by the two events (figure 2).
However, there are slight differences in themagnitude
of negative global mean SST anomaly and the start
time and duration of the TVE impact between reana-
lysis and the model simulations. In CESM, the SST
response to TVEs is delayed by about one year relat-
ive to SPEAR (figure 2). Based on the response time
of global mean SST cooling to the TVE, we con-
sider 1982 in SPEAR and 1983 in CESM as the El
Chichón influence (figure 2), while for the Pinatubo,
we selected 1991–1992 in SPEAR and 1992–1993 in
the CESM.

Remarkably, the global TCGF in 1992 reached
101—the highest observed during the study period of
1980–2010. This number is about 12.7 (figure 1(e);
green dot) more than the mean from 1987 to 1997
in observation and around 13.7 (figure 1(e); orange
median line) higher in 80-member ensemble mean
of NOAA-20C (green line; figure 1(e)), with 12.8
(11.2) more in the Northern Hemisphere and 0.1
(2.5) less (more) in the Southern Hemisphere in
respective observation and reanalysis (figures 1(f)
and (g)). The number of observed global TCs in
March–September for 1982 was about 5.7 (2.5)
higher than the 11 year running mean in obser-
vation (simulations) with dominant contribution
from Northern Hemisphere (figures 1(e) and (f)).
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Figure 1. TVE impact on SST and TCGF over the globe. (a) Monthly evolution of Pinatubo SST anomaly with (purple) and
without (green) the influence of oceanic modes removed; (b) monthly evolution of El Chichón SST anomaly; (c) the SST
anomalies (averaged in 1992) after Pinatubo erupted, and (d) the El Chichón-related SST anomalies between March to September
1982; (e) box-and-whisker plot of global TCGF anomalies among 80 ensemble members of NOAA-20C reanalysis (purple) and in
observation (green); (f) NH TCGF anomalies; and (g) SH TCGF anomalies. Here, the SST and TCGF in 1982 were calculated
based on the average from March to September according to (b) while the SST and TCGF in 1992 were annually averaged
referring from (a). The SST anomalies are obtained after removing oceanic internal variabilities (ENSO, IPO and AMO). The
global TCGF was the sum of the NH and SH values. The box-and-whisker plot shows anomalous TCGF values of maximum, 75%
percentile, median, 25% percentile and minimum across 80 ensemble members while the green dots represent the observed TCGF
after removing the 11 year running mean.

Moreover, the observed TCGF is 3.6 higher in June–
September for 1982, indicating that the TVE of El
Chichón also contributes positively to the increase of
TCGF.

Global anomalies of SST and TCGF in response to
the TVEs arewell reproduced by high-resolution large
ensemble simulations (figure 3 and supplementary
figure 2). The GFDL model reproduces the observed
decrease in globalmean SST, ranging from−0.2 ◦C to
0 ◦C (figures 3(a), 2 and supplementary figure 2), and
the increase in the global TCGF following both TVE
events (figure 3(b)). We further divided the globe
into four regions in SPEARmodel: North Pacific (NP;
figure 3(c)), North Atlantic and North Indian Ocean
(NAI; figure 3(d)) for the Northern Hemisphere,
and Australia (AUS; figure 3(e)) and the South
Indian Ocean (SIO; figure 3(f)) for the Southern
Hemisphere. The TCGF in theNP, which accounts for
52.6% of the global TCGF during 1980–2010, shows
an increase comparable to the global increase, thus
contributing the most to the global TCGF increase
in response to TVEs (figures 3(b) and (c)), con-
sistent with observations (figures 1(e) and (f)). The

NAI TCGF also increased dramatically following the
two TVEs (figure 3(d)). In contrast, the TCGF in
the SouthernHemisphere shows inconsistent changes
between the two TVEs, with a seesaw between the
SIO and AUS following the El Chichón eruption
but consistent increase following the Pinatubo erup-
tion (figures 3(e) and (f)). The former caused the
insignificant change in global TCGF in 1982, while
the latter led to the significant increase in 1992.
Additionally, we examined the TCGF change induced
by the Pinatubo eruption in the high-resolution large
ensemble simulations from CESM. Similarly, TCGF
shows a nearly global increase, except for a slight
decrease in a small area in the SIO and eastern Pacific
(supplementary figure 3).

We further explored the spatial patterns of
TCGF anomalies in observation, reanalysis and high-
resolution simulations (figure 4). For observation
(figures 4(a) and (b)), in response to the Pinatubo
eruption, a widespread enhancement of TCGF is
seen across the western and eastern North Pacific,
the North Indian Ocean, and the South Pacific east
of Australia (figure 4(a)). In contrast, the SIO and
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Figure 2. The GMSST anomalies from 1971–2001 in two HES. (a) The GMSST anomalies from 1921–2014 averaged between
60◦ S and 60◦ N compared with the climatological baseline from 1921–1950 in SPEAR model; (b) same as (a) but for the CESM
model from 1921–2005; (c) the GMSST anomalies with a 11 year running window based on (a); and (d) same as (c) but for the
CESM. The gray shading represents the model spread and the black line stands for the ensemble mean. The blue, cyan and green
bars marked two TVE cases. The purple lines represent the eruption time of El Chichón in 1982 while the red lines represent the
eruption time of Pinatubo in 1991. The shading of cyan stands for the influence time of El Chichón in 1982 in SPEAR model
while 1982 in CESMmodel. The shadings of green indicate the volcanic influence time of Pinatubo between 1991–1992 in SPEAR
model but 1992–1993 in CESM model.

the tropical Atlantic Ocean exhibit a decrease. The
El Chichón eruption shows a broadly similar pat-
tern with increased TCGF over the tropical Pacific
and decreased activity over the SIO. However, the
TCGF anomalies exhibit smaller magnitudes, and
even show opposite pattern in the South Pacific east
of Australia and the Atlantic Ocean north of 15◦ N
(figure 4(b)).

These observed patterns are corroborated by the
NOAA-20C reanalysis ensemble mean (figures 4(c)
and (d)), which captures the spatial signatures of
enhanced Pacific activity, and the suppressed activ-
ity in the SIO and the tropical Atlantic Ocean. This
agreement strengthens confidence in the robustness
of the volcanic impact on TC genesis. The model-
simulated anomalies from the SPEAR large ensemble
(figures 4(e) and (f)) further confirm these findings.
Importantly, due to the large ensemble design, the
internal climate variabilities such as ENSO, the IPO,
and the AMO are strongly suppressed, allowing a
more direct assessment of the volcanic forcing. In
the model simulations, the TCGF increase over the
tropical Pacific following the Pinatubo eruption is
consistently reproduced, extending from the western
to eastern North Pacific and into the South Pacific.
Similarly, the response to El Chichón (figure 4(f)) also
features enhanced TCGF over the Pacific, although
the signal appears weaker than that for Pinatubo,

potentially due to differences in eruption magnitude
and background climate conditions. Furthermore, it
is noteworthy that the simulated TCGF anomaly is
stronger in 1991 than in 1992 (supplementary figure
4), indicating a prompt response in SPEARmodel. In
addition, analysis based on the relative importance of
the Genesis Potential Index (Camargo et al 2007) sug-
gests that the increase in TCGF anomaly is domin-
antly contributed by the dynamical factors, particu-
larly enhanced low-level vorticity and reduced vertical
wind shear (supplementary figure 5).

Previous studies have noted that TVEs often coin-
cide with El Niño events (Nicholls 1988, Khodri et al
2017, Chai et al 2020, Dogar et al 2023). However,
whether the volcano eruption directly trigger El Niño
(Zhu et al 2022, Zhou et al 2023) or whether the
observed TCGF changes result from El Niño or the
TVE events remains a subject of debate (Evan 2012,
Camargo and Polvani 2019). More importantly, in
observation, 1991 is an El Niño developing year while
1992 is a neutral year. However, the 1992 TCGF is
record-breaking high (figures 4(a) and (c)), which is
mainly contributed by the increase of Pacific TCGF
anomalies. It suggests a non-ENSO-related driver—
likely volcanic in origin. The general consistency in
spatial response patterns across observations, reana-
lysis, and simulations suggests a robust volcanic influ-
ence on TC genesis, particularly in the Pacific basin.
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Figure 3. Global mean SST anomalies and TCGF from 1970 to 2000 in ensemble simulations. (a) Global mean SST anomaly; (b)
global TCGF anomaly; (c) TCGF anomaly over the North Pacific; (d) TCGF anomaly over the North Atlantic and North Indian
Ocean; (e) TCGF anomaly over Australia; and (f) TCGF anomaly over the South Indian Ocean. The shading in (a) represents the
spread of SST anomalies simulated by 30 ensemble members, and the light colors in top left of (b)–(f) stand for the TCGF in 30
ensemble members. The subplots in the (b)–(f) enlarge the ensemble mean of TCGF anomaly for two TVE cases that are marked
in top left.

3.2. Large-scale circulation changes in response to
TVEs
To understandwhy the response in TCGF to the TVEs
favors such a pattern as shown in figure 4, we ana-
lyzed circulation anomalies in response to the TVEs
based on reanalysis data and SPEAR (figures 5, sup-
plementary figures 6 and 7). Both reanalysis and high-
resolution large ensemble simulations show that the
easterly wind anomalies at the upper level domin-
ate over the tropical Pacific. The low-level circula-
tion shows a clear baroclinic response over the trop-
ics, with the tropical westerly wind anomalies penet-
rating the entire Pacific region for both the Pinatubo
and El Chichón events, while the Atlantic Ocean is
dominated by easterly wind anomalies. This config-
uration is favorable for TC genesis over both the
South and North Pacific for the Pinatubo and El
Chichón (figure 4). Over the SIO, there is an anom-
alous cyclonic circulation over the western part and
anticyclonic circulation over the eastern part for both
Pinatubo and El Chichón (supplementary figures
6(b) and 7(d)), contributing to the dipole pattern in
TCGF anomalies (figure 4).

Figures 5 and 6 also present SST and precipit-
ation anomalies in response to the TVEs based on
the ensemble averaged from SPEAR. Tropical pre-
cipitation shows a dramatic and region-dependent
response to the TVEs. The TVEs induce signi-
ficant negative precipitation anomalies over the
Maritime Continent and a slight increase over
the equatorial central and eastern Pacific. This is
closely related to the decrease in precipitation over
the Maritime Continent and the increase over the
central Pacific. The ensemble mean SST anomaly
was <0.5 ◦C, below the threshold for a central-
Pacific El Niño. Nevertheless, El Niño-like SST pat-
tern emerges, resulting in a significant weaken-
ing of the Pacific Walker circulation with low-level
westerly wind anomalies and upper-level easterly
wind anomalies (figure 5). The weakened Pacific
Walker circulation is responsible for the signific-
ant increase in Pacific TCGF. The anti-Walker cir-
culation over the Indian Ocean strengthens slightly,
leading to a westward shift of the SIO TCGF region
with a dipole pattern in TCGF anomalies, while
the total TCGF changes are negligible. Since the
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Figure 4. The observed, reanalyzed and simulated TCGF anomalies in response to the TVEs. (a) Observed TCGF anomaly in
response to Pinatubo eruption; (b) observed TCGF anomaly induced by El Chichón eruption; (c) same as (a) but derived from
80-member ensemble mean reanalysis of NOAA-20C; (d) same as (b) but from NOAA-20C; (e) same as (a) but for the ensemble
average in the SPEAR model; and (f) same as (b) but for the SPEAR model. The white dots represent area above the 90%
confidence level based on Student’s test.

TCGF over the Pacific contributes the most to the
global TCGF, the TVEs induce a robust increase
in Pacific TCGF, which dominates the increase in
global TCGF.

3.3. Contribution of the TVE to TCGF change
Based on observation, the standard deviation of
global TCGF is about 8.8. Notably, TCGF was
12.7 above the climatological mean after the
Pinatubo eruption, indicating that the TVEs induced
an increase exceeding 1.44 standard deviations.
However, the observed TCGF changes induced by
TVEs are also tangled with internal variability. Here,
we further quantify the contribution of the TVEs
to TCGF changes using the ensemble simulations
(figure 7). We calculated the kernel density distribu-
tion across 30 ensemblemembers for the past 94 years
using the SPEAR model (figures 7(a)–(c)). The his-
torical global TCGF across these members shows a
normal distribution with a median value of 80.2.
In contrast, in response to TVE events, the median
value rises to about 88, indicating that TVEs con-
tribute 7.8 TCGF counts (figure 7(a)), close to one
standard deviation (7.7) in SPEAR. This increase in
global TCGF is dominantly contributed by that in
the Northern Hemisphere (figure 7(b)), whereas the
Southern Hemisphere shows weaker contributions,
partly due to a seesaw pattern between TCGFs in

the SIO and ASU (figure 3). To further elucidate the
regional contributions, we analyzed the probability
density functions of TCF over the Pacific including
North and South Pacific (figure 7(d)). The results
reveal a rightward shift in the distribution under
TVEs, with the median TCF increasing by 4.1 (from
48.9 to 53). This regional increase accounts for
approximately 44% of the global TCGF rise, reinfor-
cing the Pacific as the primary region of TVE-induced
TC activity enhancement.

4. Conclusions and discussion

In this study, we investigated the global TCGF
response to recent TVEs and identified a robust
increase in Pacific TCGF following the two TVE
events, as evidenced by observations, reanalysis data,
and high-resolution large ensemble simulations.
While the TCGF changes over the Indian and Atlantic
Oceans are inconsistent and statistically insignific-
ant in both observations and simulations, the global
TCGF shows a clear increase after the TVEs, which
is dominantly contributed by that over the Pacific.
This aligns with previous debates on whether these
changes are linked to El Niño events (Camargo and
Polvani 2019, Zhu et al 2022, Zhou et al 2023). After
suppressing internal variabilities of ENSO, IPO and
AMO, we revealed a consistent and robust increase
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Figure 5. The TVE-induced wind anomalies at three different levels (300 hPa, 500 hPa and 850 hPa), and SST and precipitation
anomalies based on the ensemble average of 30 members in SPEAR. At 850 hPa level, the blue and brown shading represents the
SST anomalies induced by the TVE in the following 2 years; the green shading over the Maritime Continent represents the
precipitation anomaly. The convection over the Maritime continent is significantly suppressed as pointed by the ‘Decreased
Precipitation’, while it is enhanced over the central-eastern Pacific due to the El Nino-like tropical SST warming, which is
represented by the clouds in gray color. This figure shows two cyclonic circulation anomalies over the respective NH and SH at
850 hPa, while anticyclonic circulation anomalies occur at 300 hPa, which favors TC genesis over the Pacific.

in TCGF. Further analysis shows that in these two
strong cases, TVEs were associated with a signi-
ficant decrease in precipitation over the Maritime
Continent region, accompanied by a weak El Niño-
like SSTpattern. Consistentwith aMatsuno-Gill-type
response (Matsuno 1966, Gill 1980, Showman and
Polvani 2010), these anomalies result in a signific-
ant weakening of the Pacific Walker circulation with
low-level westerly wind anomalies and upper-level
easterly wind anomalies, responsible for the signific-
ant increase in Pacific TCGF. Note that uncertainty
remains in both simulated and observed TCGFs.
Because the TCGF is less reliable before 1980, we did
not consider the Agung eruption event in 1963. We
noticed that the SIO TCGF is overestimated in ERA5
reanalysis, with values comparable to those over the
western North Pacific. This conflicts with the clima-
tological mean during 1980–2010, where SIO TCGF
is substantially lower. Similar overestimation occurs

in the SPEAR ensemble simulations, which attribute
a disproportionately high contribution to SIO TCGF
(supplementary figure 9). In contrast, ensemble sim-
ulations using CESMunderestimates both Pacific and
Atlantic TCGFs while overestimates the Southern
Hemisphere TCGF contribution (supplementary
figure 9). Despite these discrepancies, the impact of
the Pinatubo eruption on the observed TCGF is more
pronounced than that of El Chichón, largely due to its
location and eruption strength. The Pinatubo erup-
tion, which occurred near the Maritime Continent,
is more likely to induce a substantial decrease in pre-
cipitation over the Pacific warm pool. This further
trigger tropical westerly wind anomalies across the
equatorial Pacific, inducing favorable conditions for
an El Nino-like SST anomaly pattern over the tropical
Pacific and TC genesis over the NP.

This study does not consider the contributions
from land-based changes. Previous studies have
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Figure 6. SST (shaded, unit: ◦C) and precipitation (contour, unit: mm) anomalies in response to TVE based on the ensemble
averaged from the SPEAR and CESM models. (a) SST and precipitation anomalies in response to the 1991 Pinatubo TVE for the
SPEAR (1991–1992); (b) same as (a), but for CESM (1992–1993); (c) SST and precipitation anomalies in response to the 1982 El
Chichón occurred for the SPEAR (1982); (d) same as (c), but for CESM (1983).

Figure 7. (a) The probability distribution function (PDF) of global TCF across 30 members with the purple lines standing for the
years of TVEs; (b) same as (a) but for the Northern Hemisphere; (c) same as (a) but for the Southern Hemisphere; and (d) same
as (a) but for the Pacific (North and South) regions.

pointed out that the land cools more than the ocean
after TVEs, especially in tropical regions. The sulfate
aerosols from the two TVEs directly suppressed pre-
cipitation in the Maritime Continent and western
Pacific warm pool, regions already rich in precipita-
tion. However, the impact of TVEs on themidlatitude
land regionsmight be less pronounced. Future studies
should examine how midlatitude volcanic eruptions,

which can generate inter-hemispheric asymmetric
responses in precipitation and SST, may cause a
different response in global TCGF. Exploring these
dynamics could provide deeper insights into the com-
plex interactions between volcanic forcing, atmo-
spheric responses, and TCGF.

These findings underscore the critical role
of volcanic forcing in modulating TC activity
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through ocean–atmosphere coupling. The robust
post-TVE increase in Pacific TCGF indicates that
even short-lived external forcings can leave lasting
imprints on regional and global atmospheric circula-
tion. It reinforces the broader relevance of externally
forced climate–cyclone interactions. TVE-induced
SST and precipitation anomalies may influence low-
frequency climate variability. These large-scale shifts
can in turn affect long-term heat and moisture trans-
port, with potential implications for global carbon
fluxes, including changes in oceanic carbon uptake
and terrestrial carbon storage. Collectively, our res-
ults highlight the importance of integrating TCs
into Earth system frameworks to better understand
climate–carbon feedbacks under episodic external
forcings.
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