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A process-level understanding of the volcanically forced climate response is an
urgent challenge due to its similarities to the potential effects of geoengi-
neering techniques. Although the influence of volcanic forcing on El Nifio

events has been studied extensively, the mechanisms driving the volcanically-
induced immediate onset of El Nifio remain uncertain, with many climate
models producing a delayed El Nifio response compared to observations. In
this study, using large ensemble simulations that allow us to isolate the
impacts of volcanic forcing on the El Nifio response, we demonstrate a
mechanism that highlights the central triggering role of the Madden-Julian
oscillation (MJO), which has been overlooked in existing literature. Because the
land areas surrounding the Indo-Pacific warm pool dry more quickly after a
volcanic eruption, the background moisture distribution becomes more
favorable for the MJO to propagate eastward from the Indian Ocean into the
Pacific. This increases the likelihood of ensemble members having stronger
MJO activity in the western Pacific by about 35% compared to non-volcanic
years, which subsequently increases the frequency of westerly wind bursts by
about 76%, ultimately enhancing the probability of the onset of an El Nifio by
about 98% following major volcanic eruptions.

On 15" January 2022, the explosive eruption of Hunga Tonga-Hunga
Ha’apai injected the highest amount of water vapor into the strato-
sphere, rivaling the explosiveness of the Pinatubo eruption in 1991'. It
caused an estimated US$90.4 million in damages due to the effects of
the resulting tsunami and ashfall>. Volcanic eruptions (VEs), such as the
Pinatubo eruption, would impact not only economies but also regional
and global climates, as well as their seasonal predictability’. Volcanic
eruptions are a dominant form of external forcing that significantly
affects the climate by injecting dust particles and sulfur dioxide into
the atmosphere®. As sulfur moves into the stratosphere, it combines
with water and forms sulfate aerosols that reflect incoming shortwave
solar radiation. Because it takes a few years for these sulfate aerosols to

settle out of the atmosphere, they cool the Earth’s surface worldwide
during this period. For example, the Mt. Pinatubo eruption in June 1991
cooled the global surface by a few tenths of a degree Celsius over
about three years and led to a substantial decrease in global stream-
flow and land precipitation, as less shortwave radiation reached
the surface, thereby reducing evaporation and stabilizing the
atmosphere’.

In addition to its significant impact on the mean climate, VEs are
also known to affect natural modes of climate variability, such as the EI
Nifio-Southern Oscillation (ENSO), the dominant mode of tropical
interannual variability. However, no consensus has yet been reached
on the immediate ENSO response to volcanic forcing, complicating the
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current understanding of ENSO dynamics®™". Using targeted experi-
ments with global climate models (GCMs), most studies have reported
El Nifo-like responses to volcanic forcing', though La Nifa-like
responses and no significant responses have been reported as
well''>, Anomalous westerly winds over the western Pacific have often
been proposed as an important driver of the El Nifio events that
develop after a VE in simulations. That is, the volcanically forced
radiative cooling and drying occur faster over the land areas than the
ocean, especially over the Maritime Continent (MC) and surrounding
area, and the increased land-ocean temperature gradient weakens the
equatorial Walker circulation and enhances westerly anomalies in the
western Pacific, inducing El Nifio”" through the Bjerknes feedback'.
The cooling and reduction of precipitation over northern Africa are
also thought to be a major source of an altered Walker circulation after
volcanic eruption'®”. However, this mechanism has not been sup-
ported by a wider variety of models and, more importantly, produces
delayed El Nifio responses with a peak during the year after eruptions,
which fails to explain the observed immediate onset of El Nifio. While
the volcanically forced changes in tropical westerly wind is known to
be crucial for El Nifio onset, the proposed mechanisms are still
debated.

It has been widely accepted that the westerly anomalies asso-
ciated with weaker Walker circulation consist of a series of short-lived,
intense, and low-level westerly wind events that are referred to as
westerly wind bursts (WWBs)". WWBs are often associated with large
clusters of deep convective clouds® and are recognized as precursors
to El Nifio events because they excite downwelling oceanic Kelvin
waves?. In particular, when ENSO is in a neutral phase, El Nifio can be
strongly influenced by WWBs". For example, an increase in WWB
activity was observed prior to the 1982/83 and 1991/92 El Nifio
events”?, which occurred in conjunction with two major tropical
volcanic eruptions, El Chich6n (1982) and Mt. Pinatubo (1991).

The extent to which WWBs associated with deep convective
clusters contribute to the immediate onset of an El Nifio event within a
few months after a volcanic eruption remains unexplored, as previous
studies”** have relied only on monthly or seasonally averaged wind
data, in which the high-frequency signals of WWBs were averaged out.
In the present study, we use daily data to determine the possible
influence of volcanic-forced high-frequency WWBs on El Nifio through
their connection with the Madden-Julian oscillation (MJO). The MJO is
the dominant mode of tropical intraseasonal variability and is char-
acterized by an eastward-propagating, large-scale envelope of deep
convective clusters that is strongly coupled with circulation
anomalies®. After beginning its life cycle over the Indian Ocean, the
MJO reaches the western Pacific if it survives the barrier effect of the
Maritime Continent. In the western Pacific, studies have found that the
strongest, longest-lasting, basin-scale WWBs were mostly associated
with active MJO events®* 2%, These MJO-driven WWBs in the western
Pacific then increase sea surface temperatures (SST) in the eastern
Pacific by a few tenths of a degree Celsius®. Therefore, if MJO activity is
enhanced over the western Pacific, the likelihood of MJO-driven WWB
occurrence increases, eventually facilitating the subsequent develop-
ment of an El Nifio event. This hypothesis is tested in this study by
proposing a plausible mechanism using reanalysis data and climate
model sensitivity experiments. It is important to note that the role of
volcanically forced MJO on ENSO has been overlooked in existing
literature.

To test the hypothesis by isolating the volcanic forcing from other
external forcings, single-forcing large ensemble experiments (SE) are
utilized (see Methods for details). High model fidelity in simulating the
observed climate is essential to accurately quantify the impact of
forced signals on climate variability. However, many GCMs struggle
with systematic biases. For example, while EI Niflo immediately peaks
in the first winter following the major tropical volcanic eruption in
reconstructions and observations'®, most GCMs simulate the El Nifio

peak during the second or third winter™*"?’, limiting confidence in
the proposed mechanisms. The present study seeks to partly resolve
the issue by utilizing the Community Earth System Model Version 2.0
(CESM2) which is one of the few contemporary climate models that
can realistically simulate both the ENSO and MJO*°~*. In particular, as
demonstrated later, the timing of the El Nifio onset after volcanic
forcing (i.e., the first winter following an eruption) is captured well by
the CESM2, unlike most other GCMs. This accurate simulation of
response timing is a necessary condition for better understanding the
underlying mechanism.

Results

Volcanically forced responses of ENSO, MJO, and WWBs

This study focuses on two recent VEs: EIl Chichéon in April 1982 and Mt.
Pinatubo inJune 1991. Fig. 1 presents the observed temporal changes in
the monthly indices of Nifio 3.4, MC moisture, MJO activity, and WWB
frequency after the two VEs. The observations reveal that both VEs lead
to the drying of MC moisture, which reached a minimum 6-7 months
after the eruption (Fig. 1A). As documented in previous studies, El Nifio
intensified immediately after the two VE events and reached a peak
after about 7-9 months. However, this immediate onset is not simu-
lated in most GCMs. Before the El Nifio maximum phase, in conjunc-
tion with the enhanced MJO activity over the western Pacific (Fig. 1B),
the WWB frequency increases in the western Pacific before dropping
sharply after about 7 months, with MJO activity also suppressed
(Fig. 1C). These results suggest that an increase in MJO activity over the
western Pacific is associated with WWB activity, and it may have con-
tributed to the rapid development of an El Nifio event immediately
after the recent large VEs.

The spatial pattern of moisture (defined as column-integrated
water vapor) 3-7 months after the VEs exhibits significant negative
anomalies near the MC and positive moisture anomalies in the central
to eastern tropical Pacific (Fig. 2A and B), which is consistent with
previous studies”. Regarding the African drying mechanism'®”, the
observed moisture pattern shows a less consistent and weaker
response than the MC drying. During the same period, MJO activity is
suppressed in the vicinity of the MC and significantly enhanced in the
western to central Pacific, with the maximum near the dateline (Fig. 2C
and D). The similar changes in moisture and MJO activity anomalies
before the peak phase of El Nifio suggest that there could be a plausible
link between the moisture and MJO after recent VEs.

By fully utilizing all ensemble members in the CESM2-SE and
CESM2-LE, we assess the degree to which changes in MC moisture and
MJO activity are volcanically forced responses. Supplementary Fig. 1
presents the probability distribution of normalized monthly MC
moisture and MJO activity indices for the 3-7 month window after two
VE years and nonVE years. About 35% of the ensembles simulate
anomalously strong MC drying (defined as less than -1.00 of the
index) in VE years that is about twice as high as that for the nonVE years
(17.8%) (Supplementary Fig. 1A). During the same period, the likelihood
of MJO activity being anomalously strong (larger than +1.00) in VE
years increases by about 36% compared with the corresponding values
for the nonVE years (Supplementary Fig. 1B). Furthermore, using the
+1.00 threshold for the 3-7 month window, the westerly wind stress
(TAUx) index over the western Pacific increases by about 62% (Sup-
plementary Fig. 1C) and WWBs frequency increases by 76% during VE
years. Eventually, the chance of being strong El Nifio (defined as
greater than +1.00 of Nifo 3.4 index) increases by about 98% after
volcanic eruptions (Supplementary Fig. 1D). To further verify the
robustness of the results, the same analysis is performed with 100
ensemble members of CESM2-LE, and although the signals are weaker,
the responses are generally similar to CESM2-SE (Supplementary
Fig. 2). These results indicate that the observed MC drying and
enhanced western Pacific MJO activity are robust responses to large
volcanic forcing and suggest a possible link with WWBs and ENSO.
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Fig. 1| Observed temporal changes in the indices after two Volcanic
Eruptions (VEs). Averaged monthly time series of anomalous (A) Maritime Con-
tinent (MC) moisture, (B) Madden-Julian oscillation (MJO) activity, and (C) westerly
wind bursts (WWB) frequency indices (left y-axis) along with the Nifo 3.4 index (red

line, right y-axis) after two VEs: El Chichén (solid line) and Mt. Pinatubo (dashed
line). Month O indicates the pre-eruption month, and the dashed vertical lines
indicate 3 and 7 months after the eruption. A nine-point smoothing is applied to the
time series.
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Fig. 2 | Observed anomalous moisture and Madden-Julian oscillation (MJO)
activity after two Volcanic Eruptions (VEs). A, B Anomalous moisture and (C, D)
MJO activity averaged over a window of 3-7 months after the El Chichén and Mt.
Pinatubo eruptions. The brown and blue boxes indicate areas defined for the

Maritime Continent (MC) moisture index (90°E-150°E, 15°S-15"N) and the MJO
activity index (140°E-200°E, 15°S-15°N), respectively. The areas without stippling
marks where the anomalies are statistically significant at the 99% confidence level
based on two-sided ¢ tests.

While comparing the full ensembles between VE and nonVE years
offers an opportunity to understand forced responses in a probabil-
istic manner (Supplementary Figs. 1 and 2), averaging over all ensem-
ble members may underestimate the magnitude of internal variability,
as different ensemble members are in various climate states at the time
of a volcanic eruption. To further clarify the mechanisms responsible
for the volcanically forced MJO and ENSO, we cluster ensemble
members based on their ENSO phase similar to that observed in the
pre-eruption month (month 0). Sea surface height (SSH) anomaly,
which is a proxy for ocean heat variation in the Pacific, is used for
ensemble clustering (see “Methods”). We examine the response of the
MC moisture, MJO activity, TAUXx, WWB frequency, and ENSO to two
major VE forcings in CESM2-SE using ensemble members that have
similar ENSO states (neutral state) to that observed at month O and
compare the composites of ensemble members to the corresponding
nonVE clusters (Fig. 3). ENSO started with an initially neutral state, and
about three months after the VE, an El Nifo event develops and
becomes significantly different from the nonVE clusters (Fig. 3A and
Supplementary Fig. 3). Although somewhat weaker than the observed
as the signal from each ensemble member is averaged out, the peak in
the El Nifio event appears about 6-7 months after the VE which roughly
corresponds with observations (Fig. 1). This demonstrates that volca-
nic forcing can significantly influence El Niflo development without a
pre-existing El Nifio signal at the time of the eruption. More impor-
tantly, while most GCMs simulate the peak of the El Nifio event in the
second or third winter>>"”?, the CESM2-SE successfully reproduces
the observed El Nifio timing, thus providing higher confidence for the
estimated forced response of the ENSO and related physical
mechanism.

In conjunction with the pre-eruption neutral ENSO phase, the
moisture anomaly over the MC is nearly zero at month 0 for both the
VE and nonVE clusters (Fig. 3A). Supplementary Fig. 3 shows the
composite difference between VE and nonVE clusters for the
September-October-November (SON) averaged field. The MC moist-
ure becomes significantly drier than the nonVE, again similar to the
observed response (Fig. 3A and Supplementary Fig. 3A). Note that the
moisture patterns (Supplementary Fig. 3A) are similar in two VE events.
Synchronized changes of MJO activity (Fig. 3A and Supplementary
Fig. 3B), enhanced westerly wind stress (TAUx), increased WWB fre-
quency, and El Nifio signal after the VE are also visible (Fig. 3A, B and
Supplementary Fig. 3C, D), exhibiting significant differences from the

nonVE cluster. For example, the WWB frequency during VE is about
twice as high as in the nonVE cluster as the MJO activity enhances in 3
months after the VE. The MJO activity, TAUx, and WWB frequency
escalate as the MC drying signal becomes robustly consistent with the
observed signal, suggesting that volcanically forced MC drying
enhances the MJO activity and westerly wind stress, which provides a
favorable condition for El Nifio onset. Once El Nifio reaches its peak at
6 months, the MJO activity and related WWB continue to intensify,
possibly through the MJO-ENSO coupled processes™.

What causes the MJO to become active in the western Pacific
after a volcanic eruption?

To understand the processes responsible for the enhanced MJO
activity over the western Pacific, we adopt the moisture mode
hypothesis®**’. Recent theoretical, observational, and modeling stu-
dies have collectively demonstrated that the background moisture
distribution in the Indo-Pacific warm pool is closely linked to MJO
activity. In particular, the increased horizontal advection of back-
ground mean moisture to the east, caused by MJO circulation, and the
decreased moisture advection to the west of the MJO convective phase
together create favorable conditions for the MJO to propagate east-
ward across the MC**%,

Supplementary Fig. 3A shows that, after the volcanic eruption,
sharp drying not only occurs over the MC as observed but also to the
north of the maximum moisture region in the Indo-Pacific warm pool.
The decrease in moisture poleward of the climatological maximum
steepens the poleward meridional moisture gradient in both hemi-
spheres. At the same time, the relative wetting in the equatorial central
Pacific decreases the zonal moisture gradient (Fig. 2 and Supplemen-
tary Fig. 3A). The volcanically-driven stronger meridional moisture
gradient over the Indo-Pacific warm pool and weaker zonal moisture
gradient near the dateline together favor the eastward propagation of
the MJO. To demonstrate this, Fig. 4 compares the lag composites of
the MJO-filtered outgoing longwave radiation (OLR) and zonal wind at
850 hPa (U850) in the tropical belt. In the composite of the VE clusters,
MJO convection and circulation couplet over the Indian Ocean pro-
pagates eastward and enters the western Pacific, thus contributing to
the enhanced MJO activity over the western Pacific (Fig. 4A). In the
nonVE cluster, however, the MJO convection and circulation signals
move slowly eastward and are confined to a narrower longitudinal
band with weaker amplitude than in the VE cluster (Fig. 4B). This
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Fig. 3 | Responses of the variables to volcanic eruptions (VEs) with initially
neutral El Nifio-Southern Oscillation (ENSO) conditions. Averaged monthly time
series of (A) Maritime Continent (MC) moisture (brown line, left y-axis),
Madden-Julian oscillation (MJO) activity (blue line, right y-axis), Nino 3.4 index (red
line, right y-axis) and (B) westerly wind bursts (WWB) frequency indices (gray line,
left y-axis) and westerly wind stress (TAUX, blue line, right y-axis) from the CESM2-

SE for VE (solid line) and nonVE (dashed line) clusters. Month O indicates the pre-
eruption month, and dashed vertical lines indicate 3 and 7 months after the erup-
tion. Dots indicate months when the difference between the VE and nonVE clusters
is statistically significant at the 95% confidence level based on 1000-sample
bootstrapping.

demonstrates that the enhanced MJO activity in the western Pacific
after the VE is partly attributable to a more coherent eastward pro-
pagating signal from the Indian Ocean into the western Pacific.

To understand the key processes associated with the propagation
of the MJO, we conducted a moisture budget analysis (Fig. 4C, see
“Methods” for details). While moisture to the east of the MJO con-
vection center is enhanced in both the VE and nonVE clusters, the VE
cluster shows about 71% greater moisture tendency compared to
nonVE (Fig. 4C). The increased moisture tendency explains the more
coherent eastward propagation of the MJO in the VE cluster. Both zonal
and meridional moisture advection terms are larger in the VE than in
the nonVE clusters (Fig. 4C). The zonal moisture advection term is
about 5.5 times larger, and meridional moisture advection term is
about 1.5 times larger in VE than nonVE cluster. By decomposing the
moisture horizontal advection terms, the zonal and meridional
advection of the background mean moisture due to the anomalous
MJO wind is found to be the most dominant process (Fig. 4C and
Supplementary Fig. 4), which is consistent with previous studies* .
Note that the influence of the upper-tropospheric background wind
may play a significant role in shaping the dynamics of MJO
propagation®,

In summary, because the area poleward of maximum background
moisture over the Indo-Pacific warm pool becomes drier and the area
east of the maximum moisture becomes wetter after a VE, these
changes together provide favorable conditions for the MJO to propa-
gate further eastward. The enhanced MJO activity over the western

Pacific and associated WWBs eventually support the immediate onset
of El Nifo.

Discussion

Although the volcanically forced ENSO signal has been widely studied,
its connection to the MJO has been overlooked in existing studies.
Identifying a robust mechanism for the volcanically-forced ENSO has
been challenging partly due to systematic model biases, such as the 1-2
years delayed El Nifio response after a VE compared to the observed.
This study proposes a mechanism based on the central role of the MJO
in the immediate onset of an El Nifio using the CESM2 single-forcing
and large-ensemble simulations and reveals the dynamic processes
involved. Because the areas poleward of the maximum seasonal mean
moisture dry faster after a tropical volcanic eruption, the background
moisture distribution becomes favorable for the MJO to propagate
eastward and reach the western Pacific. This increases the likelihood of
MJO activity in the western Pacific by about 35% compared to the non-
volcanic years, which then increases the westerly wind stress and WWB
frequency by ~62% and 76%, respectively. These changes eventually
enhance the probability of the onset of an El Nifio by about 98% after
the El Chichén and Mt. Pinatubo eruptions.

Although the CESM2 reasonably simulates the MJO, ENSO, and the
immediate onset of El Nifio to volcanic forcing compared with many
contemporary GCMs, the conclusions from this study are limited to a
single model. To examine whether the proposed mechanism is simu-
lated by other models, the same analysis is performed with the large-
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moisture budget terms. A, B The lag composites of MJO-filtered Outgoing
Longwave Radiation (OLR) (W m, shading) and U850 (m s™, contour interval 0.5,
starting at 0.3) averaged over the tropics (10°S-10°N) for the 3-7 months after the
volcanic eruption (VE) and nonVE events. Gray solid lines indicate a lag of O days
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and 120°E. C Decomposed terms of horizontal moisture advection averaged east of
the Maritime Continent (MC) (100°E-160°E, 20°S-15°N, indicated by the box in
Supplementary Fig. 4) and over - 2 to 2 days during the VE (dark blue) and nonVE
(light blue) events. Units are 10° kg m s™.. The orange whiskers represent the
spread of ensemble members, outlining + 1.0 standard deviation for each term.

ensemble (50 ensemble members) simulation of the HadGEM3 volca-
nic forcing experiment (see “Methods”). Although the MC moisture is
continuously reducing after VE, it reaches its minimum about
10 months after the VE (Supplementary Fig. 5), slower than the
observation and CESM2. The MJO activity does not significantly
increase and ENSO remains in a neutral state even up to 17 months.
This may be partly due to HadGEM3'’s inability to simulate the key

processes related to the MJO dynamics. The slower MC drying and
weaker MJO activity over the western Pacific may not be sufficient to
enhance WWB activity and trigger the onset of El Nifio. We conclude
that the realistic response of the MJO associated with MC drying in
CESM2 is likely one of the reasons for the immediate onset of El Nifio
after an eruption. While two state-of-the-art GCMs were analyzed,
reaffirming the volcanically forced MJO-ENSO link in a multi-model
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framework, such as the Model Intercomparison Project on the climate
response to Volcanic Forcing (VoIMIP)°, may help confirm our
hypothesis and reduce uncertainty caused by model biases. In parti-
cular, we showed that the immediate onset of El Nifio is simulated well
by the CESM2, whereas most GCMs produce a response with a lag of
1-2 years. The extent to which the model’s MJO fidelity contributes to
resolving this issue needs to be addressed within a multi-model
framework.

A few recent studies have suggested that the suppression of the
Northern Africa (NAFR) monsoon plays a primary role in the devel-
opment of El Nifio'*”. To test the relative importance of the
volcanically-forced drying over the MC versus NAFR in the develop-
ment of El Nifio, ensemble clustering of CESM2-SE is performed using
thresholds for MC drying and NAFR drying indices, similar to the
results above (Supplementary Fig. 6, see “Methods”). When the MC is
relatively dry at the time of the eruption, the MC drying continues, and
Nifo 3.4 index reaches its maximum after about 6-7 months, similar to
the main results shown in this study (Fig. 3). When ensembles are
clustered by NAFR drying index, NAFR continues drying until 3 months
after the eruption but then tends to increase. The Nifio 3.4 index
increases but with a weaker magnitude compared with MC dry clus-
tering. Our results, therefore, demonstrate that the MC drying
mechanism plays a larger role than NAFR drying in the immediate
onset of El Nifio after VE in CESM2-SE. In the studies that emphasized
the role of NAFR drying'®”, El Nifio develops not in the year the VE
occurred, but in the following year. Additionally, one of these studies”
showed an immediate El Nifio onset after VE when the MC region was
cooled (their MCext experiment). Therefore, it appears that the MC
drying is largely responsible for the immediate El Nifio onset after VE,
while NAFR drying plays a dominant role in the delayed El Nifio
response. It is worth noting that the GCM used in Pausata et al. (2023)
has a reasonable MJO simulation capability®’, which may suggest our
MJO-mediated, volcanically forced El Nifio onset mechanism played a
role in the immediate El Nifio onset after VE in their MCext experiment
as well.

While we suggest that reasonable simulation of the MJO in CESM2
plays a central role, some studies have indicated that the ocean
dynamical thermostat (ODT) effect is also important for spurring
westerly anomalies and contributing to the quick onset of El Nifio. The
ODT has been shown to work well in some theoretical models***! while
lacking in others™. As with most GCMs, the ODT effect is found to be
weak in CESM2 possibly due to the biases of equatorial Pacific
upwelling*’. Therefore, the ODT effect may not play a central role in
this study.

Our findings have important implications for future climate
change and geoengineering. Among various solar geoengineering
techniques, the stratospheric aerosol injection method is sometimes
described as a “man-made volcano” because it aims to mimic large
volcanic eruptions by injecting sulfate aerosols into the stratosphere
to offset the effects of anthropogenic warming®. However, the
potential risks to the environment, particularly concerning the global
hydrological cycle (e.g., severe droughts and extreme precipitation),
remain highly uncertain’. Understanding the potential mechanisms
behind these changes is crucial. In addition, because the MJO and
ENSO are projected to be amplified due to greenhouse warming in the
future***, Pinatubo-like volcanoes or solar geoengineering could alter
the MJO-ENSO response, adding another layer of complexity and
uncertainty to our understanding of how climate change will progress.

Methods

Model experiments and data

We use the historical simulations of the Community Earth System
Model Version 2.0 single-forcing large ensemble (CESM2-SE)
experiments*®. The CESM2 reasonably simulates both the basic state
and modes of tropical variabilities, such as the ENSO and MJO*03*%7,

The CESM2-SE offers a unique opportunity to quantify the relative
contributions of anthropogenic and natural forcings to the evolution
of the Earth system. To investigate the influence of volcanic forcing,
the “EE2” experiment is analyzed, which consists of 15 members that
run from 1850 to 2050 where forcings from greenhouse gases,
anthropogenic aerosol, and biomass-burning aerosol are held fixed at
1850s value and forcings from “everything else” in CESM2 (EE2) are
evolving. The EE2 forcing experiment includes forcing from solar
insolation, stratospheric volcanic aerosol, stratospheric and tropo-
spheric ozone, and land-use and land-cover change. Among these, the
volcanic forcing has been shown to have the largest impact on the
year-to-year variation of surface temperature during the historical
period*’. Therefore, to disentangle the impact of volcanic forcing on
MJO and ENSO, 15 ensemble members from the EE2 experiment from
1980 to 2014 are analyzed. Supplementary Fig. 7 shows the monthly
mean stratospheric aerosol optical depth (AOD) at 550 nm from the
Whole Atmosphere Community Climate Model Version 6 (WACCM®6)
that produced the volcanic aerosol forcing*. The AOD exceeds 0.06
during two volcanic eruptions, El Chichén in 1982 and Mt. Pinatubo in
1991 (Supplementary Fig. 7)

To verify the results obtained from the CESM2-SE, CESM2 large-
ensemble (CESM2-LE) simulations are compared*. Although volcanic
forcing cannot be isolated from other external forcings, CESM2-LE
offers a unique opportunity for analyzing the forced responses as it
consists of 100 ensemble members. We utilize all 100 ensemble
members during the same period as CESM2-SE, from 1980 to 2014.

To test the hypothesis drawn from CESM2-SE and CESM2-LE, the
hypothesis is further examined with HadGEM3-GC3.1-LL single forcing
large ensemble experiment (hereafter referred to as HadGEM3). The
HadGEM3-GC3 reasonably simulates the MJO*. The HadGEM3 histor-
ical volcanic-forcing simulation*®, driven by volcanic forcing only, is
analyzed from 1980 to 2014 using a similar approach applied in the
CESM2 analysis. Fifty ensemble members are analyzed. Note that some
output variables are not available for download in HadGEM3, such as
daily westerly wind stress.

Daily and monthly mean zonal wind and specific humidity are
obtained from the European Center for Medium-Range Weather
Forecasting (ECMWF) Interim Reanalysis*. The monthly mean SST
comes from the National Oceanic and Atmospheric Administration
(NOAA) Optimum Interpolation SST V2%, The OLR data is from the
NOAA Advanced Very High-Resolution Radiometer®. The monthly sea
surface height (SSH) is obtained from the ECMWF Ocean Reanalysis
System 4% For brevity, the reanalysis and satellite data sets are
referred to as observations. All observations and simulations are
interpolated onto a 2.5° longitude and 2.5° latitude grid. Monthly and
daily anomalies are calculated by subtracting the climatology of the
1980-2014 period for both the observations and simulations. The
possible impact of anthropogenic forcing is removed through linear
detrending.

Volcanic eruption events and the analysis window

The Northern Hemisphere and tropical eruptions tend to favor El Nifio-
like conditions, while Southern Hemisphere eruptions enhance the
probability of La Nifa-like events'®”. In addition, only VEs that are
strong enough to inject aerosols into the stratosphere and that pass a
certain threshold (i.e., absolute radiative forcing greater than 3.3 W/
m?) can increase the probability of an El Nifio event occurring®. Since
the satellite era, only two eruptions in the tropics have surpassed this
threshold: EI Chich6n in Mexico (93°W, 17°N) in April 1982 and Mt.
Pinatubo in the Philippines (120°E, 15°N) in June 1991. The plumes from
El Chichén reached about 31 km at their highest point and released
~ 7.5 Tg of SO,, while Mt. Pinatubo reached 40 km and injected - 20 Tg
of SO,, both exceeding volcanic explosivity index category 5'. Notably,
both eruptions occurred at tropical latitudes. We define the month of
eruption (month 0) as April 1982 and June 1991, respectively.
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Therefore, the period three to seven months after the VE, which is the
window of analysis in the present study, corresponds to July to
November 1982 for El Chich6n and September 1991 to January 1992 for
Mt. Pinatubo. The non-VE years are defined as the years from 1980 to
2014, excluding 1982 and 1991, unless otherwise noted.

Indices

Seven indices are defined in this study: MJO activity index, Maritime
Continent (MC) moisture index, northern African (NAFR) moisture
index, westerly wind stress (TAUx) index, WWB frequency index,
recharge index, and Nifio 3.4 index. For our purposes, an intraseasonal
filter is applied to retain only eastward propagating signals of wave-
numbers 0-9 with periods between 30 and 96 days™. This is hereafter
referred to as the “MJO-filter”. The MJO activity is defined as the
monthly standard deviation of the MJO-filtered daily OLR. The MJO
activity index is then defined as the monthly MJO activity anomalies
averaged over 140°E-200°E and 15°S-15°N (indicated by the blue
boxes in Fig. 2C and D). The MC moisture index is defined as the
monthly moisture anomalies averaged over 90°E-150°E and
15°S-15°N (indicated by the brown boxes in Fig. 2A and B). The NAFR
moisture index is defined as the monthly moisture anomalies averaged
over 20°W-50"E and 10°S-30°N.

The westerly wind stress index (hereafter TAUX) is defined as the
monthly mean zonal wind stress anomalies averaged over
130°E-200°E and 5°S-5°N (indicated by the box in Supplementary
Fig. 3C). The WWB frequency index is defined as the number of days
when daily surface zonal wind stress anomaly averaged over tropical
western Pacific 130°E-200°E, 5°S-5°N) exceeds 1.00 for three con-
secutive days, indicating a sustained surface westerly. The daily fre-
quency is then counted over a month to define the monthly
WWB frequency index. Note that the definition of WWBs is loosely
analogous to that used by Santoso et al*>. but not as strict as other
definitions™.

The recharge index is defined as the monthly SSH anomaly aver-
aged over the western tropical Pacific (120°E-205°E, 5°S-5°N)*'. Based
on the delayed oscillator and recharge-discharge oscillator paradigm
for the ENSO®, the equatorial Pacific Ocean heat content is regarded as
a key precursor to the ENSO. Equatorial ocean heat accumulates (or
recharges) about three to six months before the onset of El Nifio and
then discharges during and after El Nifio. In particular, the recharge in
the western Pacific is accompanied by a higher sea level associated
with a deeper thermocline®®. Thus SSH is often used as a proxy for
ocean heat variation. The recharge-discharge process for ENSO is well-
simulated in the CESM2.. The Nifio 3.4 index is calculated using the
relative SST (RSST)*’ averaged over the Nifio 3.4 region (190°E-240°E
and 5°S-5°N, the box in Supplementary Fig. 3D). RSST is defined as the
SST signal after removing the tropical (20°S-20°N) mean SST
anomalies because it better highlights the intrinsic ENSO signal after a
volcanic eruption™".

Ensemble clustering for the VE and nonVE groups and compo-
site analysis

We subsample the ensemble members by considering each ensemble’s
recharge phase in the pre-eruption month (month 0) into account and
select those ensembles that are within a similar range as the observed
recharge phase. Given that the two eruptions occurred in April (EI
Chichén) and June (Mt. Pinatubo), and by considering the seasonal
phase locking of the ENSO, we use the April-May-June (AM]J) averaged
normalized recharge index as the threshold for ensemble clustering.
The observed AM] recharge index is 0.90 and 0.20 for El Chichén and
Mt. Pinatubo, respectively, indicating neutral ENSO conditions before
both volcanic eruptions. Therefore, ensemble members are selected if
the normalized AMJ recharge index ranges between 0.20 and 0.90,
coinciding with the observed recharge phase. About 53% of ensembles
are selected as VE clusters during VE years and 25% as nonVE clusters

during nonVE years. Note that, due to the phase locking of ENSO, the
composites of the mean state (Supplementary Fig. 3) are calculated for
the September-October-November (SON) average.

For the daily lag composite analysis (Fig. 4), a reference time series
is first defined as the area-averaged MJO-filtered OLR anomalies over
the Indian Ocean (80°E-110°E and 15°S-15°N). The lag composite is
calculated when the reference time series from each clustered
ensemble is below - 1.00 and has the minimum values between —1 and
+1 day. Both monthly and daily composite analyses are conducted
over the 3-7-month window for both the VE and nonVE clusters
starting from AMJ.

To further assess the relative contribution of MC drying and NAFR
drying on the onset of El Nifio, we subsample the ensemble members
by taking each ensemble’s MC index and NAFR index in the pre-
eruption month (month 0) into account and select those ensembles
that are less than —1.00, indicating strong drying over each continent
right before the volcanic eruptions.

Moisture budget analysis

To explain the key processes involved in MJO propagation
(Fig. 4C), the following column-integrated moisture budget equation is
utilized:

og. dq' 99 . .

—) — V=) —(W==) — 1
6x) (Uay) (wap) P +E @

oq

(5¢) = —

where g, u, v, w, P, and E are the specific humidity, zonal wind, mer-
idional wind, vertical wind, precipitation, and evaporation, respec-
tively. The angled bracket indicates a mass-weighted vertical integral
and the prime denotes MJO-filtered anomalies. We focus on the
tendency term and horizontal (zonal and meridional) advection terms
because the horizontal advection processes are key to MJO eastward
propagation®®”’, The first three terms (the moisture tendency term and
zonal and meridional advection terms) are calculated using the daily
CESM2-SE output, whereas the sum of the other terms, which is often
referred to as column processes®, is obtained as the residual. Note
that the role of column processes on the MJO is non-negligible and
warrants further analysis. Changes in moisture advection could be
attributed to changes in the background mean moisture distribution,
anomalous MJO circulation or the nonlinear interaction between the
two. To further understand the contribution of the mean state and the
MJO to the key processes in the dominant term, the moisture
advection terms are decomposed into different timescale interactions
as follows:

R AL ARVl AL L A A
<u6x> <U 6y> = <u ox v dy Yox
_og'\" / oq\" / ogq\'
(o) (o) (o) ol
where the overbar represents the background mean (September-
October-November average after volcanic eruptions). Moisture bud-
get terms are averaged from a lag of -2 to + 2 days over the western

Pacific (100°E-160°E, 20°S-15°N, as indicated by the boxes in Sup-
plementary Fig. 4).

@

Confidence interval

The confidence interval for the results shown in Fig. 3 and Supple-
mentary Fig. 3 is calculated using the bootstrap method. First, the
anomaly composite is constructed by selecting random years from the
entire period (1980-2014) with the same number of VE (2 years) and
nonVE groups (33 years) with initially neutral ENSO conditions in AMJ
without overlapping years. The anomalies are then calculated between
the sampled VE and nonVE groups, respectively. The difference
between the VE and nonVE group composites is then calculated.
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This process is repeated 1000 times with replacement to obtain
a probability distribution function of the differences. The 2.5"" and
97.5™ percentile values are then used to define the 95% confidence
interval.

Data availability

Data related to this paper can be downloaded from ERA-Interim,
https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/
era-interim; ECMWF ORAS4, https://www.ecmwf.int/en/forecasts/
dataset/ocean-reanalysis-system-4; NOAA OLR, https://www.esrl.
noaa.gov/psd/data/gridded/data.interp_OLR.html; NOAA OI SST V2,
https://psl.noaa.gov/data/gridded/data.noaa.oisst.v2.html; CESM2
single forcing large ensemble, https://www.cesm.ucar.edu/working-
groups/climate/simulations/cesm2-single-forcing-le; CESM2 large
ensemble, https://www.cesm.ucar.edu/community-projects/lens2;
HadGEM3 simulations, https://esgf-node.llnl.gov/search/cmip6/. The
processed data is accessible on the Zenodo repository under https://
doi.org/10.5281/zenodo.14607607.

Code availability
The codes used in this study are accessible on the Zenodo repository
under https://doi.org/10.5281/zenodo.14607607.
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