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El Niño/Southern Oscillation response to
low-latitude volcanic eruptions depends on
ocean pre-conditions and eruption timing
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Proxy-based reconstructions of the past suggest that the Paciﬁc ocean has often shown
El Niño-like warming after low-latitude volcanic eruptions, while climate model simulations
have suggested diverse responses. Here we present simulations from a coupled
ocean–atmosphere model that illuminate the roles of ocean preconditioning, eruption magnitude and timing, and air–sea feedbacks in the El Niño/Southern Oscillation (ENSO)
response to these eruptions. A deterministic component of the response, which dominates
for boreal summer eruptions, leads to cooler tropical Paciﬁc sea surface temperatures in the
eruption year and El Niño-like warming the following year. A stochastic component is also
important, especially for boreal winter eruptions. The simulated ENSO response depends
nonlinearly on the eruption magnitude and the tropical Paciﬁc conditions before the eruption.
We conclude that adequate sampling is critical to accurately assess the ENSO responses in
both models and observations.
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s Earth’s main source of seasonal-to-interannual climate
anomalies1,2, the El Niño/Southern Oscillation (ENSO)
inﬂuences environmental hazards all over the globe3–7.
ENSO is a coupled atmosphere-ocean phenomenon describing
the anomalous change of trade winds and sea surface temperature
(SST) in the equatorial Paciﬁc. ENSO alternates between positive
(El Niño) and negative (La Niña) phases causing, respectively,
anomalous warming and cooling of the equatorial Central and
Eastern Paciﬁc8. The SST anomaly averaged over the Niño3.4
region (170–120W, 5S–5N) is commonly used as an ENSO index,
as it is highly correlated with many of the atmospheric and
oceanic changes observed during ENSO events.
El Niños have varying strengths and involve a diverse spectrum
of SST patterns and impacts9,10. For example, SST anomalies for
weak and moderate El Niños tend to peak in the Central
Paciﬁc (CP), while SST anomalies for stronger El Niños usually
extend into the Eastern Paciﬁc (EP)8,11–13. CP and EP El Niños
involve different physical processes and affect global climate
differently14,15. They are, therefore, needed to be studied separately.
ENSO is sensitive to external forcing on different time scales.
Solar forcing is responsible for millennial ENSO variability due to
orbitally induced changes in insolation16, and it can also explain
the decadal variability related to the sunspot activity cycle17.
Global warming can signiﬁcantly alter ENSO18–29, but this
remains uncertain due to the difﬁculty in simulating ENSO.
Strong volcanic eruptions can suddenly disrupt ENSO on a short
time scale (2–5 years) and may serve as a natural experiment in
helping to illuminate the mechanisms of ENSO’s sensitivities to
external forcings30–34.
Volcanic plumes formed by explosive low-latitude eruptions
can reach the lower stratosphere, where they can spread globally
—affecting the planet’s energy balance, heating the lower stratosphere, and cooling the Earth’s surface and the troposphere. The
redistribution of radiative heating in the atmosphere causes
complex dynamical responses of the ocean and atmosphere,
which can lead to, for example, winter warming in Northern
Europe and Asia35–37, or anomalous cooling in the Middle East38.
It has also been observed that the majority of recent eruptions of
this kind coincided with or were followed by El Niño-like conditions in the tropical Paciﬁc39,40. Over the past decade, the
response of ENSO to volcanic forcing has received signiﬁcant
attention41–55, although consensus on the response mechanisms
has not yet been reached.
A number of hypotheses have been proposed to describe the
mechanism of the ENSO response to volcanic eruptions. For lowlatitude eruptions, some studies favor the land-ocean temperature
gradient (LOTG)44,52,54,55 or ocean-dynamical thermostat (ODT)
mechanisms41,42,56,57. Both mechanisms may trigger westerly wind
anomalies, which in turn lead to the formation of an El Niño-like
response after strong volcanic eruptions. The LOTG is based on the
different thermal capacity of land and ocean; the volcanically
induced temperature gradient between the Maritime continent and
the WP ocean usually weakens the trade winds. However, in our
previous study49, we found it to be relatively short-lived. We
concluded that the SST gradient further controls the westerly wind
anomalies initiated by the LOTG over the CP resulting from the
ODT41,56,57. The ODT is based on the ocean’s ability to moderate
the SST response caused by the radiative forcing more effectively in
the equatorial EP upwelling region, leading to temperature differences between the Western Paciﬁc and EP. Since the ODT is
sensitive to the strength of equatorial ocean upwelling, its intensity
is closely related to the ENSO preconditioning49 and, therefore,
may also be the reason for different strength of the El Niño-like
response in the Paciﬁc after volcanic eruptions.
A study using the Community Earth System Model (CESM)
suggested another mechanism attributing an El Niño-like
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response in the following (second) year after the low-latitude
eruption to meridional energy advection, excited by the wind
stress curl induced by equatorial cooling of the ocean surface48. A
study using the Institute Pierre Simone Laplace (IPSL) climate
model attributed an El Niño-like response to a volcanically
induced rapid cooling of the African continent, which weakened
the West-African monsoon and induced westerly wind anomalies
over the Western Paciﬁc (WP)50. A study using the Norwegian
Earth System Model considered the ENSO response to the tropical volcanic eruptions with asymmetrically distributed aerosol
plume. It reports that the main response mechanisms are the
extratropical circulation changes, including the shift of the Paciﬁc
jet and the cyclonic surface pressure anomaly near the Paciﬁc
mid-latitudes, and to a lesser extent, the shift of the Intertropical
Convergence Zone58. For high-latitude eruptions, it has been
proposed that a strong volcanic eruption in the Northern
Hemisphere could shift the Intertropical Convergence Zone
(ITCZ) southward and thus trigger an El Niño-like response47.
However, the inconsistencies between the ENSO responses to
strong volcanic eruptions and their mechanisms reported by the
above studies may arise from the incomplete sampling for time
composites and ensembles. When analyzing the ENSO response
to volcanic forcing, the sampling criteria should necessarily
account for:
●

●

●

●

ENSO preconditioning (or an ENSO onset) that is associated
with a set of atmospheric and oceanic conditions preceding
the eruption44,47,49. These ICs are referred to here as Neutral,
El Niño, or La Niña onsets, if in the absence of external
forcing, they lead to either neutral, positive, or negative ENSO
years, respectively. The tropical Paciﬁc response highly
depends on the ocean preconditioning regardless of the
eruption type (high-latitude or low-latitude). For example,
Neutral or El Niño onsets are more likely to be affected by
low-latitude eruptions44,49 than a La Niña onset. Moreover,
CP El Niño onsets respond more strongly than EP El Niño
onsets49.
Volcanic eruption timing relative to the seasonal cycle or
ENSO48,49 that may hide strong stochasticity of the ENSO
response. Generally, ENSO is sensitive to even tiny perturbations that occur during the boreal winter. However, if the
perturbation happens during the boreal summer, the ENSO
response is more robust49,59, which is consistent with the
well-known boreal spring predictability barrier for ENSO60.
Therefore, considering that volcanic eruptions may take place
any time during the year61, it is important to analyze the
impacts of differently timed volcanic eruptions separately.
Volcanic eruption magnitude that is responsible for the
strength of the ENSO response. The stronger the volcanic
eruption is, the more signiﬁcant the ENSO response it should
cause. For example, the Tambora eruption in 1815, which was
three times stronger than the Pinatubo eruption in 1991,
would cool the EP surface more in the ﬁrst year, and then
trigger a warmer El Niño in the second year than would a
Pinatubo-size eruption42,44,48,49,62,63.
Volcanic eruption location that is responsible for the
distribution and lifetime of the aerosol plume. The volcanic
aerosols are usually globally distributed for most low-latitude
eruptions, although sometimes they may be trapped by one
hemisphere58, and hemispherically-distributed for highlatitude eruptions64–66. Both types of eruptions can cause a
signiﬁcant ENSO response67. However, the ENSO response
to high-latitude eruptions is less pronounced than the
response to low-latitude eruptions due to the relatively
shorter aerosol lifetime and different response mechanisms
involved46,47,51,68,69.
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The present study focuses on the effects of low-latitude eruptions on ENSO. We examine the ENSO response sensitivity to the
volcanic eruptions taking into account volcanic magnitude and
season as well as the ENSO state (preconditioning) before the
eruption. We also test different mechanisms of the ENSO
response to low-latitude eruptions and therefore address the
following questions:
●

●

●

Why is the ENSO response sensitive to the equatorial Paciﬁc
preconditioning and the season of the eruption?
How does the ENSO response scale with the magnitude of
volcanic forcing?
What is the main driving mechanism behind volcanic impacts
on ENSO?

We attempt to answer these questions and resolve apparent
inconsistencies in the model studies and observations using a suite
of 6200 climate simulations from the CM2.1 climate model developed at the Geophysical Fluid Dynamics Laboratory (GFDL)70. The
simulated ENSO response is found to consist of both a deterministic impact of volcanic aerosol forcing and a stochastic dispersion arising from weather noise and ENSO chaos. The
deterministic impact—characterized by cooling of the tropical
Paciﬁc in the ﬁrst year after the eruption, followed by El Niño-like
warming in the second year—is clearest for June eruptions, while
for February eruptions it is obscured by effects of stochastic
westerly wind events in the west Paciﬁc during boreal spring. The
ENSO response also depends nonlinearly on the eruption magnitude and on tropical Paciﬁc conditions before the eruption,
with the deterministic response strongest before a moderate El
Niño and weakest before La Niña. Experiments with prescribed
land temperatures are performed to attribute the responses to
volcanically induced land-ocean temperature gradients and the
equatorial Paciﬁc ocean-dynamical thermostat, and the latter is
found to dominate the responses in CM2.1, contrasting with
results from other models. The results highlight the importance of
adequate sampling of ENSO responses to volcanic eruptions,
illuminate the physical mechanisms of those responses, and
clarify their sensitivities to ocean preconditioning and model
biases.
Results
First, to classify possible ENSO responses to different eruptions,
we designed and performed extensive numerical experiments
with the CM2.1 model, combining different ENSO onsets and
1991 Pinatubo-size and 1815 Tambora-size volcanic eruptions,
which could occur in February, April, or June.
The total response to a perturbation is deﬁned here as a difference between the perturbed (with a volcano) and control
(without a volcano) experiments. For each ENSO preconditioning, the control ensembles are generated using different initial
conditions (ICs). The perturbed experiments are designed as
grand-ensembles of simulations to deal with strong ENSO
variability and high sensitivity to small perturbations. The grandensembles are performed as the ensembles of ensembles, i.e., by
perturbing each member of the control IC ensemble with the
ensemble of slightly different, or perturbed, forcings (see
Methods).
Components of the ENSO response. The previous
studies44,47,50,58, considered only the total climate response to
volcanic forcing with respect to the climatology or control
experiments. However, the total ENSO response to a volcanic
eruption can be decomposed into two components: stochastic and
deterministic49. To compare our results with the previous studies,
one should sum the stochastic and deterministic components.
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The stochastic (or chaotic) component arises from the ENSO
response to a tiny perturbation, referred to here as the Butterﬂy
perturbation, which causes dispersion of the control ensemble
trajectories due to the intrinsic chaotic behavior of the climate
system. It depends on the perturbation’s seasonal timing and can
be calculated for a given ENSO preconditioning using Butterﬂy
grand-ensemble simulations. The choice of ICs and details of the
Butterﬂy grand-ensemble setup are described in Methods.
The deterministic component is associated speciﬁcally with
large volcanic forcing and should scale (not necessarily linear)
with the magnitude of this forcing. It is expected to emerge most
strongly from the stochastic dispersion for volcanic eruptions that
occur after boreal spring, the season of strongest wind noise and
coupled instability71 in the equatorial Paciﬁc. For a given ENSO
preconditioning, the deterministic component is found by
comparing the “volcano plus butterﬂy” grand-ensemble against
the “butterﬂy” grand-ensemble. For details of the volcanic grandensemble setup, please refer to Methods.
ENSO response to Butterﬂy perturbations. Previously, only the
response of the strong El Niño onset to small perturbations was
analyzed49. In this section, we test the responses of six different
ENSO onsets to Butterﬂy perturbations applied in three different
seasons. Figure 1 illustrates the Niño3.4 calculated for each
member of the control ensembles (solid green curves) and Butterﬂy grand-ensembles (solid gray curves). A few months after
perturbation, the Butterﬂy grand-ensemble spread is generally
much larger than that of the control ensemble, especially for the
February and April perturbations. This indicates that the control
ENSO trajectories, which were selected according to their boreal
winter Niño3.4 (see Methods), achieved those Niño3.4 values in
part due to their particular (random) realizations of stochastic
atmospheric noise. This stochastic ENSO response is especially
strong in boreal winter and spring; hence the ENSO trajectories
after June perturbations (third column in Fig. 1) tend to see less
rapid dispersion. The control ENSO trajectories only identify the
1-January initial conditions that were conducive to the development of particular ENSO phases by boreal winter (October/
November/December, OND); while the Butterﬂy grand-ensemble
most adequately describes the plume of possible ENSO trajectories emanating from those ICs.
The difference between the medians of the Butterﬂy grandensemble and control ensemble distributions (green dashed
curve) summarizes the role that stochastic processes played in
producing the control ensemble. The smaller the absolute value of
this difference, the less important the stochastic noise was relative
to ocean preconditioning for event development. Figure 1d–f
shows that moderate-to-extreme El Niño onsets are more
inﬂuenced by stochastic atmospheric processes than La Niña,
neutral, or weak El Niño onsets, especially when perturbed in
boreal winter or spring.
Figure 2 compares the median Niño3.4 of the control
ensemble (green dots) and Butterﬂy grand-ensemble (box-andwhiskers) in the ﬁrst (OND 1991) and second (SON 1992) year
after perturbation. The spread of the Butterﬂy grand-ensemble in
the ﬁrst year is larger for perturbations made before June. During
February and April perturbations, the ENSO trajectories have
more time to disperse and are also subject to the strong noise and
instability. The selected control moderate-to-extreme El Niños
are at the high end of their respective Butterﬂy grand-ensemble
distributions, again indicating the key role that stochastic forcing
played in the events selected from the control run. Retrospectively
perturbing the trajectories is unlikely to reproduce the particular
lucky sequence of strong stochastic forcing that aided the
development of many of the control El Niños; thus, these
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Fig. 1 SST responses to Butterﬂy and volcanic perturbations. Control and perturbed Niño3.4 (K) and their responses to February (a–f), April (g–l), or
June (m–r) Butterﬂy and volcanic perturbations. Eruption times are marked by brown triangles. Each row represents an individual control ENSO onset
group: La Niña (a, g, m), Neutral (b, h, n), weak El Niño (c, i, o), moderate El Niño (d, j, p), strong El Niño (e, k, q), and extreme El Niño (f, l, r) (see
Experimental setup for ENSO event deﬁnitions). Spaghetti curves represent individual Niño3.4 trajectories from the control ensemble (green) and Butterﬂy
grand-ensemble (gray). The median of each Butterﬂy grand-ensemble (ButterﬂyMED) is shown as a thick gray curve with dots. Dashed green curve
represents the stochastic response calculated as the ButterﬂyMED minus the control ensemble median (ControlMED, Supplementary Fig. 1); this is the
correction that would be needed to remove the post-initialization stochastic selection bias present in the control ensemble. The deterministic response to
the Pinatubo-size (blue) and Tambora-size (red) volcanic forcings is calculated as the corresponding volcanic grand-ensemble median (PinatuboMED or
TamboraMED, Supplementary Fig. 1) minus ButterﬂyMED. Orange-shaded two-tailed bootstrap conﬁdence intervals calculated from the Butterﬂy grandensemble medians help to detect the statistical signiﬁcance of the deterministic signal of the eruption median relative to the Butterﬂy median at
0.05 signiﬁcance level. Yellow-shaded vertical bands indicate the seasons OND 1991 and SON 1992 used to summarize ENSO responses in Fig. 2.
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Fig. 2 Summary of the ENSO states in the ﬁrst and second year after the perturbation. Niño3.4 (K) averaged over the ﬁrst-year boreal winter (OND
1991) after the a February, b April, or c June perturbations. Green dots show the 10-member medians of the unperturbed control ensembles, for various
types of ENSO events identiﬁed in the control run (abscissa; see Experimental setup for event deﬁnitions). Box-and-whiskers show the distribution
(median, quartiles, extrema) of the 100-member Butterﬂy grand-ensemble; blue dots show the median of the 100-member Pinatubo grand-ensemble; red
dots show the median of the 100-member Tambora grand-ensemble. Horizontal shaded bands indicate the Niño3.4 ranges for the various ENSO onsets
deﬁned in Experimental setup: La Niña (blue), Neutral (light gray), weak El Niño (yellow), moderate El Niño (orange), strong El Niño (red), and extreme El
Niño (dark red); (d–f) as in (a–c), but for Niño3.4 averaged over SON 1992. Full time-series of the control and perturbed ENSO states is shown in
Supplementary Fig. 1.

perturbations usually result in weaker El Niños. This would also
hold for a volcanic perturbation—hence the need for a Butterﬂy
grand-ensemble. The Butterﬂy grand-ensemble serves as a
reference against which to compare any cooling seen in the
volcanic runs and illuminate a deterministic response.

ENSO response to volcanic forcing. For February eruptions, the
deterministic responses to volcanic forcing (blue and red lines in
Fig. 1) are relatively weak during the ﬁrst year, and comparable in
magnitude to the effects of noise in the control run (dashed green
line). The eruption responses are the weakest for La Niña, Neutral, and weak El Niño onsets, although all event types see an
appreciable volcanically induced decrease of the Niño3.4 after
March 1993. The response to a February volcanic eruption is
generally difﬁcult to detect, in the face of the large ensemble
dispersion driven by chaotic instabilities during the ﬁrst boreal
spring after the eruption.
It has been previously discussed that explosive February and
April eruptions are able to impact weak El Niño onsets
signiﬁcantly, leading to a La Niña-like cooling in the eruption
year, followed by El Niño-like warming the following year48,62,63.
In our simulations, the substantial negative Niño3.4 responses
(deﬁned as a sum of stochastic and deterministic responses) to
the February eruptions are likewise detected for moderate, strong,
and extreme El Niño onsets at the end of the eruption year.
However, this cooling contains both deterministic (forced by

volcanic radiative cooling) and stochastic components, and the
latter is signiﬁcant.
Compared to the February eruptions, the April volcanic
eruptions induce stronger deterministic responses, with robust
cooling in the ﬁrst year (Fig. 2b). The El Niño cases also exhibit a
clear warming response in the second year, particularly for the
Tambora-size eruption (Fig. 1i–l). This result harmonizes with
the recent study based on the proxy data72, which reports a
moderate-to-strong El Niño in the period 1815–1817. The El
Niño started in 1815 as a moderate event and then strengthened
in 1816–1817, becoming one of the strongest El Niños of the
millennium. Our simulations support this proxy ﬁnding. If the
Tambora eruption in April 1815 coincided with the development
of a weak or moderate El Niño (Fig. 1i, j), the El Niño is likely to
be slightly suppressed by volcanic forcing in the ﬁrst year and is
more likely to be intensiﬁed and extended in the second year. The
El Chichón eruption in 1982 is another example of an April
eruption that coincided with an El Niño. Although this eruption
was smaller than the Pinatubo-size eruption simulated here, its
plume was mostly distributed in the Northern Hemisphere and
had there almost the same climate impact as Pinatubo. Ref. 73
noted that the strong EP El Niño 1982–1983 had started before
the eruption of El Chichón, and thus was not its consequence.
Our simulations (Fig. 1k, l) demonstrate that if at the time of the
April eruption there is a development of a strong El Niño event,
the deterministic impact of an El Chichón-size or Pinatubo-size
eruption (blue curve) is unlikely to be seen49. This result is
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conﬁrmed by SST observations that report a normal duration of
the 1982–1983 El Niño event.
The ENSO responses to June volcanic eruptions (Figs. 1m–r and
2c, f) are comparable in magnitude to those for the April eruptions,
but the signal is less clouded by stochastic dispersion since the
perturbation occurs after boreal spring. Figure 2f shows that the
deterministic El Niño-like response during the second year after
the June eruptions is the strongest for weak and moderate El Niño
onsets. The setup, which involves weak CP El Niño (Fig. 1c), is in
line with the Pinatubo 1991 eruption49. It shows an El Niño
development in the ﬁrst year (gray curve) and a weaker El Niñolike response to the Pinatubo eruption in the second year (red
curve). In this case, the ﬁrst-year El Niño is not affected by the
volcanic eruption; however, the second-year response is deﬁnitely a
deterministic response to the volcano. The Neutral onset response
is weaker than the response of the weak El Niño onset because
clouds in the WP reduce volcanic radiative cooling for the Neutral
ENSO onset and shift to the CP for the weak El Niño onset. The La
Niña onset shows no response even to Tambora-size eruptions.
Ref. 44 previously found that the response of the equatorial
Paciﬁc to volcanic eruptions scales linearly with respect to the
magnitude of the volcanic eruption. We ﬁnd that the deterministic responses to April and June eruptions increase with the
magnitude of the volcanic aerosol forcing; however, tripling the
eruption magnitude (from Pinatubo to Tambora-size) does not
triple the Paciﬁc response, and the increase strongly depends on
the ocean preconditioning. When the deterministic volcanic
impact is overwhelmed by the stochastic component (as for
February or April eruptions), the total responses to Pinatubo-size
and Tambora-size eruptions may be largely indistinguishable.
Besides the conventional SST Niño3.4, we analyzed the
deterministic response of the relative SST (RSST) (Supplementary
Fig. 2)50. The relative SST is widely used in studies of the
convection and winds, coupling, and remote teleconnections,
etc.74–76. The RSST Niño3.4 index is calculated as the difference
between the conventional SST Niño3.4 and the surface temperature anomaly of the tropical belt (20∘ S-20∘ N). In contrast with
the conventional Niño3.4, we detected an “RSST El Niño-like
response” in every case regardless of the ENSO preconditioning
or timing and strength of the volcanic eruption. The RSST
diagnostics is highly relevant to the “dynamical response” of the
atmosphere and is complementary to the conventional Niño3.4
SST index. When looking at the response to volcanic eruptions
using the RSST, one should always expect higher index values
compared to the regular SST due to removed averaged tropical
cooling (Supplementary Fig. 2, dashed lines). However, the
combined usage of both RSST and SST Niño3.4 indexes can shed
light on the local SST response (relevant also to coral paleo
records) versus remote response (teleconnections via the atmospheric bridge, relevant also to tree ring paleo records). For
example, a coral proxy found in the equatorial CP (responding to
local SST) might not detect a volcanic response at all77, while
remotely located coral or tree ring proxies (responding to RSST
and shifts in tropical convection) might detect an El Niño-like
response.
Response mechanisms. In this section, we test three mechanisms
of the volcanic impact on ENSO with respect to their sensitivity
to ENSO phase and the magnitude of radiative forcing in CM2.1:
LOTG44,49, ODT41,42,49,56,57, and cooling of African continent50.
Figure 3a, d, g, j compares the spatio-temporal patterns of the
ensemble median deterministic responses to June Tambora-size
eruptions for four different ENSO onsets (Supplementary Fig. 3).
To simplify the explanation of the mechanisms involved in the
ENSO response shown in the Hovmöller diagram, we illustrate
6

the mechanisms causing cooling of the EP in the ﬁrst half a year
after the eruption (Fig. 4a) and warming in the next year (Fig. 4b).
Two processes trigger the initial cooling. Firstly, the land
temperature responds to volcanically induced reduction of the
solar ﬂux faster than the ocean temperature. The trade winds
transport colder air from the American continent towards the
ocean, thus cooling the ocean surface (Fig. 4a). Secondly, the
upwelling, intensiﬁed by strengthened off-shore winds, brings
more cold water to the surface through vertical-advective cooling
in the EP. During the La Niña conditions (Supplementary Fig. 3),
the trade winds are the strongest, and the background vertical
temperature gradient is the sharpest due to the shallowest
background thermocline; thus, the strongest EP cooling is
detected. The weakest EP cooling is associated with the strong
El Niño onset because of the weakest trade winds and no verticaladvective cooling response due to the deepest background
thermocline.
In the WP, the LOTG between the M&A continent and the
ocean initiates a trade wind decrease responsible for the later El
Niño-like response. However, the strong LOTG is short-lived and
functions only until the ocean itself responds to radiative cooling.
Half a year after the eruption, the ODT is responsible for nonuniform cooling of the equatorial Paciﬁc. The ODT is sensitive to
the background equatorial ocean upwelling, thermocline depth,
and thus to the ENSO preconditioning. Figure 3d, g and Fig. 4c
demonstrate that in the case of the neutral and weak (CP) El Niño
onsets, the WP cools more strongly than the EP because the
relatively shallow thermocline and intense EP upwelling attenuate
the response of the EP SST to volcanic radiative forcing. This
reduces the westward SST gradient in the WP/CP, leading to
strong and long-lasting westerly wind anomalies and strong
thermocline feedback characterized by the sea surface height
(SSH) response (Supplementary Fig. 4e, i) that cause an El Niñolike response in a year after the volcanic eruption. The analysis of
the ocean upper layer heat budget, previously summarized in Fig.
7 of ref. 49, reveals an interplay of three advective terms (zonal,
meridional, and vertical), which explain the El Niño-like warming
in the case of Neutral and weak CP El Niño preconditionings. In
contrast, both La Niña and extreme EP El Niño onsets do not
develop a strong zonal SST gradient as the response to volcanic
forcing. In the case of extreme (EP) El Niño, uniformly deep
background thermocline (no upwelling) allows broader cooling of
the equatorial Paciﬁc, which extends to the EP. It results in a
weaker SST gradient and, therefore, weaker zonal wind response,
weaker zonal feedbacks, and a weaker El Niño-like response to
volcanic forcing. The weak warming of the strong EP El Niño
onset is found to be mostly caused by the thermocline effect,
while the zonal and meridional advection contribution to this
warming is smaller49. In the case of La Niña onset, an extended
upwelling area in the equatorial Paciﬁc and the weakest
thermocline feedback lead to no response to volcanic forcing.
To identify the importance of the rapid land cooling effect
caused by reduced solar heating during the initial stages of a
volcanic eruption, we perform additional experiments using the
land surface temperature override over Africa and Maritime&Australia (M&A) continent (Fig. 5), i.e., preventing the land
temperature in these regions from responding to volcanic forcing.
This approach rectiﬁes the effect of rapid land cooling on ENSO
seen in the IPSL model experiments50. A detailed description of
the temperature override experiments is represented in Methods.
Figure 3 shows that the tropical Paciﬁc SST and zonal wind
deterministic responses in the experiments with Africa (middle
column) or M&A (right column) land temperature override are
all very similar to the original “no override” experiment. Thus at
least in the CM2.1, the continental cooling appears to play a less
important role than the ODT.
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Fig. 3 Surface temperature and zonal wind deterministic responses to Tambora-size eruption. Hovmöller (longitude vs. time) diagrams of land and sea
surface temperature responses (K, shaded) and zonal wind deterministic response (m/s, black contours every 0.5 m/s) to a June 1991 Tambora-size
eruption, averaged 5∘S-5∘N during June 1991–June 1993. The response is calculated as the Tambora grand-ensemble median minus the Butterﬂy grandensemble median, for experiments without continental temperature override (left column) and with temperature override over Africa (middle column) and
the Maritime&Australia continents (right column). Rows indicate responses of La Niña (a–c), Neutral (d–f), weak El Niño (g–i), and extreme El Niño (j–l)
onsets (see Experimental setup for event deﬁnitions). Medians are calculated from 100-member grand-ensembles for the experiments without override,
and 50-member grand-ensembles for the experiments with override (Table 4). Dashed lines bound the Indian ocean (red), Paciﬁc ocean (black), and
Niño3.4 region (green).
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Fig. 4 Mechanisms involved in the equatorial Paciﬁc response to explosive low-latitude volcanic eruptions. Schematic of the mechanisms involved in
the equatorial Paciﬁc response to explosive low-latitude volcanic eruptions a 0--6 months and b 6--18 months after the eruption, for different ENSO
preconditioning: La Niña, Neutral, weak Central Paciﬁc (CP) El Niño, and extreme Eastern Paciﬁc (EP) El Niño. See Experimental setup for ENSO event
deﬁnitions. The deterministic responses of the land and sea surface temperature and trade winds (Fig. 3a, d, g, j) are shown. The control sea surface height
(SSH) is shown as dashed black line, the SSH after the volcanic perturbation is shown as solid black line. The control SSH differs between a and b due to
transition to the relaxation phase.

In this study, we did not consider the possible effect of
volcanically induced cooling of the Asian continent, even though
the summer Asian monsoon and ENSO are closely related78. The
developing El Niño can depress the Asian monsoon in the
summer, and then the weakened Asian monsoon relaxes the trade
winds in the equatorial Paciﬁc and may enhance the upcoming El
Niño or prolong it. Potentially, cooling after strong volcanic
eruptions may weaken the summer monsoon and generate an
even stronger/more extended warm episode. However, the peak
of Asian continent cooling after the summer eruption is reached
in boreal winter during the dry monsoon season; however, the
WP wind response is the strongest in September–November of
8

the ﬁrst year after a strong summer eruption. Therefore, in the
CM2.1, the equatorial Paciﬁc trade winds may depend less on the
changes in Asian or West-African monsoons and more on the
equatorial Paciﬁc SST changes.
Discussion
This study explores the sensitivity of ENSO response to explosive
tropical volcanic eruptions. We performed grand-ensemble
(ensembles of ensembles) simulations in the GFDL CM2.1
model to explore how the ENSO response depends on the ocean
preconditioning and the season and magnitude of the eruption.
These experiments consist of 6200 perturbed simulations and
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over 19,000 model years. To our knowledge, this is the most
extensive set of simulations yet applied to this topic.
This unique experimental framework allows us to separate the
stochastic and deterministic components of ENSO response. The
partial contribution of these components strongly depends on the
timing of the eruption. For February eruptions, the stochastic
component prevails, meaning that boreal spring instabilities
strongly inﬂuence the ENSO. Therefore, the impact of February
volcanic eruptions on ENSO is relatively difﬁcult to detect even
for Tambora-size eruptions. For April or June volcanic eruptions,
however, the stochastic component diminishes; the deterministic
volcanically induced cooling of the Paciﬁc ocean is seen in the
ﬁrst year after the eruption and is followed by El Niño-like
warming in the second year for neutral and weak-to-moderate El
Niño preconditionings. La Niña preconditioning is relatively
insensitive to strong volcanic eruptions regardless of the season.
The deterministic responses to April and June eruptions
increase with the magnitude of the volcanic aerosol forcing,
although at a different rate depending on the ocean
preconditioning.
We analyzed the different response mechanisms by overriding
land surface temperatures over Africa and the Maritime& Australia continents. We showed that, at least in CM2.1, the oceandynamical thermostat plays a key role, while the continental
cooling and associated atmospheric circulation changes together
with the land-ocean temperature gradient mechanism play a
relatively smaller role in the ENSO response beyond the ﬁrst half
a year after the eruption. These ﬁndings contrast with previous
results from the IPSL model50 and should also be investigated in
other models. Another potentially inﬂuential mechanism may be
related to the Asian continent cooling, the largest landmass in the
Paciﬁc ocean proximity. This mechanism has not been analyzed
in this study, although its role should be tested in further studies.
This study highlights the importance of using the appropriate
tools for modeling, accurate experimental setup, and analysis
methods of the ENSO response to volcanic eruptions. Each model
has its own tropical climate and ENSO behavior, which does not
always reproduce the observed characteristics well79,80. Our
results indicate that the ocean state before the eruption, particularly the intensity and zonal extent of the ocean-dynamical
thermostat, are important controls on the ENSO response to
volcanic cooling. Thus, model biases could also affect the ENSO
response and may help to explain why studies of volcanic impacts
on ENSO have produced seemingly conﬂicting results.
Empirical analyses of observations77 and model ensemble
outputs42,62 usually disregard the timing of an eruption and the
ENSO preconditioning when sampling postvolcanic years.
However, since the eruption timing is essential for the ENSO
response48,49, such pooled sampling might misrepresent the
impact of eruptions on ENSO. We also showed that the choice of
the analyzed index (SST vs. RSST) matters and may explain
ENSO states’ inconsistencies after strong volcanic eruptions

reported by the local (e.g., ref. 77) and remote proxy studies (e.g.,
ref. 39). We believe that more selective sampling and intercomparison of results from multiple models instead of multimodel ensemble studies could help clarify the sensitivity of ENSO
to volcanic forcing.
Methods
Model description. CM2.1 coupled climate model captures the main aspects of
tropical Paciﬁc climate and ENSO81 (Table 1). CM2.1 has been extensively used to
explore historical, paleo, and future ENSO variability and predictability59,82–85 and
was involved in the Coupled Model Intercomparison Project phase 3 (CMIP3) and
the IPCC Fourth Assessment Report (IPCC AR4). CM2.1 was also used to study
volcanic impacts on the Middle East and North Africa (MENA) region86, the
Arctic Oscillation37, and the Atlantic Meridional Overturning Circulation87.
CM2.1 combines four submodels70: atmosphere, ocean, land, and sea ice. The
atmospheric component of the GFDL CM2.1 is run at 2∘ latitude by 2.5∘ longitude
horizontal resolution with 24 vertical levels reaching 40-km altitude and a ﬁnitevolume dynamical core. The atmospheric physics module has a 0.5 h time step. The
atmospheric radiation module includes shortwave and longwave components,
which are calculated every three hours. The radiative transfer calculations in the
CM2.1 model are performed using spatially and temporarily varying aerosol optical
properties. The atmospheric composition, incoming solar radiation, and land cover
are kept at the 1990 level. The oceanic component uses a tripolar horizontal grid at
1∘ latitude by 1∘ longitude telescoping to 1/3 ∘ near the equator with 50 vertical
levels reﬁned to 10 m spacing over the top 220 m, and 2 h time step. The land
component shares the atmosphere’s horizontal grid. The sea ice component is
based on GFDL Sea Ice Simulator, which is a dynamical model with three vertical
layers, one snow and two ice, and ﬁve ice thickness categories.
The coupler is used to organize the communication between the submodels. It
computes and passes the ﬂuxes from one submodel to another in such a way that
each submodel receives an appropriately gridded input. The coupling of the ocean
and atmosphere occurs every 2 h, which is equal to the time step of the ocean
model. All ﬂuxes are conserved to within machine precision.
Experimental setup. To isolate the effect of volcanic or other perturbations on
each ENSO onset, we run control (no sulfate aerosols) and perturbed (with sulfate
aerosols) simulations. We start the pairs of simulations from the same initial
conditions (ICs), and each experiment is run for 3 years. For consistency, we
relabel the initial time as January 1, 1991.
Initial conditions and control ensembles. To generate a pool of ICs, we perform a
historical 500-year run without volcanic aerosols. We then use ranges of Niño3.4

Table 1 ENSO phase probabilities in the observational and
model data.

Observations
CM2.1 no override
CM2.1 Africa
override
CM2.1 M&A
override

La Niña

Neutral

CP
El Niño

EP
El Niño

0.23
0.33
0.32

0.43
0.38
0.39

0.23
0.20
0.20

0.11
0.09
0.09

0.28

0.43

0.21

0.08

Values are calculated using ERSST V4 observations and CM2.1 model output with and without
temperature override over Africa and Maritime&Australia (M&A) for La Niña, Neutral, weak
Central Paciﬁc (CP) El Niño, and strong Eastern Paciﬁc (EP) El Niño.

Table 2 The ranges of the OND Niño3.4 used to generate
control initial condition (IC) 10-member ensemble
simulations for different ENSO onsets.

Fig. 5 A map illustrating the regions of the land surface temperature
override. The colors indicate the regions "Africa" (green) and
Maritime&Australia" (purple) used in the experiments with the land surface
temperature override (see Methods).

ENSO onset

NINO3.4 range (K)

1. La Niña
2. Neutral
3. Weak El Niño (CP)
4. Moderate El Niño (CP)
5. Strong El Niño (EP)
6. Extreme El Niño (EP)

−∞ to (−2)
−0.2 to 0.2
1 to 1.5
1.5 to 2.2
2.2 to 3
3 to ∞
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averaged over October/November/December (OND) to deﬁne six groups of
simulated ENSO events: La Niña (below -2K), Neutral (−0.2 to 0.2K), weak El
Niño (1–1.5K), moderate El Niño (1.5–2.2K), strong El Niño (2.2–3K), and
extreme El Niño (above 3K) (Table 2, Fig. 6). The ranges slightly differ from the
conventional ones due to model biases—CM2.1 tends to slightly overestimate El
Niño amplitudes. For each of these six groups, ten events with corresponding
ENSO amplitude are randomly selected. For each selected event, the model trajectory is traced back in time to January 1 of the event year, and the model state at
that time is identiﬁed as the IC for that event. The subsequent 3 years of evolution
of the 10 control runs in each group is denoted as the control ensemble.
The ICs should not be confused with the ENSO phase “onset”, which deﬁnes
the model state of ENSO before the perturbation.
Perturbed forcing. To impose the Butterﬂy perturbations and Pinatubo-size and
Tambora-size volcanic eruptions in CM2.1, we prescribe the volcanic aerosol
optical properties using the SATO1.8 dataset88,89 containing the aerosol extinction
(ϵ0), single scattering albedo, and asymmetry parameter of the aerosol cloud after
Pinatubo in June 1991. Supplementary Fig. 5 shows the spatio-temporal evolution
of the SATO1.8 extinction aerosol optical depth.
Rather than perturbing the initial conditions, we instead used slightly perturbed
forcings to generate the initial ensemble spread (the two methods would produce
effectively the same result). The Butterﬂy and volcanic cases have the same spatiotemporal pattern of the aerosol cloud as they use the SATO1.8 dataset multiplied
by a scalar αp, where p = [1,...10] is the ordinal index (Table 3), and shifted by four
months earlier for February perturbations and by two months for April
perturbations. For small (“butterﬂy”) perturbations, αp, starts from 0.001 and
increases with the step 0.001, thus making it equivalent to the perturbation caused
by the aerosol optical depth thousand times smaller than that of Pinatubo eruption.
For Pinatubo-size eruptions, the aerosol extinctions is scaled by 1 + αp, and for
Tambora-size eruptions, this coefﬁcient is equal to 3 + αp.
Butterﬂy grand-ensembles. To obtain a stochastic response of each ENSO onset to
boreal winter, spring, and summer perturbations, the model is run for three years
starting from each of the control onset initial conditions, but with perturbed forcing applied in each season separately. Thus, we alternately add a “butterﬂy”
atmospheric perturbation to generate an alternative ENSO trajectory that diverges
chaotically from the original control trajectory. This process is repeated with 10
butterﬂy perturbations, giving a 10-member perturbed forcing ensemble for each
initial condition. This resembles what is commonly done in “perfect-model” predictability studies59. These 10 butterﬂy trajectories for each of the 10 onset initial
conditions yield a “grand-ensemble” of 100 ENSO trajectories for each of the six
ENSO groups in each perturbation season.
Volcanic grand-ensembles. To assess the impact of volcanic forcing, we repeat the
100-member grand-ensembles as above, but add to the Butterﬂy perturbation a
volcanic aerosol perturbation comparable to that from 1991 Pinatubo or 1815
Tambora40,87 eruptions. This is done for each ENSO onset and eruption timing
and magnitude (Table 3). The control ensembles, Butterﬂy grand-ensembles, and
volcanic grand-ensembles are all identical before the aerosol perturbations are
applied. The difference between the Butterﬂy and volcanic grand-ensemble distributions, which is calculated here as the difference of grand-ensemble medians,
then isolates the effects of the volcanic forcing49, i.e., the deterministic response. To
test the seasonal dependence of the response, three different sets of experiments are

Table 3 Summary of the perturbed 100-member grandensemble simulations for each ENSO onset listed in Table 2:
La Niña, Neutral, weak El Niño, moderate El Niño, strong El
Niño, and extreme El Niño.

Fig. 6 Selected ENSO groups. Boreal winter control ENSO states at
each of the selected control ENSO groups: La Niña, Neutral, weak El
Niño, moderate El Niño, strong El Niño, and extreme El Niño are shown
as December 1991 monthly mean sea and land surface temperature
(K, shading) and wind at 10 m (m/s, arrows) ensemble mean
anomalies calculated with respect to the climatology, and total precipitation
(mm day−1, contours).

10

Grand-ensemble name

Forcing size

Forcing start
month, m

1. February Butterﬂy
2. April Butterﬂy
3. June Butterﬂy
4. February Pinatubo
5. April Pinatubo
6. June Pinatubo
7. February Tambora
8. April Tambora
9. June Tambora

αpxPinatubo
αpxPinatubo
αpxPinatubo
(1 + αp)xPinatubo
(1 + αp)xPinatubo
(1 + αp)xPinatubo
(3 + αp)xPinatubo
(3 + αp)xPinatubo
(3 + αp)xPinatubo

February
April
June
February
April
June
February
April
June

Each grand-ensemble involves 10 ICs forced with the sets of 10 perturbed forcings. Pinatubo
corresponds to the original Pinatubo forcing, αp < 0.01 is a Butterﬂy forcing coefﬁcient, p ranges
from 1 to 10.

COMMUNICATIONS EARTH & ENVIRONMENT | (2020)1:12 | https://doi.org/10.1038/s43247-020-0013-y | www.nature.com/commsenv

ARTICLE

COMMUNICATIONS EARTH & ENVIRONMENT | https://doi.org/10.1038/s43247-020-0013-y

Table 4 List of control and perturbed grand-ensemble simulations with and without land surface temperature override over
Africa and Maritime&Australia (M&A) continents for each ENSO onset listed in Table 2: La Niña, Neutral, weak El Niño, and
extreme El Niño.
Experiment name

Override region

Duration (years)

Forcing size, ϵp

# of ICs

# of perturbation
per IC

Total # of
ensemble members

1. No override, historical
2. No override, Butterﬂy
3. No override, Tambora
4. Africa override, historical
5. Africa override, Butterﬂy
6. Africa override, Tambora
7. M&A override, historical
8. M&A override, Butterﬂy
9. M&A override, Tambora

–
–
–
17∘W-55∘E 38∘S-35∘N
17∘W-55∘E 38∘S-35∘N
17∘W-55∘E 38∘S-35∘N
93∘E-165∘E 37∘S-7∘N
93∘E-165∘E 37∘S-7∘N
93∘E-165∘E 37∘S-7∘N

500
3
3
100
3
3
100
3
3

–
αpxPinatubo
(3 + αp)xPinatubo
–
αpxPinatubo
(3 + αp)xPinatubo
–
αpxPinatubo
(3 + αp)xPinatubo

1
10
10
1
5
5
1
5
5

–
10
10
–
10
10
–
10
10

1
100
100
1
50
50
1
50
50

Pinatubo corresponds to the original Pinatubo aerosol extinction ϵ0, αp < 0.01 is a Butterﬂy forcing coefﬁcient, p ranges from 1 to 10.

performed with volcanic forcing consistent with eruptions in February, April, or
June. As we prescribe aerosol optical properties for each of the perturbations, the
original Pinatubo dataset89 is modiﬁed according to the perturbation and the start
date of the perturbation is shifted for February and April eruptions. In every case,
the aerosol optical depth reaches the peak in eight months after the perturbation.
The Butterﬂy, Pinatubo, and Tambora seasonal experiments (Table 3) thus amount
to a total of 3 × 3 × 10 × 10 × 6 × 3 years or 16,200 years of simulation.
Override grand-ensembles. To test the rapid land cooling hypothesis, we perform
additional experiments, in which the eruption-induced land cooling is suppressed
in particular regions (Fig. 5)—namely Africa as suggested by50 and the Maritime&Australia (M&A) continents, which is well positioned geographically to
affect the WP winds through LOTG44,49. We override the land surface temperature
in these regions using archived hourly data from the original 500-year control
simulation in which there was no volcanic cooling.
To account for any changes in climate or ENSO arising from the override
procedure itself, we ﬁrst conduct two new 100-year 1990 control simulations
(without volcanic forcing) in which the land surface temperature in the selected
regions is overridden by the hourly data from the original control run (Table 4).
Comparison of the ENSO phase frequencies of the control simulations with and
without override is provided in Table 1. For each of the 4 ENSO event types (La
Niña (below −2K), Neutral (−0.2 to 0.2K), weak El Niño (1–1.5K), and extreme El
Niño (above 3K)), we then choose ﬁve new ICs from the new 100-year controls,
and perform new 50-member ensemble Butterﬂy and Tambora experiments with
the land temperature overridden (see Table 4). The land-override control, landoverride Butterﬂy, and land-override Eruption runs only differ in their volcanic
aerosol forcing. The land-override ensembles amount to a total of 2 × 2 × 5 × 10 ×
4 × 3 years or 2400 years of simulation.

events, i.e., the stochastic response, is
ψ s ¼ ψ B ðtÞ  ψ C ðtÞ

ð5Þ

Data availability
All simulation data used in this study are archived in the KAUST Supercomputing
Laboratory. The postprocessed data ﬁles and ﬁgures are available on request from the
corresponding author.

Code availability
The CM2.1 climate model is developed by the Geophysical Fluid Dynamics Laboratory
(GFDL) and is publicly available at https://www.gfdl.noaa.gov/modeling-systems-grouppublic-releases/. The modiﬁed version of the CM2.1, which was used in the study and
allows to perform land surface temperature override, can be downloaded from KAUST
repository https://doi.org/10.25781/KAUST-6MBB9. The archive includes all necessary
ﬁles needed to reproduce the results—the model source code, input data, SATO1.8
volcanic dataset, and “perturbed forcing” and “grand-ensemble” sample scripts. The
post-processing and visualization Python code is available on request from the
corresponding author.
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