
Vol.:(0123456789)1 3

Climate Dynamics 
https://doi.org/10.1007/s00382-017-4021-2

Modulation of ENSO evolution by strong tropical volcanic eruptions

Tao Wang1,2  · Dong Guo3 · Yongqi Gao1,4 · Huijun Wang1,2,5 · Fei Zheng2,6 · Yali Zhu1,2 · Jiapeng Miao1,7 · 
Yongyun Hu8

Received: 9 July 2017 / Accepted: 18 November 2017 
© Springer-Verlag GmbH Germany, part of Springer Nature 2017

Abstract
The simulated responses of the El Niño–Southern Oscillation (ENSO) to volcanic forcings are controversial, and some 
mechanisms of these responses are not clear. We investigate the impacts of volcanic forcing on the ENSO using a long-term 
simulation covering 1400–1999 as simulated by the Bergen Climate Model (BCM) and a group of simulations performed 
with the Community Atmosphere Model version 4.0 (CAM4) and the BCM’s ocean component Miami Isopycanic Coordi-
nated Ocean Model (MICOM). The analysis of the long-term BCM simulation indicates that ENSO has a negative-positive-
negative response to strong tropical volcanic eruptions (SVEs), which corresponds to the different stages of volcanic forcing. 
In the initial forcing stage, a brief and weak La Niña-like response is caused by the cooling along the west coast of the South 
American continent and associated enhancement of the trade winds. In the peak forcing stage, westerly wind anomalies are 
excited by both reduced east–west sea level pressure gradients and weakened and equatorward shifted tropical convergence 
zones. These westerly wind anomalies extend to the equatorial eastern Pacific, leading to an El Niño-like response. At the 
same time, easterly wind anomalies west of 120°E and strong cooling effects can promote a discharged thermocline state and 
excite an upwelling Kelvin wave in the western Pacific. In the declining forcing stage, forced by the recovered trade winds, 
the upwelling Kelvin wave propagates eastward and reaches the equatorial eastern Pacific. Through the Bjerknes feedback, 
a strong and temporally extended La Niña-like response forms. Additional CAM4 simulations suggest a more important 
role of the surface cooling over the Maritime Continent and surrounding ocean in shaping the westerly wind anomalies 
over the equatorial central-eastern Pacific and the easterly wind anomalies west of 120° E, which are key to causing the El 
Niño-like responses and subsequent La Niña-like responses, respectively. The MICOM sensitivity simulations confirm that 
SVE-induced tropical atmospheric circulation anomalies play a dominant role in regulating post-eruption ENSO evolution in 
the observation, while the influences of anomalous buoyance forcing (heat and freshwater fluxes) are secondary. Therefore, 
SVEs play an important role in modulating the ENSO evolution. Compared with proxy data, the simulated El Niño-like 
responses and subsequent La Niña-like responses are consistent with the reconstructed ENSO responses to SVEs. However, 
the simulated initial brief La Niña-like response, which is reproduced by most models, is seen in only one proxy dataset 
and is absent in most of the reconstructed ENSOs and those observed. The reason for this model-data mismatch will require 
further investigation.
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1 Introduction

The El Niño–Southern Oscillation (ENSO) is a coupled 
ocean–atmosphere phenomenon with annual and inter-
annual timescales. It features an irregular inter-annual oscil-
lation between warmer (El Niño) and colder (La Niña) sea 
surface temperatures (SST) in the tropical Pacific (Latif et al. 
1998; McPhaden et al. 2006). Although ENSO originates 
and develops in the tropical Pacific, its influence covers not 
only the Pacific but also the global climate at seasonal to 
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inter-annual scales. For example, ENSO is suggested to have 
a significant influence on the East Asian monsoons (e.g., 
Zhang et al. 1999; Chang et al. 2000; Chen et al. 2007; Zhou 
and Chan 2007; Zhou et al. 2007; Gu et al. 2010), the Euro-
pean climate (e.g., Fraedrich 1994; Moron and Plaut 2003; 
Brönnimann 2007; Graf et al. 2014), the rainfall extremes in 
South and North America (e.g., Cayan et al. 1999; Andreoli 
and Kayano 2005), the Australian rainfall variability (e.g., 
Cai and Cowan 2009; Cai et al. 2011) and the recent slow-
down of global warming (Kosaka and Xie 2013). Further-
more, ENSO can also modulate the Pacific Decadal Oscil-
lation (Newman et al. 2003; Zanchettin et al. 2016) and the 
dominant component of the tropical variability on an intra-
seasonal time scale: the Madden–Julian Oscillation (Chen 
et al. 2016).

The ENSO cycle includes its initiation, development, 
and decay phases. Bjerknes (1969) was the first to hypoth-
esize that an initial positive SST anomaly in the eastern 
equatorial Pacific could lead to El Niño through a positive 
ocean–atmosphere feedback. Later, four major negative 
feedbacks were proposed to turn the initial warm state into 
ENSO-like oscillations (Wang and Picaut 2004). The pro-
posed frameworks include the delayed oscillator (Suarez and 
Schopf 1988; Battisti and Hirst 1989), the recharge oscillator 
(Jin 1997a, b), the western Pacific oscillator (Weisberg and 
Wang 1997; Wang et al. 1999), and the advective-reflective 
oscillator (Picaut et al. 1997). Further, Neelin et al. (1998) 
and Picaut et al. (2002) suggested that additional mecha-
nisms should be proposed for ENSO’s irregularity, includ-
ing interactions with the seasonal cycle, chaotic behavior, 
long-term natural and anthropogenic variations, and high-
frequency forcings such as westerly wind bursts.

Depending on the spatial and temporal evolutions of the 
SST anomalies over the tropical Pacific, El Niño events can 
be classified as eastern Pacific El Niño or central Pacific El 
Niño events. The canonical El Niño usually refers to east-
ern Pacific El Niño events, involving the westward propa-
gation of positive SST anomalies off the South American 
coast in the eastern Pacific (Rasmusson and Carpenter 
1982). Recently, central Pacific El Niño events have been 
documented as a new type or, alternatively, an increasingly 
recurrent type of El Niño (e.g., Ashok et al. 2007; Kao and 
Yu 2009; Pascolini-Campbell et al. 2015). These events 
are characterized by positive SST anomalies in the central 
tropical Pacific flanked by negative SST anomalies to the 
west and east. Thus, ENSO and its related mechanisms are 
diverse (Zhang et al. 2007; Giese and Ray 2011; Johnson 
2013; Chen et al. 2015). In general, the subsurface oceanic 
temperature anomaly in the western Pacific and the cumula-
tive zonal wind anomalies over the tropical Pacific play key 
roles in ENSO evolution (Lai et al. 2015). Other factors, 
such as anomalous freshwater fluxes affecting sea surface 
salinity and related oceanic processes (Yang et al. 1999; 

Zhang and Busalacchi 2009; Zheng and Zhang 2012) and 
oceanic biologically-induced heating (Chavez et al. 1999; 
Timmermann and Jin 2002; Marzeion et al. 2005; Zhang 
et al. 2015), have also been suggested to influence ENSO.

External forcings may play important roles in the regula-
tion of ENSO. For example, greenhouse gas-induced global 
warming favors more frequent extreme El Niño and La 
Niña events based on the modeling results from the Cou-
pled Model Intercomparison Project Phase 3 and 5 (CMIP3 
and CMIP5) (Cai et al. 2014, 2015a). Changes in incom-
ing solar radiation affect the heat budget of the equatorial 
Pacific Ocean and, consequently, ENSO (Lewis et al. 1990; 
Liu et al. 2015).

Volcanic eruptions are another important external forcing 
that impacts regional and global climates (Robock 2000). 
Volcanic aerosols cool the troposphere and surface by scat-
tering and reflecting solar radiation as well as warming the 
stratosphere by absorbing terrestrial radiation. Significant 
changes have been found in the global and regional surface 
air temperatures and precipitations following volcanic erup-
tions, especially following strong tropical volcanic eruptions 
(SVEs) (e.g., Robock and Mao 1995; Stenchikov et al. 1998; 
Trenberth and Dai 2007; Otterå 2008; Liu et al. 2016). Vol-
canic eruptions can impact monsoons (e.g., Peng et al. 2010; 
Cui et al. 2014; Miao et al. 2016; Zambri and Robock 2016) 
and modulate the decadal to multidecadal climate variability 
over the Northern Hemisphere (Otterå et al. 2010; Wang 
et al. 2012; Zanchettin et al. 2012; Zanchettin 2017).

For ENSO, Adams et al. (2003) revealed a close con-
nection between strong volcanic eruptions and subsequent 
El Niño events by analyzing paleoclimate reconstructions 
of ENSO and suggested a rebound from volcanism-induced 
El Niño-like conditions into La Niña-like states. Liu et al. 
(2017) drew the same conclusion based on ten ENSO recon-
structions. However, there is also proxy evidence indicating 
an immediate La Niña-like tropical Pacific cooling, prior 
to the El Niño-like response of the eruption year (Li et al. 
2013).

Numerical models have also been used to investigate 
the responses of ENSO to volcanic forcing. For instance, 
Mann et al. (2005) used the Zebiak-Cane model (Zebiak 
and Cane 1987) and found an El Niño-like SST anomaly 
response to the prescribed spatially-uniform distribution 
of surface cooling over the tropical Pacific. Subsequently, 
global coupled ocean–atmosphere models are used to fur-
ther explore the responses of ENSO to volcanic eruptions. 
Emile-Geay et al. (2008) suggested that volcanic erup-
tions can increase the likelihoods of El Niño events by 
an average of 50% via a dynamical thermostat mechanism 
(Clement et al. 1996; Cane et al. 1997). Ohba et al. (2013) 
suggested that the intensity of a dynamical thermostat-
like response to a SVE could be dependent on the con-
current phase of ENSO. Lim et al. (2016) suggested that 
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El Niño-like warming occurs when volcanic forcing is 
above 15 W  m−2. In addition, this modeled El Niño-like 
response is attributed to westerly wind anomalies, which 
can be excited by stronger coolings over the Maritime 
Continent (Ohba et al. 2013), an equatorward-shifted and 
weakened Inter-tropical Convergence Zone (ITCZ) (e.g., 
Pausata et al. 2015; Lim et al. 2016; Liu et al. 2017), 
subtropical precipitation increase and associated diabatic 
heating anomaly (Liu et al. 2017), as well as a stronger 
cooling over tropical Africa and related atmospheric Kel-
vin wave (Khodri et al. 2017) based on some recent mod-
eling studies. In contrast, this cause/effect relationship 
between eruptions and El Niño-like responses is weak 
in some coupled model (Ding et al. 2014). A La Niña-
like response even has been reported by some modeling 
studies (e.g., McGregor and Timmermann 2011; Zan-
chettin et al. 2012). The La Niña-like response in some 
of these modeling studies is identified probably due to 
the overarching tropical cooling caused by the volcanic 
forcing, rather than an actual negative ENSO response 
(Khodri et al. 2017). Nevertheless, some discrepancies 
in the response of ENSO to SVEs still exist between the 
different modeling studies. And the main mechanisms for 
ENSO to responding to volcanic forcing are under debate.

Additionally, more attention has been paid to the 
response of ENSO during the eruption and the first post-
eruption years (i.e., the El Niño-like response in the proxy 
data-based studies and most modeling studies), rather 
than to a long-term continuous response. The mechanism 
for subsequent La Niña-like responses in the second to 
third post-eruption years, which are also proposed to exist 
in the ENSO reconstructions, is still not clear. Therefore, 
many issues surrounding ENSO’s response to volcanic 
forcing remain open to dispute.

In this study, we investigated the responses of the 
tropical Pacific Ocean to SVEs using observational data, 
a coupled climate model, an ocean general circulation 
model (OGCM) and an atmospheric general circulation 
model (AGCM). In particular, we focus on the impacts 
of SVEs on ENSO evolution and the associated physi-
cal processes during several post-eruption years. The rest 
of this paper is organized as follows: Sect. 2 describes 
the model, data, and numerical experiments employed in 
this study. In Sect. 3, the response of a simulated ENSO 
to SVEs, and the associated mechanism are investigated 
using a coupled climate model and an AGCM. In Sect. 4, 
the ENSO evolutions following three SVEs in the second 
half of the twentieth century are studied in detail using 
observations and specifically designed OGCM simula-
tions. The conclusions and discussion are presented in 
Sect. 5.

2  Model, data, and experiments

The Bergen Climate Model version 2 (hereafter abbrevi-
ated as BCM) is a fully coupled atmosphere–ocean–sea-ice 
general circulation model (Otterå et al. 2010). Its atmos-
pheric component is ARPEGE, a spectral AGCM with a 
truncation at wavenumber 63 (approximately 2.8° in lati-
tude and longitude). A total of 31 vertical levels ranging 
from the surface to 10 hPa are employed in the model. 
The oceanic component is MICOM (Bleck et al. 1992), 
a global isopycnic coordinate ocean model. It has a gen-
eral horizontal grid spacing of 2.4° × 2.4° that gradually 
decreases to 0.8° toward the equator to better resolve the 
dynamics and has a stack of 34 vertical isopycnic layers. 
The sea-ice component is the dynamic-thermodynamic 
sea-ice model GELATO (Salas-Melia 2002). These com-
ponents are coupled with the OASIS coupler (version 22).

One 600-year long simulation from the BCM is used 
to investigate the impact of SVEs on the ENSO evolu-
tion and the associated mechanisms in the couple model. 
The 600-year long simulation (hereafter referred to as 
EXT600) is forced by natural forcings, including changes 
in the amount of stratospheric aerosols following vol-
canic eruptions (Fig. 1) and variations in total solar irra-
diance (Crowley et al. 2003). The anthropogenic forcings, 
including well-mixed greenhouse gases and tropospheric 
sulfate aerosols, are fixed at preindustrial (1850) levels. 
The volcanic aerosol loading in BCM is described as the 
monthly optical depths at 0.55 microns in the middle of 
the visible spectrum in four latitude bands (30°N–90°ºN, 
0–30°N, 30°S–0, 90°S–30°S) (Crowley et al. 2003). The 
sulfate aerosol loading is distributed throughout all model 
levels in the stratosphere. The BCM has been shown to 
well reproduce the current climate (Wang et al. 2013) and 
the main observed features following the Pinatubo erup-
tion of 1991 (Otterå 2008).

At the same time, an AGCM, the Community Atmos-
phere Model version 4.0 (CAM4), is used to examine the 
tropical atmospheric responses to SVE-induced surface 
cooling in the BCM EXT600 simulation. CAM4 is the 
atmospheric component of the Community Earth Sys-
tem Model (Gent et al. 2011). In this study, CAM4 has 
a horizontal grid resolution of 1.9° in latitude by 2.5° in 
longitude and 26 vertical layers. Details for the CAM4 
experiments will be presented in Sect. 3.

In addition to the BCM and CAM4 simulations, we 
also used the MICOM simulation (from January 1, 1948 
to December 31, 2008), which is forced by the daily 
NCEP–NCAR (the National Centers for Environmental 
Prediction/National Center for Atmospheric Research) rea-
nalysis dataset (Kalnay et al. 1996). MICOM is integrated 
for 305 years (five cycles of 1948–2008, with the end of 
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the previous cycle used as the initial state of the current 
cycle), which is a general approach for the ocean model’s 
spin-up (He et al. 2016). The final cycle is used in this 
study (hereafter abbreviated as MICOM60). To investigate 
the main mechanism influencing the observed ENSO evo-
lution responses to SVEs, we have performed additional 
MICOM simulations. The detailed experimental setup can 
be found in Sect. 4.

The observed SST is from the Hadley Center Monthly 
Sea Surface Temperature data set (HadISST, Rayner et al. 
2003). For statistical analyses, the superposed epoch analysis 
(SEA, Mitchell 1961; Robock and Mao 1995) and composite 
analysis are applied to examine the volcanic signals and their 
associated influences on the tropical Pacific. Following the 
works of Anchukaitis et al. (2010) and Liu et al. (2016), 
in the SEA, we normalize the data by the largest absolute 
anomaly magnitude in an 11-years window (5 years before 
and 6 years after the SVEs) to avoid any single eruption 
dominating the epochal signal. A standard Monte Carlo ran-
domization procedure (with a total of 10,000 Monte Carlo 
simulations) and a standard t test are used to determine the 
statistical significances of the SEA and the composite analy-
sis, respectively.

3  Responses of ENSO cycles to SVEs 
in the BCM

3.1  Simulated ENSO mode

We use two indices to examine the evolutions of ENSO 
following SVEs in the EXT600. The first one is the Niño 

3.4 SST index (hereafter abbreviated as SST ENSO index), 
which is defined as the deseasonalized area-averaged 
monthly SST anomaly from 5°S–5°N and 170°–120°W. 
The second index is defined as the deseasonalized area-
averaged monthly sea surface height (SSH) anomalies 
over the Niño 3.4 region (hereafter abbreviated as the SSH 
ENSO index).

During the positive ENSO phase of the observations, 
shown in Fig. 2a, anomalously warm SSTs are evident 
in the eastern and central equatorial Pacific and are sur-
rounded by anomalously cool SSTs in the western tropical, 
the North and the South Pacific. Similarly, positive ENSO 
modes/El Niño SST patterns can be seen in the regression 
maps of the simulated SSTs of the ENSO indices (Fig. 2b, 
c). The spectra of the simulated ENSO indices peak at 3.2, 
3.6, and 4.8 years (Fig. 2e, f), which agrees well with the 
observed spectrum (Fig. 2d). The BCM well captures the 
observed seasonal cycle of ENSO (Figure S1). In general, 
the BCM produces relatively realistic spatial structures 
and spectral characteristics of ENSO (a more detailed 
evaluation is shown in Figures S1–S5). However, some 
model biases still exist. The simulated warm tongue along 
the equator associated with El Niño episodes is narrow and 
penetrates too far westward compared to that observed, 
which is a common problem for coupled models (Capo-
tondi et al. 2006; Wang et al. 2012). Further, the EXT600 
simulation underestimates the natural variability of SSTs 
in the central equatorial Pacific (Figure S2) and zonal wind 
anomalies during El Niño episodes (Figure S3), which is 
partly due to a lower level of greenhouse gases than those 
observed (Cai et al. 2014, 2015b). In fact, similarly weak 
inter-annual variations are also found in other models 
(e.g., Capotondi et al. 2006; Zheng 2014).
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Fig. 1  a Global and annual mean volcanic forcing (Crowley et  al. 
2003) used in the BCM. Orange bars stand for the eighteen SVEs; 
b Tropical (30°S–30°N) averaged monthly volcanic forcing for the 

eighteen SVEs (color curves) and their mean values (black curve); the 
solid vertical line stands for the peak time of the SVEs, the dashed 
vertical line stands for the average eruption start time
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3.2  Simulated ENSO evolutions following SVEs

There are eighteen SVEs in the EXT600 simulation, which 
are defined as the cases with anomalous peak negative 
global radiative forcings greater than 1 W m−2 (Fig. 1a 
and Table S1). Figure 3 illustrates the normalized SEA of 
the two ENSO indices for the SVE cases. The changes in 
the SST ENSO index (Fig. 3a) indicate that negative SSTs 
switch to positive SSTs during the 7th and 12th post-peak-
eruption months and switch back to negative SSTs during 

the 18th and 31st post-peak-eruption months. The significant 
negative SST anomalies around the 20th post-peak-eruption 
month suggest a negative phase of ENSO. Similarly, the 
SSH ENSO index (Fig. 3b) also shows the negative-posi-
tive-negative phase trends responses to an SVE. The SSH 
ENSO index reaches a maximum positive value around the 
7th post-peak-eruption month, corresponding to the posi-
tive SST ENSO index. Therefore, considering the changes 
in both ENSO indices, the simulated tropical Pacific tends 
to produce a negative ENSO phase after the SVEs and then 

Fig. 2  a Regression of observed SST on the SST ENSO index (unit: 
°C °C−1); Regression of simulated SST, b on the SST ENSO index 
(unit: °C °C−1) and c on the SSH ENSO index (unit: °C  m−1) in 
EXT600. Areas with confidence level exceeding 99% are denoted 

with dots; Power spectra from annual, d observed SST ENSO index, 
e simulated SST ENSO index, and f simulated SSH ENSO index. Red 
curves represent 95% confidence level
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switches to a positive ENSO phase. Finally, the simulated 
tropical Pacific shifts back to a negative ENSO phase around 
the 20th post-peak-eruption month.

The composite averaged SST anomalies from the 24th 
pre-peak-eruption month to the 60th post-peak-eruption 
month further confirm the abovementioned responses of 
ENSO following SVEs (Fig. 4). After SVEs, negative SST 
anomalies are evident in the eastern equatorial Pacific, 
showing an immediate La Niña-like SST anomaly. After the 
peak eruption, the western equatorial Pacific is significantly 
cooled, and the cooling signal lasts longer than 2 years. 
Positive SST anomalies emerge over the central-eastern 
equatorial Pacific around the 6th post-peak-eruption month 
(Fig. 4a) and are significant in the composite SST anomaly 

pattern (Fig. 5a). The significant but narrow warming is evi-
dent along the central-eastern equatorial Pacific, explaining 
the non-significant warming in Fig. 4a. At the same time, 
negative SST anomalies are found over the surrounding 
ocean regions and are particularly strong over the western 
tropical Pacific. This anomalous SST pattern suggests that 
the tropical Pacific experiences a positive ENSO phase from 
the 6th to the 12th post-peak-eruption month. During this 
period, positive and negative SSH anomalies are observed 
over the central-eastern equatorial Pacific and the western 
tropical Pacific, respectively, and are consistent with the SST 
patterns during the positive phase of ENSO (Figs. 4b, 5b).

The central-eastern equatorial Pacific starts to cool in 
the 12th post-peak-eruption month (Fig. 4a). Significant 

Fig. 3  Normalized SEA of simulated post-eruption evolution of four 
indices anomalies in the BCM EXT600 simulation: a the SST ENSO 
index, b the SSH ENSO index, c the SLP gradient over the tropical 
Pacific [(160°W–80°W, 5°S–5°N) minus (80°E–160°E, 5°S–5°N), 
(Vecchi et al. 2006)], and d averaged zonal wind (850 hPa) over the 

Niño 3.4 region. The indices anomalies are evaluated relative to 60 
pre-eruption months. Solid vertical lines stand for the peak time of 
the SVEs, dashed vertical lines stand for the average eruption start 
time. Black (gray) dashed curves represent 95% (90%) confidence 
intervals
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negative SST anomalies are evident over the central-eastern 
equatorial Pacific from the 16th to the 24th post-peak-erup-
tion months (also shown in Fig. 5c) and are much stronger 
than those that occurred immediately after SVEs. Corre-
spondingly, the negative SST anomalies become weaker over 
the western tropical Pacific. During this period, negative 
SSH anomalies are found over the entire tropical Pacific 
(Figs. 4b, 5d) with stronger signals in the central-eastern 

tropical Pacific. These changes in SST and SSH anomalies 
indicate that the tropical Pacific enters a negative ENSO 
phase from the 12th to the 24th post-peak-eruption month, 
as indicated by the SEA of the ENSO indices.

To summarize, the composite analysis of the EXT600 
suggests that, following SVEs, the eastern equatorial 
Pacific undergoes a brief La Niña-like cooling, an El Niño-
like warming (from the 6th to the 12th post-peak-eruption 

Fig. 4  Meridional averaged a SST anomalies (unit: °C) and b SSH 
anomalies (unit: m) over the equatorial Pacific (from 5°N to 5°S), 
and c zonal averaged precipitation anomalies (unit: mm  d−1) over the 
tropical Pacific (from 160°E to 100°W) in the BCM EXT600 simula-
tion. The reference period is 5 years before eruption start time. The 

black lines stand for the peak time of the SVEs, the gray lines stand 
for the average eruption start time. Before analysis, the data is desea-
sonalized. Areas with confidence level exceeding 95% (90%) are 
denoted with (small) dots

Fig. 5  SST anomalies (unit: °C) for a the period from the 6th to 12th 
post-peak-eruption months and c the period from the 16th to 24th 
post-peak-eruption months in the BCM EXT600 simulation. b, d 
are the same as a, c, but for SSH anomalies (unit: m). The reference 

period is 5 years before eruption start time. Before analysis, the data 
is deseasonalized. Areas with confidence level exceeding 95% are 
denoted with dots
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month), and finally, a longer and stronger La Niña-like cool-
ing (from the 16th to the 24th post-peak month). Continu-
ous responses correspond to different volcanic forcing stages 
from the initial step to the peak and finally decline.

3.3  Mechanism for the ENSO phase transition

To understand how SVEs affect ENSO evolution, we evalu-
ate associated atmospheric and oceanic processes along with 
the ENSO transition. In particular, we analyze changes at the 
20 °C isotherm depth, which describe the variations of the 
simulated thermocline at the equatorial Pacific (Figure S4).

Following SVEs (i.e., the initial forcing stage), signifi-
cant negative SST anomalies are evident only in the eastern 

equatorial Pacific, showing a La Niña-like cooling (Fig. 4a). 
These uneven SST anomalies in the equatorial Pacific are 
likely caused by the quick responses of atmospheric circu-
lations and precipitation to SVEs. After the eruption, the 
surface net solar radiation decreases over the tropics, which 
is stronger and precedes that over the midlatitudes (Figure 
S6). Correspondingly, the cooling in the tropical troposphere 
is stronger, and thus, leads to a reduced temperature gradient 
from the tropics to the midlatitudes at the beginning of an 
eruption (Figure S7). As a result, the ITCZ and South Pacific 
convergence zone (SPCZ) shift poleward (Figs. 4c, 6a, b) 
and are considerably strengthened over the western tropical 
Pacific. Thus, the total cloud cover decreases and offsets the 
SVE-induced decreases of the net surface solar radiation 

Fig. 6  Anomalous a precipitation (line contours indicate the climato-
logical precipitation, unit: mm  d−1), b total cloud cover (unit: %), c 
surface net shortwave radiation (W  m−1), d averaged tropospheric air 
temperature (from 700 to 300 hPa, unit: °C), e 850 hPa wind fields 
(unit: m  s−1), and f potential temperature over the equatorial Pacific 
(from 5°N to 5°S, unit: °C) for the period from the 3th to 5th post-

eruption months in the BCM EXT600 simulation. The reference 
period is 5 years before eruption start time. Before analysis, the data 
is deseasonalized. Areas with confidence level exceeding 95% are 
denoted with dots or shaded with gray (light gray for 90% confidence 
level)
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along the equator at the start of the eruption. Thus, no sig-
nificant surface cooling can be found in the central-western 
equatorial Pacific (Figure S8a). In the eastern equatorial 
Pacific, the SVE-induced stronger cooling along the west-
ern coast of the South American continent (Fig. 6d and S8a) 
results in strengthened trade winds over the eastern tropical 
Pacific (Fig. 6e). As a result, the thermocline is shallower in 
the eastern equatorial Pacific (Fig. 7a). The upwelling of the 
cold subsurface water is enhanced and lowers the SSTs in the 
eastern equatorial Pacific (Fig. 6f). Therefore, strong nega-
tive SST anomalies can be found in the eastern equatorial 
Pacific, showing a La Niña-like cooling following the SVEs.

At the same time, increased precipitation over the western 
Pacific, which is mainly caused by the poleward shifting of 
the ITCZ, releases more latent heat and causes anomalous 
tropospheric warming away from the equator (Fig. 6d). This 
anomalous warming pattern can lead to westerly wind anom-
alies (Fig. 6e) over the western equatorial Pacific through 
the quasi-geostrophic balance (Matsuno 1966; Gill 1980), 
thereby deepening the thermocline (Fig. 7a) and causing a 
downwelling Kelvin wave in the western equatorial Pacific 
(Fig. 8). Therefore, the necessary conditions for the evolu-
tion of an El Niño, as noted by Lai et al. (2015), form after 
SVEs. However, these westerly wind anomalies extend just 
to the west of the International Date Line (Figs. 6e, 7b). 
Thus, the downwelling Kelvin wave propagates to the central 
Pacific rather than reaching the eastern equatorial Pacific 
during this period (Figs. 7a, 8). This process is similar to 
the formation of central El Niño events, explaining the SST 
warming (non-significant) in the central equatorial Pacific 
during this stage (Figs. 4a, 6f).

Within 1 year after the peak time of the SVEs, the cooling 
effect increases at midlatitudes (Figure S6). Although the 
cooling effect is still weaker over the midlatitude regions 
than that over the tropics, stronger tropospheric cooling 
can be seen over the midlatitude land areas (Fig. 9a and 
S7b) due to smaller heat capacity of the land than the ocean 

Fig. 7  Meridional averaged a 20 °C isotherm depth anomalies (unit: 
m) and b zonal wind anomalies (unit: m  s−1) at 850  hPa over the 
equatorial Pacific (from 5°N to 5°S) in the BCM EXT600 simulation. 
The reference period is 5 years before eruption start time. The black 

lines stand for the peak time of the SVEs, the gray lines stand for the 
average eruption start time. Before analysis, the data is deseasonal-
ized. Areas with confidence level exceeding 95% are denoted with 
dots

Fig. 8  Equatorial Kelvin wave amplitude anomalies (unit: cm  s−1) in 
the BCM EXT600 simulation, the reference period is 5 years before 
eruption start time. The black lines stand for the peak time of the 
SVEs, the gray lines stand for the average eruption start time. Positive 
(negative) values stand for down-welling (upwelling) Kelvin waves
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(Robock 2000; Khodri et al. 2017). Strong cooling can also 
be found over subtropical cloud-free ocean areas. This may 
be because the volcanic forcing can directly reduce surface 
and tropospheric air temperature and avoid the possible 
influences from cloud feedbacks. As a result, the tempera-
ture gradient increases from the equator to the midlatitudes. 
Thus, the ITCZ and SPCZ weaken and shift toward the equa-
tor (Figs. 4c, 9b), contributing to the weakening of the trade 
winds in the central equatorial Pacific (Fig. 7b). A similar 
process is found in the recently completed Community Earth 
System Model (CESM) Last Millennium Ensemble (LME) 
simulation (Stevenson et al. 2016; Liu et al. 2017). The men-
tioned uneven SST anomalies shift the convective activity 
from the western equatorial Pacific eastwards (Fig. 9b and 
S9) and further enhance the westerly wind anomalies over 
the western Pacific (Fig. 7b), as documented by Graf (1986). 
Additionally, the equatorward-shifted and weakened ITCZ 
and SPCZ as well as the eastward tropical convective activ-
ity weakens the sea level pressure (SLP) over the tropical 
Pacific during this period (Fig. 10a).

At the same time, a stronger surface cooling is evident 
over the Maritime Continent region (Fig. 10b) due to the 
dynamical thermostat mechanism (Emile-Geay et al. 2008) 
and the smaller heat capacity of the land. As a result, the 
SLP over the Maritime Continent increases significantly 
(Fig. 10a), which plays an important role in weakening the 
east–west SLP gradient over the tropical Pacific (Fig. 3c). 
Therefore, the westerly wind anomalies are further strength-
ened (Fig. 3d) and extend into the eastern tropical Pacific 

Fig. 9  Anomalous a averaged tropospheric air temperature (from 700 
to 300 hPa, unit: °C), and b precipitation (line contours indicate the 
climatological precipitation, unit: mm  d−1) for the period from the 
peak time to 12th post-peak-eruption months in the BCM EXT600 
simulation. The reference period is 5 years before eruption start time. 
Before analysis, the data is deseasonalized. Areas with confidence 
level exceeding 95% are denoted with dots

Fig. 10  Meridional averaged a SLP anomalies (unit: hPa) and b sur-
face temperature anomalies (unit: °C) over the tropical Pacific (from 
15°N to 15°S) in the BCM EXT600 simulation, the reference period 
is 5  years before eruption start time. The black lines stand for the 

peak time of the SVEs, the gray lines stand for the average eruption 
start time. Before analysis, the data is deseasonalized. Areas with 
confidence level exceeding 95% are denoted with dots
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from the 6th post-peak-eruption month (Figs. 7b, 11b). 
Finally, these wind anomalies excite an El Niño-like 
response through the Bjerknes feedback during the period 
from the 6th to 12th post-peak-eruption months (Fig. 5a, 
b). At the same time, significant easterly wind anomalies 
emerge over the western tropical Pacific from the 6th post-
peak-eruption month (Fig. 7b). As a result, the thermocline 
becomes shallower in the western tropical Pacific (Fig. 7a) 
and an upwelling Kelvin wave is excited (Fig. 8), suggesting 
that the western Pacific has a discharged thermocline state in 
terms of the recharge-discharge oscillator (Jin 1997a, b) at 
the onset of an SVE-induced El Niño-like response.

In the BCM EXT600 simulation, both the weakened, 
equatorward-shifted convergence zones and stronger cool-
ing over the Maritime Continent contribute to the westerly 
wind anomalies, which are the key drivers of an El Niño-
like response in the peak forcing stage. To examine the 
relative importance of these two factors, we carried out a 
set of AGCM experiments using CAM4. The simulation 
with default configuration “F_2000” is used as the control 
simulation. The atmospheric composition was constant in 
the year 2000. A prescribed climatology for SST and sea 
ice is provided for current climate simulations by NCAR. 
In the first sensitivity simulation (hereafter called CAM4_
GSSTA), the averaged global SST anomalies from the 6th 
to 8th post-peak-eruption months are added into the CAM4 
SST climatology. This time period was selected because of 

when the westerly wind anomalies begin extending to the 
eastern equatorial Pacific. In addition, another two sensitiv-
ity simulations using CAM4 are designed. One is named 
CAM4_MCSSTA, in which only SST anomalies around the 
Maritime Continent (20°S–15°N and 90°–160°E) are added 
to the CAM4 SST climatology. In contrast, in the other sen-
sitivity simulation (hereafter called CAM4_NoMCSSTA), 
SST anomalies are imposed in the whole domain except for 
regions around the Maritime Continent, where CAM4 SST 
climatology are imposed. All the CAM4 simulations are 
consecutively integrated for 40 years, and the final 30 years 
are analyzed below.

Forced by global anomalous SSTs (i.e., CAM4_GSSTA), 
CAM4 simulates increased SLP anomalies over the western 
tropical Pacific, particularly over the Maritime Continent, 
whereas the decreased SLP anomalies over the central-
eastern tropical Pacific (Fig. 12b). At the same time, pre-
cipitation increases significantly along the whole equatorial 
Pacific and is reduced over the surrounding region and Mari-
time Continent (Fig. 13b). The simulated SLPs and precipi-
tation anomaly patterns strongly resemble those in the BCM 
EXT600 simulation (Figs. 12a, 13a), indicating a reduced 
east–west SLP gradient and weakened, equatorward shift of 
the ITCZ and SPCZ. The associated westerly wind anoma-
lies are also evident over the whole equatorial Pacific in the 
CAM4_GSSTA simulation. In addition, equatorial easterly 
wind anomalies can be found west of 120°E, implying a 

Fig. 11  The 20  °C isotherm depth anomalies (unit: m) for a the 
period from the peak time to 12th post-peak-eruption months and 
c the period from the 16th to 20th post-peak months in the BCM 
EXT600 simulation. Areas with confidence level exceeding 95% are 

denoted with dots. b, d are the same as a, c, but for wind anomalies 
at 850 hPa (unit: m  s−1). Areas with confidence level exceeding 95% 
(90%) are shaded with (light) gray. The reference period is 5  years 
before eruption start time. Before analysis, the data is deseasonalized
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suppressed convection and an anomalous divergence of the 
lower troposphere over the Maritime Continent.

Similar changes in SLPs and the lower tropospheric cir-
culation can be found in the CAM4_MCSSTA simulation 

(Fig. 12c), suggesting the important role of cooling around 
the Maritime Continent in causing westerly wind anomalies 
from west to east over the whole equatorial Pacific. Com-
pared with the results from CAM4_GSSTA, the westerly 

Fig. 12  a SLP (unit: hPa) and 850  hPa wind fields (unit: m  s−1) 
anomalies for the period from the 6th to 8th post-peak-eruption 
months in the BCM EXT600 simulation. Differences in SLP and 
850 hPa wind fields between b CAM4_GSSTA, c CAM4_MCSSTA, 

d CAM4_NoMCSSTA and control simulation (sensitivity simulation 
minus control simulation). Areas with confidence level exceeding 
95% are denoted with dots. For the 850 hPa wind fields, only areas 
with confidence level exceeding 95% are shown in the figure

Fig. 13  a Precipitation anomalies (unit: mm  d−1) for the period 
from the 6th to 8th post-peak-eruption months in the BCM EXT600 
simulation. Differences in precipitation between b CAM4_GSSTA, 

c CAM4_MCSSTA, d CAM4_NoMCSSTA and control simulation 
(sensitivity simulation minus control simulation). Areas with confi-
dence level exceeding 95% are denoted with dots
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wind anomalies are stronger and the positive SLP anoma-
lies over western tropical Pacific extend farther east. These 
stronger responses of the atmosphere to the cooling around 
the Maritime Continent are mainly due to the absence of 
cooling over other Pacific regions. For this reason, changes 
in ITCZ and SPCZ as well as the related precipitation anom-
alies are not implemented in this simulation (Fig. 13c).

Conversely, westerly wind anomalies are evident only 
over the Maritime Continent and the equatorial western 
Pacific regions, rather than extending to the equatorial east-
ern Pacific in the CAM4_NoMCSSTA simulation (Fig. 12d), 
suggesting that the weakened and equatorward shifts of the 
tropical convergence zones (Fig. 13d) can lead to westerly 
wind anomalies over only the tropical western Pacific. Based 
on this kind of designed CAM4 simulations and similarities 
of CAM4 and BCM results, both the weakened and equator-
ward-shifted ITCZ and SPCZ as well as the stronger cooling 
over the Maritime Continent can contribute to the forma-
tion of westerly wind anomalies over the equatorial Pacific 
during the peak forcing stage. Further, the latter factor is 
suggested to be more important for extending the westerly 
wind anomalies to the equatorial eastern Pacific, and thereby 
exciting an El Niño-like response. In addition, easterly wind 
anomalies over the tropical western Pacific are also absent 
in the CAM4_NoMCSSTA simulation. It suggests that the 
stronger cooling suppressing convection over the Maritime 
Continent is probably the main reason for the easterly wind 
anomalies over the tropical western Pacific during the peak 
forcing stage.

As the volcanic forcing weakens (i.e., in the declining 
forcing stage), the cooling around the Maritime Continent 
weakens and becomes comparable to that over the central 
equatorial Pacific (Fig. 10b). Therefore, the east–west SLP 
gradient (Figs. 3c, 10a) and the trade winds (Figs. 3d, 11d) 
recover starting in the 13th post-peak-eruption month. As a 
result, the upwelling Kelvin wave begins to propagate east-
ward (Fig. 8). The equatorial Pacific starts transitioning to 
a negative ENSO phase after the SVE-induced El Niño-like 
response, which is similar to the observed phase transition 
of ENSO (McPhaden and Yu 1999; Picaut et al. 2002; Zheng 
and Zhu 2015) and that of another coupled model (Kug et al. 
2006). When the upwelling Kelvin wave reaches the eastern 
equatorial Pacific (Fig. 8), the thermocline becomes shallow 
and thereby enhances the upwelling of the subsurface waters 
in the eastern equatorial Pacific (Figs. 7a, 11c). Therefore, 
through the Bjerknes feedback, negative SST and SSH 
anomalies occur in the eastern tropical Pacific (Figs. 4a, 
b, 5c, d). The tropical Pacific eventually enters a negative 
ENSO phase, showing a strong La Niña-like response.

In fact, the upper-ocean heat contents in the tropical 
western Pacific and that of the off-equatorial central-
eastern Pacific have been significantly reduced by SVE-
induced large-scale cooling forcing from the peak forcing 

stage (Fig. 5b, d). On the one hand, this forcing directly 
cools the tropical Pacific SST, partly explaining the rea-
son for a narrower and weaker El Niño-like warming in 
the second stage, relative to normal El Niño events. On 
the other hand, this forcing further enhances the negative 
thermocline anomalies and causes a stronger discharged 
thermocline state in the western equatorial Pacific in the 
following months (Fig. 7a), contributing to the forma-
tion of a stronger and longer-term La Niña response in 
the declining forcing stage. Therefore, the persistent cool-
ing effect due to the eruption weakens the El Niño-like 
response during the peak forcing stage (Figs. 3a, 4a, 5a) 
but strengthens the La Niña-like response in the declining 
forcing stage (Figs. 3a, 4a, 5c).

4  Observed ENSO evolution and SVEs

4.1  Recent observations and simulations

There were three SVEs during the period of 1948–2008: 
the Mount Agung eruption in 1963, the El Chichón erup-
tion in 1982, and the Mount Pinatubo eruption in 1991. 
During the post-eruption winters, significant positive SST 
anomalies are observed over the central-eastern tropical 
Pacific (Graf et al. 2014), suggesting the co-occurrence of 
positive ENSO phases and SVEs. As indicated by the SST 
ENSO indices in Fig. 14, El Niño events rapidly developed 
in the tropical Pacific following these three SVEs. These 
El Niño events all reached their peak phases in the post-
peak-eruption month and then begin to decay. Closely fol-
lowing the El Niño events in 1963/1964 and 1982/1983, 
La Niña events formed and remained present for more than 
1 year. However, the El Niño event in 1991/1992 was dif-
ferent. There was no significant La Niña event after the 
Mount Pinatubo eruption. In addition, the simulated initial 
and brief La Niña-like responses were also absent for these 
three SVEs. In general, the observed developments and 
transitions of ENSO phases are consistent with the simu-
lated El Niño-like and subsequent La Niña-like responses 
in the BCM EXT600 simulation. Due to the absence of 
simulated initial and short La Niño-like responses, the 
onsets of the observed positive ENSO episodes are earlier 
and evolve faster than those in the EXT600 simulations.

Forced by the transient heat, freshwater and momen-
tum fluxes from the NCEP/NCAR datasets, MICOM60 
can well reproduce the evolution of the SST ENSO 
index before and after these three SVEs. In addition, 
the observed low-level wind anomalies over the tropical 
Pacific characterize similar evolutions of the ENSO index 
during these periods (Fig. 14), suggesting that anomalous 
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winds could also play an important role in the observed 
ENSO evolutions following SVEs.

4.2  Ocean model simulations

To investigate the roles of surface winds, heat fluxes, and 
freshwater fluxes in the observed evolution of ENSO after 
SVEs, we perform an additional four sets of numerical 
experiments using MICOM. Each set includes three simu-
lations of the most recent three SVEs. These sensitive simu-
lations cover the year before the SVE and the subsequent 
10 years. Their initial states (i.e., the 1st of January in 1962, 
1981, and 1990) are derived from the MICOM60 simulation. 
In the first set of sensitivity simulations (hereafter abbre-
viated as SEN1-1963, SEN1-1982, and SEN1-1991), only 
the daily net surface downward fluxes of solar radiation and 
net longwave radiations are set using the values from the 
year before the SVE (i.e., 1962, 1981, and 1990) for the 
whole simulation. It means that SVE-induced direct radia-
tive forcing is excluded in these simulations. Other fluxes 
are set to follow those of the actual years. In the second set 
of sensitivity simulations (SEN2), only the daily net surface 
fluxes of sensible heat and latent heat as well as the daily 
precipitation rates at the surface are set equal to the values 
of the year before the SVE throughout. In the third set of 
the sensitivity simulations (SEN3), only the daily surface 
momentum fluxes of the zonal and meridional components 
are set to those of the year before the SVE. In the last set 
(SEN4), all the surface fluxes mentioned above are set to 
those of the year before the SVE for the whole simulation. 
The comparisons between different sets of simulations high-
light the impacts of different fluxes on the ENSO evolutions 
following SVEs.

As shown in Fig. 15, SEN1 and SEN2 both well capture 
the ENSO evolutions during these three SVEs. Their results 

are consistent with those of the MICOM60 simulation. In 
contrast, SEN3, in which the anomalous surface momentum 
fluxes after the eruption are absent, fails to reproduce the 
observed changes in the SST ENSO index. This result indi-
cates the key role of anomalous trade winds in the ENSO 
evolutions after SVEs. Nevertheless, compared to those of 
SEN4, the changes of the SST ENSO index in SEN3 are 
more like those of the MICOM60 simulation, suggesting 
that the anomalous heat and freshwater fluxes after the SVEs 
also, to some extent, contribute to ENSO evolution during 
these periods. Therefore, changes in the trade winds play the 
dominant role in regulating ENSO during the post-eruption 
period.

Note that the observed SVEs are too few to allow for 
conclusive causality between the SVEs and the trade winds 
anomalies after the eruptions. However, the EXT600 simu-
lation proves a close link between these systems (Figs. 3d, 
7b), meaning that the SVEs of the recent decades could con-
tribute to the anomalous westerly winds and the observed El 
Niño events following SVEs.

5  Discussion and conclusions

We used the outputs from BCM, CAM4 and MICOM as well 
as observational data to investigate the influence of SVEs on 
ENSO evolution. We find that the BCM simulation indicates 
a negative-positive-negative ENSO evolution in response to 
SVEs, corresponding to the initial forcing stage (i.e., from 
the eruption to the peak forcing), the peak forcing stage (i.e., 
from the peak forcing to the 1 year later), and the declining 
forcing stage (i.e., the following year).

In the initial forcing stage, SVEs can induce stronger 
cooling along the western coast of the South American 
continent and also cause strengthened trade winds over the 

Fig. 14  Observed (shaded) and MICOM60 simulated (black curves) 
Niño 3.4 SST indices (unit: °C) for a the Mount Agung eruption, b 
the El Chichón eruption, and c the Mount Pinatubo eruption, respec-

tively. Black shaded stands for the averaged tropical volcanic forcing 
(unit: W  m−2). Green curves stand for the NCEP/NCAR zonal wind 
anomalies at 850 hPa (unit: m  s−1)
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eastern tropical Pacific. Through the Bjerknes feedback, an 
immediate La Niña-like cooling forms in the eastern equato-
rial Pacific. In the peak forcing stage volcanic forcing leads 
to stronger surface cooling over the midlatitudes and the 
Maritime Continent than that over the tropical Pacific. The 
resulting enhanced temperature gradient from the equator 
to the midlatitudes together with the surface cooling over 
the tropical Pacific leads to a weakened and equatorward-
shifted ITCZ and SPCZ. The stronger cooling over the Mari-
time Continent results in a reduced east–west SLP gradient. 
These changes cause significant westerly wind anomalies 
over the central-eastern tropical Pacific and thereby excite 
an El Niño-like response during this stage. In this stage, 
SVE-induced large-scale cooling over the tropics and their 
associated easterly wind anomalies over the western tropi-
cal Pacific promote a discharged thermocline state in the 
western Pacific, which favors a phase transition to La Niña 
or a negative ENSO. In this process, additional CAM4 simu-
lations suggest a more important role of stronger surface 
cooling over the Maritime Continent in extending the west-
erly wind anomalies to the equatorial eastern Pacific and in 
shaping easterly wind anomalies over the equatorial west-
ern Pacific. During its final stage, volcanic forcing becomes 
too weak to maintain the westerly wind anomalies over the 
central-eastern tropical Pacific. As a result of the discharged 
thermocline state in the western Pacific and the recovering 
trade winds, the tropical Pacific eventually enters a negative 
ENSO phase. Throughout this process, the cooling effect 
from eruptions weakens the SVE-induced tendency for El 
Niño-like SST anomalies, whereas the cooling effect favors 
a subsequent negative ENSO phase.

Focusing on the observed three SVEs, the results from 
MICOM simulations also suggest the dominant role of 

anomalous trade winds in regulating ENSO evolution after 
eruptions, while heat fluxes and freshwater fluxes play 
secondary roles. This result is consistent with the BCM 
EXT600 simulation. Overall, our analysis reveals the mecha-
nisms that allow SVEs to influence ENSO evolution, indicat-
ing that SVEs play an important role in modulating ENSO 
evolution.

Recently, some modeling studies focus on the cause/effect 
relationship between SVEs and El Niño-like responses as 
well as underlying mechanisms. Some of them suggest that 
westerly wind anomalies over the tropical Pacific play an 
important role in exciting El Niño-like responses during the 
strong volcanic eruption period. However, different causes 
of the emergence of westerly wind anomalies are proposed 
based on different coupled models’ results. Cooling over 
the Maritime Continent (Ohba et al. 2013), equatorward-
shifting of the ITCZ (e.g., Pausata et al. 2015; Lim et al. 
2016; Liu et al. 2017), and enhancement of precipitation 
over the subtropical Pacific (Liu et al. 2017) are suggested 
to lead to the formation of the westerly wind anomalies. 
In this study, the BCM and additional CAM4 simulations 
emphasize a dominant role of cooling over and around the 
Maritime Continent in causing westerly wind anomalies, 
particularly for that over the equatorial eastern Pacific. At 
the same time, the equatorward-shifted ITCZ and SPCZ can 
contribute to the intensity of the westerly wind anomalies 
over the equatorial western-central Pacific, rather than over 
the whole equatorial Pacific.

Focusing on the 1991 Pinatubo eruption, a latest mod-
eling study suggests that volcanically induced cooling in 
tropical Africa weakens the west African monsoon (Khodri 
et al. 2017). The resulting atmospheric Kelvin wave can 
drive equatorial westerly wind anomalies over the western 

Fig. 15  Simulated Niño 3.4 SST indices (unit: °C) for a the Mount 
Agung eruption, b the El Chichón eruption, and c the Mount Pina-
tubo eruption, respectively. Color shading and black curves stand 
for the MICOM60 simulation. Black shaded stands for the averaged 

tropical volcanic forcing (unit: W  m−2). Color curves stand for the 
MICOM sensitivity simulations (yellow is for SEN1, orange is for 
SEN2, green is for SEN3, and brown is for SEN4). The seasonal 
cycle in the MICOM60 is removed from all sensitivity simulations
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Pacific. Through air-sea interactions in the Pacific, these 
westerly wind anomalies are further amplified, and favour an 
El Niño-like response. A remote effect from tropical African 
cooling on weakening the Walker circulation is suggested. 
Different from the above study, our model results empha-
size the importance of SVE-induced local surface cooling 
on weakening the atmospheric circulation over the tropical 
Pacific. Whether surface cooling over other tropical regions 
can contribute to the key westerly wind anomalies in the 
BCM and other coupled models needs further investigation.

In model–data comparisons, the BCM simulated El Niño-
like warmings and subsequent La Niña-like coolings match 
the reconstructed ENSO responses to volcanism in most of 
the proxy data (Adams et al. 2003; Liu et al. 2017), specifi-
cally for the observed Mount Agung eruption in 1963 and El 
Chichón eruption in 1982. Conversely, the simulated initial 
brief La Niña-like cooling in the BCM EXT600 simulation 
is seen in only one ENSO reconstruction (Li et al. 2013), 
in which more information from adequate tropical records 
is included. One possible explanation for this lack of the 
initial La Niña-like response is that the cooling of eastern 
equatorial Pacific is so brief and weak that its impacts and 
signal are not fully recorded by most proxy data around the 

world. In addition, the absence of this SVE-induced initial 
La Niña-like cooling in the observations is probably because 
the responses of ENSO to eruptions are very sensitive to the 
initial state of the tropical Pacific (Pausata et al. 2016). After 
all, there have been only three SVEs over the past 60 years, 
and only two SVEs since the advent of the satellite era. Of 
course, another possibility of the formation of this initial La 
Niña-like response also exists: the phenomenon is probably 
caused by model bias due to too strong radiative cooling 
by volcanic forcing. Thus, accurately expressing volcanic 
forcing in the model is also a key issue for further volcano-
related studies.

In fact, a similar initial La Niña-like cooling can also 
be seen in the CMIP5 multi-model results (e.g., Fig. 3a in 
Maher et al. 2015) and the CESM LME simulations (Fig. 6 
in Liu et al. 2017). Based on later simulations, Stevenson 
et al. (2017) suggested that this initial cooling is mainly 
caused by volcanic cooling effects rather than the advec-
tive signature associated with La Niña, which differs from 
the BCM EXT600 simulation. Significant negative SSH and 
thermocline depth anomalies are evident after the eruptions 
(Figs. 4b, 6f, 7a), suggesting a La Niña-related dynamical 

Fig. 16  Evolution of the SST anomalies in the BCM EXT600 simula-
tion (unit: °C) from the eruption year to the third post-eruption year. 
The reference period is 5 years before the eruption. “0” stands for the 

eruption year, “+1” stands for the first post-eruption year. Areas with 
confidence level exceeding 95% are denoted with dots
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process is included in the formation of this initial La Niña-
like cooling in the BCM.

In the CESM LME simulations, the default starting 
month of the eruptions is April (Stevenson et al. 2017). 
Based on a composite analysis of each calendar month, Liu 
et al. (2017) indicated the transition from SVE-induced El 
Niño events to La Niña events is much faster than that of 
the unforced El Niño in the CESM LME simulations. They 
suggested the importance of the earlier emergence of east-
erly wind anomalies in January during the SVE-induced El 
Niño episode (which usually occurs in May for unforced El 
Niño events). In the BCM EXT600 simulation and most of 
the CMIP5 simulations (Maher et al. 2015), the start times 
of the SVEs are different and a deseasonalized analysis set 
according to the peak month is used. Based on the BCM 
result, the transition from an SVE-induced El Niño to La 
Niña coincides with the recovery of the trade winds (Fig. 3b, 
d). However, the final La Niña-like response is stronger and 
lasts longer. The volcanic cooling effect of the peak forcing 
stage contributes to the enhancement of the discharged ther-
mocline state in the western Pacific, which partly explains 
the subsequent stronger and longer La Niña-like response.

Usually, ENSO is phase-locked, and its peak always 
occurs in the boreal winter. To investigate the impacts of 
SVEs on ENSO, in this study, we remove the seasonal cycles 
from the post-eruption ENSO evolution and superpose 

SVE-induced climate variations according to the peak times 
of the eruptions. In this way, SVE signals can be highlighted 
within the complex ENSO evolutions. As shown in Fig. 16, 
the immediate eastern equatorial Pacific cooling is evident in 
July–October of the eruption year. Additionally, an extreme 
La Niña event can be found in the second half of the sec-
ond post-eruption year and in the third post-eruption winter. 
Conversely, the interim El Niño-like warming is weak in the 
spring of the first post-eruption year. However, this El Niño-
like response is significant in terms of the equatorial Pacific 
thermocline but not the SST. The thermocline deepens in the 
eastern equatorial Pacific due to the westerly wind anoma-
lies (Fig. 17a, b). The SST characteristics of this El Niño-
like process are most likely offset by strong cooling effects 
(Fig. 17c, d). At the same time, other tropical oceans are 
also significantly cooled by the volcanic forcing (Fig. 16). 
These characteristics imply that the modeled volcanic forc-
ing might be too strong relative to that in reality. Therefore, 
how to realistically add volcanic forcing to the model will 
require further investigation.

In addition, we extend the reference period from the 5 
pre-eruption years to the 30 pre-eruption years in our analy-
sis. We obtain the same result (Figure S10), meaning that 
the conclusive ENSO evolution of the post-eruption years is 
not a simple positive or negative tendency based on its initial 

Fig. 17  Anomalous a 20  °C isotherm depth (unit: m), b 850  hPa 
zonal wind (unit: m  s−1), c net surface heat flux received by ocean 
(unit: W  m−1), d net surface shortwave radiation (unit: W  m−1) in the 

March–June of the first post-eruption year in the BCM EXT600 sim-
ulations. The reference period is 5  years before eruption start time. 
Areas with confidence level exceeding 95% are denoted with dots
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state but is also an absolute ENSO phase transition relative 
to the long-term climatology.

In this study, we analyzed only the BCM EXT600 simu-
lation. In fact, the ensemble simulation is the most suitable 
method for studying the volcanic effects on the climate sys-
tem (e.g., Zanchettin et al. 2012; Pausata et al. 2015; Ste-
venson et al. 2017). To better understand the response of 
ENSO to volcanic forcing and the associated inter-model 
differences, additional analyses on ensemble simulations and 
multi-model simulations are needed.

Over the past few decades, the simulations and predic-
tions of ENSO have been significantly improved (e.g., Latif 
et al. 1998; Zhang et al. 2003; Jin et al. 2008; Kumar et al. 
2015). However, our predictions are still far from perfect 
due to the systematic biases in various components of cou-
pled models (Zhu et al. 2013). Thus, many works must be 
performed to improve the current models. Moreover, better 
simulations and understandings of ENSO responses to exter-
nal forcings are also necessary. By focusing on SVEs, we 
conclude that our results are beneficial to the post-eruption 
short-term predictions of ENSO and ENSO-related climates.
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