
1. Introduction
El Niños were observed following four out of the five large tropical volcanic eruptions over the past 150 years, 
which are 1902 Santa Maria eruption, 1963 Agung eruption, 1982 El Chichón eruption, and 1991 Pinatubo 
eruption, except for 1883 Krakatau eruption, suggesting the linkage between tropical eruptions and the following 
El Niños (Handler, 1984; Khodri et al., 2017; Liu et al., 2020; Mcgregor et al., 2020; Xing et al., 2020). This 
temporal linkage was also reported in paleoclimate analyses (Adams et  al.,  2003; D'Arrigo et  al.,  2009; Liu 
et al., 2018; 2022; Mcgregor et al., 2010, 2020; Robock, 2020; Wilson et al., 2010), although some reconstruction 
results, especially based on fossil corals from the central tropical Pacific, disapproved of such linkage that tropical 
eruptions can increase the likelihood of El Niño (Dee et al., 2020; Zhu et al., 2022).

Numerical model simulations have been performed to understand this linkage between tropical eruptions and the 
following El Niños due to their good performance in simulating the El Niño evolution and climatic responses after 
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tropical volcanic eruptions (F. S. R. Pausata et al., 2020; Khodri et al., 2017; Lim et al., 2016; Liu et al., 2018; 
Maher et al., 2015; Mann et al., 2005; Ohba et al., 2013; Predybaylo et al., 2017, 2020; Stevenson et al., 2017; 
Wilson et al., 2010). Based on these simulation studies, the mechanisms of tropical eruption exciting an El Niño 
can be generally separated into two groups: the ocean cooling related and the fast land cooling triggered.

Under overall tropical cooling after eruptions, an El Niño could develop through the ocean dynamical ther-
mostat mechanism (Maher et al., 2015; Mann et al., 2005; Predybaylo et al., 2017). The mechanism suggests 
that the reduced ocean surface heating cools sea surface temperature (SST) more in the western Pacific 
(Clement et al., 1996), because in the eastern Pacific the reduced heating will weaken the cooling caused by 
the upwelling-induced vertical advection of cold water. The reduced zonal SST gradient gives rise to a reduced 
pressure gradient and hence weaker easterly winds, which in turn further reduce the SST gradient, a mecha-
nism known as the Bjerknes feedback (Bjerknes,  1969). The volcanic eruption-induced cooling also reduces 
evaporation in the cloudless subtropical region and weakens the Intertropical Convergence Zone, which result 
in a weakening of the trade winds, leading to an El Niño (Lim et al., 2016). These volcanic eruption-induced El 
Niño/South Oscillation (ENSO) responses differ following individual eruptions, depending on the initial ocean 
conditions (Predybaylo et al., 2017, 2020), which may explain why the 1883 Krakatau eruption was not followed 
by an El Niño event.

The land, having less heat capacity, cools faster than the ocean in response to tropical eruptions; thus, the reduced 
evaporation and land-sea thermal contrast decrease the rainfall over the Maritime Continent (Chai et al., 2020; 
Ohba et al., 2013) and weaken the West African monsoon (Khodri et al., 2017). The reduced convection excites 
equatorial westerly anomalies over the Pacific due to the Kelvin wave propagation in Gill response (Gill, 1980; 
Matsuno, 1966). The El Niño develops subsequently through the Bjerknes feedback. These analyses, however, 
were performed based on the zonally uniform volcanic aerosol forcing, and the roles of ocean cooling and fast 
land cooling were hard to be a distinctive diagnosis.

Using the atmospheric component of Institut Pierre Simon Laplace (IPSL)-CM5B model and changing the land 
surface albedo to mimic the role of aerosol forcing over land, Khodri et al. (2017, hereafter Kh17) found that the 
tropical African cooling is the leading factor in exciting an El Niño after the tropical eruption. The equatorial 
Pacific SST response to the simulated wind anomalies was estimated separately by forcing a linear ocean model 
(Kh17). The leading role of Maritime Continent cooling in exciting the El Niño, however, was found by Chai 
et  al.  (2020). In their work, the land cooling response to volcanic eruptions was mimicked by increasing the 
land surface albedo in the coupled Community Earth System Model (CESM). It is unclear whether the Kh17 
and Chai et al. (2020) conclusions are model-dependent or method-dependent. To investigate relative roles of 
ocean cooling and fast land cooling in exciting an El Niño, we use the fully coupled model, the CESM version 
1.2 (CESM1.2), and perform different sensitivity experiments by setting volcanic aerosol forcing over land and 
ocean separately.

2. Data and Methods
The coupled CESM1.2 is used in this work due to its good simulation of ENSO in terms of seasonality, frequency, 
and associated teleconnection (Bellenger et al., 2014; Capotondi et al., 2020) and the ability to simulate El Niño 
response to large tropical eruptions (Liu et al., 2018, 2022; Stevenson et al., 2016, 2017; Yang et al., 2022), 
although the internal ENSO variation is stronger than observation (Stevenson et  al.,  2016). The atmosphere 
model is Community Atmosphere Model version 5.0 (CAM5) and is coupled with the Parallel Ocean Program 
version 2 (POP2) and the Community Land Model version 4.0. More details of CESM1.2 can be found in Kay 
et al. (2015). The horizontal resolution is 1.9° (latitude) × 2.5° (longitude) for CAM5. In POP2, approximately 1° 
resolution (384 latitude grids × 320 longitude grids) is used. The vertical resolutions are 26 and 60 levels for the 
atmosphere and ocean components, respectively.

A 150-year run is performed initializing from the by-default present day condition, in which greenhouse gas 
concentration, aerosol and ozone forcing, as well as solar variability were all fixed at their 2000 values. Based on 
the same forcing, we run an additional 100-year control run for large ensemble simulation to use macro pertur-
bation (Hawkins et al., 2016). From this 100-year control run every fifth year is used as the 20 different initial 
conditions for the fully coupled sensitivity experiments with only changing the spatial pattern of volcanic forc-
ing. We then perform three sets of 20-ensemble sensitivity experiments with volcanic aerosol over land, ocean, 
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and both (Table 1). An ensemble of 3-year experiments is started from January of each initial year. Five sets of 
additional land sensitivity experiments with volcanic aerosol over extratropical, whole tropical, tropical African, 
tropical American, and tropical Asian-Australian (including Maritime Continent) lands are also performed, and 
definitions of these regions are listed in Table 1.

To isolate the volcanic impact and remove internal variability, composite of large ensembles has usually been 
used (Clyne et al., 2021; F. S. Pausata et al., 2015; F. S. R. Pausata et al., 2016; Stevenson et al., 2017; Zanchettin 
et al., 2013), and 20 ensembles are used for each set of experiments in this work. Ensemble mean of these 20 
control runs doesn't show significant ENSO signal, that is, no significant Niño3.4 index anomaly with respect to 
climatological annual cycle (not shown). Differences in the ensemble mean with and without the volcanic forc-
ing are used to quantify the volcanic effect. Significant signals are detected by the Student's t-test, for which the 
confidence intervals are calculated by the paired t-test for the anomalies between these sensitivity experiments 
and control run.

Similar to Kh17, we choose Pinatubo eruption in June 1991 as an example, since it is the best documented 
tropical eruptions with climatically significant stratospheric aerosol injection. The volcanic aerosol forcing data 
is from Ammann et al. (2003), which has been used in CESM Large Ensemble and Coupled Model Intercom-
parison Project Phase 5 historical simulations therefore facilitates cross-model comparison (Kay et al., 2015; 
Taylor et al., 2012; Xing et al., 2020). Ammann et al. (2003) Pinatubo forcing is slightly larger than that in Sato 
et al. (1993) reconstruction, and tends to distribute more aerosols in Northern Hemisphere middle latitude during 
the second year than Gao et al. (2008) and Toohey and Sigl (2017) reconstructions (not shown). Each sensitivity 
experiment lasts 3 years, forced by this Pinatubo eruption forcing from 1991 to 1993.

Difference in magnitude and spatiotemporal distribution of the volcanic cloud, however, does not change our 
results qualitatively, as we are focusing on the relative roles of land versus ocean-cooling responses to external 
forcing. Pinatubo eruption is large enough to excite the ENSO response, and threshold of volcanic magnitude that 
leads to the El Niño-like response, as presented by Lim et al. (2016), is not focused here. Although our results will 
show weak impact of extratropical aerosol forcing on ENSO response, the updated volcanic forcing for CMIP6 
or Model Intercomparison Project on the climate response to Volcanic forcing project (VolMIP) simulations 
(Thomason et al., 2018), presenting different meridional aerosol distributions from Ammann et al. (2003), will 
be investigated in the near future.

Relative SST, defined as SST minus the tropical (20°S–20°N) mean SST, is used to calculate the relative Niño3.4 
index (Khodri et al., 2017; Robock, 2020), which has been suggested to be much helpful for analyzing essential 
ENSO variation under the volcano-induced tropical cooling. The positive phase of relative Niño3.4 index repre-
sents the western Pacific El Niño-like cooling, a tropical Pacific cooling response that mainly occurs in western 
Pacific while central-to-eastern tropical Pacific remains neural or weak warming.

Experiments Ensemble size Volcanic forcing Forcing area Over land or ocean

Control 20 No – –

Global 20 Yes 90°S–90°N and 0°–360° Land and ocean

Land-global 20 Yes 90°S–90°N, 0°–360° Land

Ocean-global 20 Yes 90°S–90°N, 0°–360° Ocean

Land-tropics 20 Yes 23.5°S–23.5°N, 0°–360° Land

Land-extratropics 20 Yes 90°–23.5°S, 23.5°–90°N, 0°–360° Land

Land-trop Asia-AUS 20 Yes 23.5°S–23.5°N, 70°–154°E Land

Land-trop Africa 20 Yes 23.5°S–23.5°N, 20°W–52°E Land

Land-trop America 20 Yes 23.5°S–23.5°N, 120°–30°W Land

Table 1 
Details of Control Run and Sensitivity Experiments With Volcanic Aerosol Forcing Over Different Land and Ocean Regions 
in CESM1.2
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3. Results and Discussions
The 1991 Pinatubo volcano eruption over Philippines injected a large amount of sulfur gas into stratosphere. The 
formed sulfur aerosol peaked during the fall with a global average of about 3.9 × 10 −5 kg/m 2, then decayed line-
arly to a half of its strength 1 year later (Figure 1a). For a tropical eruption, the stratospheric forcing of Pinatubo 
displays a symmetric distribution to the equator during the eruption year. The aerosol column density reaches 
9.0 × 10 −5 kg/m 2 at the equator and decays poleward for the peak forcing period in October 1991 (Figure 1b). 
The aerosol forcing exhibits a uniform zonal distribution because of strong zonal wind transportation in the 
stratosphere. Figures 1c and 1d show the aerosol forcings over land and ocean, respectively, which have similar 
amplitudes.

The ENSO response excited by global volcanic forcing, represented by the composite difference of Niño3.4 index 
between Global scenario and CTL experiments, first displays a decreasing trend that peaks in October of the 
eruption year (hereafter referred to as Oct0, same for the other post eruption months) with a negative anomaly of 
−0.15 K (Figure 2a). After a very weak increase during the following winter and spring, the Niño3.4 response 
increases quickly after Jun1 and peaks at Oct1 with a significant positive value of 1.2 K. This result means that 
an El Niño can be excited 1 year after the peak aerosol forcing in CESM1.2. The simulated El Niño 1 year after 
the Pinatubo or other tropical volcanic forcing was also found by previous simulations in CESM (Liu et al., 2018; 
Stevenson et al., 2016, 2017; W. Sun et al., 2019). The large ensemble spread is due to different initial oceanic 
conditions, with larger El Niño response for an initial El Niño developing condition than for a La Niña condition 
(not shown), in consistent with previous finding (Predybaylo et al., 2017, 2020). In the following discussion we 
will focus on the ensemble mean while neglect the role of initial condition.

When aerosol forcing is prescribed only over land, CESM1.2 can simulate significant positive Niño3.4 response 
since boreal winter of the eruption year (hereafter referred to as Winter0, same for the other post eruption seasons), 
which increases to a peak of 0.9 K in Nov1 and then decreases (Figure 2a). The simulated Niño3.4 response under 

Figure 1. Different volcanic aerosol forcings over land and ocean. Shown are (a) aerosol column density evolution and the horizontal distribution over (b) global, (c) 
global land, and (d) global ocean in October 1991, reconstructed by Ammann et al. (2003). In panel (c) gray (all tropical), orange (tropical Asian-Australian), blue 
(tropical American), and green (tropical African) boxes denote different tropical land regions, as listed in Table 1.
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the Land scenario turns positive earlier and reaches a peak value that is a little weaker than that under the Global 
scenario. The Ocean scenario, however, cannot simulate significant positive Niño3.4 response after the eruption. 
Instead, the Niño3.4 response turns negative and reaches peak value of −0.28 K in Nov0, which could have 
contributed to the overall negative response during the eruption year in the Global scenario.

The fast decrease in Niño3.4 response concurs with the maximum volcanic aerosol forcing during Sep0–Nov0 
in the Ocean scenario (Figure 1a). To isolate the role of ocean dynamics under the volcanic-induced tropical 
cooling, the relative Niño3.4 index with respect to tropical (20°S–20°N) average SST is investigated, following 
previous works (Khodri et al., 2017; Robock, 2020). After removing volcanic cooling effect, the negative anom-
alies in the relative Niño3.4 index for both Global and Ocean scenarios mostly disappear (Figure 2b). Significant 
positive anomalies are simulated since Winter0 for both Global and Land simulations and peak in Autumn1. 
Under the Ocean scenario, the relative Niño3.4 anomaly is very weak during the first 12 months after eruptions, 
which then becomes positive and peaks around Sep1, although this response is still not significant. The Land 
and Ocean-only responses contribute roughly 2/3 and 1/3 to the peak global relative Niño3.4 response at Nov1, 
respectively (Figure 2b).

These results show that an El Niño can be simulated when volcanic aerosols are over or only over land. During 
the eruption year, the Global scenario shows a western Pacific El Niño-like cooling response, demonstrated by a 
positive relative Niño3.4 while negative raw Niño3.4 response. The aerosol forcing over land contributes to the 
El Niño-like response, while that over ocean mainly contributes to the cooling. During the second year the ocean 
dynamic response, represented by positive relative Niño3.4 anomaly, starts to work and tends to reinforce the land 
cooling-induced El Niño response.

The strong El Niño response to aerosol forcing over land is mainly induced by the forcing over tropical region 
rather than over extratropical region, as indicated by the neutral Niño3.4 response under the Land-Extratropical 
scenario (not shown). Under the Land-Tropical scenario, the tropical monsoon precipitation is suppressed 

Figure 2. Simulated El Niño/South Oscillation responses to different volcanic forcing. (a) Ensemble average (20 ensembles) 
of Niño3.4 (5°S–5°N and 170°W–120°W) sea surface temperature (SST) responses (°C; represented by the differences 
between sensitivity experiments with volcanic forcing and CTL run without volcanic forcing) to the 1991 Pinatubo aerosol 
forcing over global (black line), land (orange line), and ocean (blue line) from March of the eruption year to 23 months later. 
Shading shows the 95% confidence intervals of the change seen in all experiments calculated by Student's t-test. “0” and 
“1” denote the eruption year and the first post-eruption year, respectively. Panel (b) same as panel (a) except for the relative 
Niño3.4 SST responses with respect to tropical (20°S–20°N) average.
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quickly from Aug0 and the most significant suppression occurs over the tropical African and American regions 
(Figure 3a). At the same time, westerly wind anomaly is simulated over the tropical central Pacific and becomes 
significant from Apr1.

Based on the Gill response (Gill, 1980; Matsuno, 1966), the suppression of tropical African, Asian-Australian, 
and American monsoons could all excite the westerly anomaly of Kelvin wave response to their east side, thus the 
El Niño can develop through the Bjerknes feedback (Bjerknes, 1969). Our sensitivity experiments with aerosol 
forcing over different tropical lands show that El Niño response is simulated 1 year after the maximum aerosol 
forcing, while the response in the Land-Tropical African scenario is much stronger than the other scenarios 
(Figure 3b). The smaller land area and weaker monsoon suppression over tropical Asian-Australian could be one 
possible reason. The negative Niño3.4 response is simulated during year0 associated with the American monsoon 
suppression (Figure 3b), likely due to its close geophysical location with respect to tropical eastern Pacific. The 
easterly wind anomalies of Rossby wave in the west part of the Gill response could affect the eastern Pacific 
quickly, enhancing the upwelling and cooling the SST. During Year1, the Pacific warm Kelvin wave induced 
by the westerly wind anomalies in the east part of the Gill response develops and results in positive Niño3.4 
response. The El Niño response in the Land-Tropical scenario is close to the El Niño responses averaged over 
individual regional scenarios (not shown), but much weaker to their linear sum (Figure 3b), suggesting non-linear 
ENSO variation to these regional or global volcanic forcings.

In consistent with the simulation in IPSL (Kh17), CESM also presents the leading role of tropical African cooling 
in exciting an El Niño response after tropical eruptions. Due to the large landmass of tropical Africa, the fast 
African cooling-induced land-sea thermal contrast suppresses the African monsoon and excites strong westerly 
wind anomaly over tropical Pacific, resulting in El Niño development through the Bjerknes feedback. Compared 
to IPSL results (Figure 5d of Kh17), CESM exhibits larger contribution from tropical Asian-Australian cooling 
to exciting an El Niño (Figure 3b).

Figure 3. Role of land volcanic forcing in El Niño excitation. (a) Hovmӧller diagram of tropical (10°S–10°N) precipitation 
anomalies (shading, mm/day) and 850-hPa zonal wind anomalies (contour, m/s) that respond to tropical land aerosol forcing. 
Red contours denote positive zonal wind anomalies, respectively, and contour interval is 0.5 m/s. Zero contour is not shown. 
Stippling and thick line denote anomalies significant at 95% confidence level based on the Student t-test. Panel (b) same as in 
Figure 2a except for the volcanic forcing over tropical land (black dashed), tropical Asian-Australian region (orange), tropical 
Africa (green), and tropical America (blue).
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The ocean only volcanic forcing excites western Pacific El Niño-like tropical cooling, and it helps to enhance the 
El Niño response under the Global scenario (Figure 2). Significant cooling is simulated uniformly across trop-
ical Pacific until Jun1 in the Ocean scenario, accompanied by negative precipitation anomalies from the Indian 
Ocean to the Pacific (Figure 4a). Significant positive Indian Ocean Dipole (IOD)-like sea surface height anomaly, 
associated with easterly wind anomalies and westward SST gradient over the tropical Indian Ocean and westerly 
wind anomalies over the tropical Pacific (Saji et al., 1999), is simulated from Nov0 (Figure 4b), although no 
western Pacific El Niño-like cooling is observed. Since Jun1, negative precipitation anomaly is simulated over the 
Warm Pool region, associated with positive IOD and El Niño-like cooling over Pacific. This result suggests that 
the Indian Ocean has a quicker response to the volcanic aerosol forcing than the Pacific Ocean does. The ocean 
thermostat which modulates the Pacific SST (Clement et al., 1996; D.-Z. Sun & Liu, 1996), seems to have a weak 
response to oceanic aerosol forcing.

The significant positive IOD response appears after Sep0, which tends to suppress the precipitation over the 
Warm Pool and excite westerly anomalies over the Pacific to excite the western Pacific El Niño-like cooling in 
Year1, although the development of IOD is interrupted during Spring1 (Figure 4b). Different from internal IOD 
which is basically locked to seasons from early summer to late fall (Saji et al., 1999), the IOD-like response to 
ocean aerosol forcing lasts to winter, especially in Year1. The Yoshida-Wyrtki jet, which brings warm water from 
the western equatorial Indian Ocean eastward during spring and fall when the monsoon breaks, is weakened due 
to strong easterly wind anomalies during late fall (Figure 4b). This could have enhanced the volcanic-forced IOD 
during late fall.

In IPSL, the western Pacific El Niño-like cooling is simulated during the first post-eruption winter under oceanic 
aerosol forcing (Figure 5b of Kh17). In CESM, however, a uniform Pacific cooling is simulated during the first 
post-eruption winter, while the western Pacific El Niño-like cooling only appears from Summer1 (Figure 4), 
suggesting a slower Pacific response in CESM than in IPSL. The larger amplitude of internal El Niño and weaker 

Figure 4. Role of ocean volcanic forcing in El Niño responses. (a) Hovmӧller diagram of tropical (10°S–10°N) sea surface 
temperature (SST) (shading, K) and precipitation anomalies (contours, mm/day) that respond to aerosol forcing over ocean. 
Orange and blue contours denote positive and negative precipitation anomalies, respectively, and contour interval is 0.3 mm/
day. Zero contour is not shown. Stippling and thick line denote anomalies significant at 95% confidence level based on 
the Student t-test. Panel (b) same as in panel (a) except for sea surface height (SSH: shading, cm) and 850 hPa zonal wind 
anomalies (contours, m/s). Contour interval is 0.3 m/s.
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western Pacific El Niño-like cooling under oceanic aerosol forcing in CESM than in IPSL may partly arise from 
the stronger radiative-SST feedback during an ENSO cycle in CESM (Chen et al., 2013).

4. Conclusions
Tropical volcanism has been found in observation, paleo-reconstruction, and modeling studies to trigger or 
increase the likelihood of El Niño's response. Various mechanisms have been proposed to explain the causal 
linkage, which can generally be categorized into oceanic related or land cooling dominated. We performed a set 
of sensitivity experiments to study relative roles of land and ocean cooling, by setting volcanic aerosol forcing 
of 1991 Pinatubo eruption over land and ocean separately, in the fully coupled CESM1.2. Our results present a 
significant El Niño response peaking 1 year after the maximum global aerosol forcing. The targeted sensitivity 
experiments show that the El Niño response is mainly triggered by aerosol forcing over tropical land, while 
aerosol forcing over ocean only excites western Pacific El Niño-like cooling, which likely enhances the El Niño 
response in the Global scenario. In the Land-Global scenario, the reduced land-sea thermal contrast induces 
monsoon suppression which in turn excites westerly anomalies on the east side to trigger an El Niño. Among 
different tropical land regions, volcanic-induced cooling and monsoon suppression in Africa is most efficient in 
exciting an El Niño.

Using different models and volcanic forcing strategies, our result and Kh17 both suggest the leading role of 
tropical African cooling and associated monsoon suppression in exciting an El Niño after tropical eruptions. 
We further find that the Indian Ocean responds faster to oceanic aerosol forcing than the Pacific. The posi-
tive IOD-like response, with a break during spring, persists to the second year, exciting the western Pacific El 
Niño-like cooling in Year1. Nevertheless, ocean cooling contributes relatively less to El Niño excitation than 
land cooling. Discrepancy between ours and Kh17 also suggests that models exhibit large inter-model bias in the 
role of ocean cooling, therefore more models to perform the same experiment as done by the VolMIP (Zanchettin 
et al., 2016) is encouraged.

Different from observation and paleo-reconstruction in which the El Niño is usually observed during the first 
boreal winter after tropical volcano eruptions (Khodri et al., 2017; Liu et al., 2018, 2022), CESM simulates the 
El Niño in the second winter, even in the Land scenario without the ocean cooling induced by aerosol forcing 
over the ocean. Here, we only simulated the volcano erupted in June and the forcing peaked in October, the El 
Niño therefore didn't have enough time to develop before the winter. Since the eruption season changes volcanic 
influence on ENSO (Stevenson et al., 2017), setting land-only or ocean-only aerosol forcing peaking at different 
months would be helpful to understand this observation-simulation bias. In this work we only focus on the ensem-
ble mean without considering the role of internal variability, while the lack of an El Niño after 1883 Krakatau 
eruption calls further model investigation with land or ocean-only aerosol forcing together with different initial 
ocean conditions.
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