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Abstract

The eﬀects of large tropical volcanic eruptions on Indo-Paciﬁc tropical variability are
investigated using 122 historical ensemble members from the Coupled Model Intercomparison Project 5.
Radiative forcing due to volcanic aerosols in the stratosphere is found to increase the likelihood of a
model climatic response that projects onto both the El Niño–Southern Oscillation and the Indian Ocean
Dipole (IOD). Large eruptions are associated with co-occurring El Niño and positive IOD events in the
ensemble means that peak 6–12 months after the volcanic forcing peaks, marking a signiﬁcant increase in
the likelihood of each event occurring in the Southern Hemisphere (SH) spring/summer posteruption. There
is also an ensemble mean La Niña-like response in the third SH summer posteruption, which coincides with
a signiﬁcant increase in the likelihood of a La Niña occurring. Taken together with the initial cooling, this La
Niña-like response may increase the persistence of the cool global average surface temperature anomaly
after an eruption.
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Over the last century, large-scale warming of surface air temperature (SAT) has occurred. This has been
attributed in large part to increasing greenhouse gas emissions [e.g., Lean and Rind, 2008; Bindoﬀ et al., 2013].
On shorter timescales, however, there are substantial ﬂuctuations in SAT driven by a range of factors, including
solar irradiance, volcanic eruptions, natural internal variability, and anthropogenic inﬂuences [Lean and Rind,
2008]. The goal of this study is to assess the global climate response to volcanic eruptions, utilizing the historical model simulations within the Coupled Model Intercomparison Project 5 (CMIP5). A particular focus is the
response of the tropical Indian and Paciﬁc Oceans, and speciﬁcally the modes of coupled ocean-atmosphere
variability that operate in these regions.
The tropical Paciﬁc and Indian Oceans are home to several natural modes of variability, which act on interannual to decadal timescales. A large component of tropical Paciﬁc decadal variability is associated with the
Interdecadal Paciﬁc Oscillation (IPO) [Power et al., 1999]. The negative phase of the IPO is characterized by eastern Paciﬁc cooling and northwest and southwest Paciﬁc warming [Folland et al., 1999]. On shorter timescales
tropical Paciﬁc variability is primarily associated with the El Niño–Southern Oscillation (ENSO). Despite ENSO
occurring in the tropical Paciﬁc, it is the dominant driver of interannual variability globally and its eﬀects are
felt in many remote regions of the world. Both the negative IPO and the La Niña are associated with the drawdown of heat from the atmosphere into the subsurface ocean that can act to cool globally averaged SAT
[England et al., 2014]. In fact transitions from El Niño dominated periods to La Niña dominated periods can
oﬀset warming associated with increasing greenhouse gases on decadal or longer timescales [Trenberth and
Fasullo, 2013; Maher et al., 2014].
Another important driver of internal variability in the equatorial region is the Indian Ocean Dipole (IOD). A
positive phase of the IOD is associated with low sea surface temperature (SST) oﬀ Sumatra and high SST in the
western Indian Ocean [Saji et al., 1999]. The IOD has been shown to aﬀect SAT coherently across subtropical
Australia, Africa, and South America, with a rise in SAT during positive IOD events and a fall in SAT during
negative events [Saji et al., 2005]. The IOD is also associated with severe rainfall in Eastern Africa and droughts
in Indonesia [Saji et al., 1999].
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It has been shown that positive IOD events and El Niño and negative IOD events and La Niña tend to coincide [Yamagata et al., 2004]. Izumo et al. [2010] found that in addition to this coincident relationship, there
is a signiﬁcant relationship between positive IOD and La Niña 14 months later and negative IOD and a
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El Niño 14 months later. They suggest that as the IOD returns to neutral, this causes a sudden collapse of the
anomalous zonal winds in the Paciﬁc, leading to an ENSO response.
Volcanic eruptions have previously been shown to inﬂuence SAT and other climate variables. The climatic
eﬀect from large volcanic eruptions is mainly due to the injection of sulphur dioxide and hydrogen sulﬁde
into the stratosphere [Timmreck, 2012]. These gases are converted into sulfate aerosols, which act to both
scatter solar radiation and absorb longwave and near-infrared radiation, [Timmreck, 2012] resulting in a net
reduction in such radiation and hence a cooling at the surface [Harshvardhan, 1979; Rampino and Self , 1984;
Robock and Mao, 1995]. SAT has been shown to cool rapidly in the ﬁrst 1–3 years after the eruption, returning
to the postvolcanic value approximately 6–7 years after the eruption [Hegerl, 2003; Thompson et al., 2009]. A
number of recent eruptions have contributed to the recent hiatus in globally averaged SAT [Santer et al., 2014;
Fyfe et al., 2013; Haywood et al., 2013]. Moreover, other hiatuses earlier in the twentieth century have also been
shown to be associated with large historical eruptions [Maher et al., 2014]. Large eruptions also result in a
rapid reduction in ocean heat content and sea level in the 3 years following the eruptions [Church et al., 2005]
and are conducive to the formation of positive Arctic Oscillation (AO) and positive North Atlantic Oscillation
(NAO) phases in Northern Hemisphere winter for two consecutive years posteruption [Shindell et al., 2004].
Two previous studies have investigated the impacts of volcanic eruptions in the CMIP5 models. Ding et al.
[2014] ﬁnd that posteruption SST cools by 0.1–0.3∘ , comparable with observations, Arctic ice cover increases
consistent with large-scale cooling and North Atlantic Overturning increases. Driscoll et al. [2012] demonstrate
that the models cannot reproduce all of the observed postvolcano responses. They ﬁnd that the CMIP5 models do not capture the tendency for a positive NAO and strengthened polar vortex in the winters after the
eruption. The CMIP5 models investigated also cannot reproduce the Northern Hemisphere Eurasian warming pattern and overestimate tropospheric cooling. It has also been suggested that some climate models
may overestimate cooling and subsequent warming in response to large volcanic eruptions [Marotzke and
Forster, 2015].
Many paleoproxy and single-model studies have investigated whether there is a persistent tropical response
to large volcanic eruptions. For example, Adams et al. [2003] use paleoproxies to reconstruct the ENSO time
series and ﬁnd a doubling in the probability of an El Niño occurring in the ﬁrst summer after the eruption. Such
a response is hypothesized to be due to the dynamical thermostat mechanism [Seager et al., 1988; Clement
et al., 1996; Cane, 1997]. Here surface temperature in the eastern Paciﬁc remains unchanged, being primarily
controlled by upwelling, while the western Paciﬁc SST is subject to greater cooling associated with a volcanic
eruption. As a result the western Paciﬁc cools more than the east. McGregor et al. [2010] ﬁnd a similar result in
the paleoproxy record, with an additional La Niña-like response approximately 3 years after the eruption. The
El Niño result is also found in the simple coupled model study of Mann et al. [2005] and the coupled general
circulation model study of Ohba et al. [2013]. The Ohba et al. [2013] study, in particular, ﬁnds that an El Niño
occurs a year after the eruption due to a weakening of the Walker circulation and reduced equatorial
upwelling. Additionally, Emile-Geay et al. [2008] ﬁnd that only large volcanoes (greater than Pinatubo)
can increase the probability of an El Niño occurring. Results of another modeling study by McGregor and
Timmermann [2011], however, report an enhanced probability of La Niña events occurring within 1 year of
a large eruption. They suggest that in response to an eruption, an enhanced equatorial Paciﬁc zonal SST
gradient occurs, as the deeper mixed layers of the warm pool take longer to respond to volcanic cooling
than the eastern Paciﬁc, resulting in a La Niña-like cooling. Zanchettin et al. [2012] also ﬁnd a tendency for
La Niña-type anomalies in the ﬁrst two Southern Hemisphere (SH) summers after an eruption. Their study
uses a ﬁve-member ensemble of the Max-Planck-Institut-Earth System Model and considers nine eruptions
in the period 971–1884. There have also been many studies that ﬁnd no relation between ENSO and volcanic
eruptions [Hirono, 1988; Nicholls, 1990; Self et al., 1997; Robock, 2000; Ding et al., 2014]. As such, there is still
considerable uncertainty with respect to how ENSO might evolve following a volcanic eruption.
The low number of large volcanic eruptions (5) in the short observational record precludes the separation
of the volcanic forced response from internal variability and other forcings (i.e., greenhouse gases, solar radiation, ozone depletion, and aerosols), as the sample size is too small. As a result instead of examining the
observed responses we evaluate 122 historical ensemble members taken from 31 CMIP5 models to quantify
the probability for a particular tropical response to occur after large volcanic eruptions.
MAHER ET AL.
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2. Methods
The historical simulation (1860–2006) from CMIP5, which is forced with observed changes in anthropogenic
and natural forcing (including volcanic aerosols) is used to investigate the eﬀects of large tropical volcanoes on modes of variability in the tropical Indian and Paciﬁc Oceans up to 5 years posteruption peak. While
each model includes historical volcanic forcing, an exact prescription for volcanic forcing was not speciﬁed
for CMIP5. Modeling groups used one of ﬁve diﬀerent volcanic forcing data sets, Sato et al. [1993], Ammann
et al. [2003, 2007], Stenchikov et al. [1998], or Andres and Kasgnoc [1998] as outlined in supporting information
Table S1. The ﬁve largest tropical volcanic eruptions from 1880 to present are considered, namely, Krakatau
(1883), Santa Maria (1902), Agung (1963), El Chichón (1982), and Pinatubo (1991) (see Figure 1b for the magnitude of each eruption). We examine 122 ensemble members from 31 diﬀerent models (see supporting
information Table S1). Diﬀerent versions of the same model (e.g., MIROC-ESM and MIROC5) are treated as
independent models.
A total of 122 × 5 = 610 volcanic responses are utilized from this CMIP5 model ensemble set. Multimodel
ensembles are created to highlight the forced response. To this end, data are averaged across all ensemble
members of an individual model, prior to averaging across models, so as not to bias results toward models with
many ensemble members. Averages are used to identify the forced signal rather than the internal variability.
Anomalies are calculated relative to a 5 year period that ends 3 months prior to the eruption peak to ensure
that the warming signal over the twentieth century does not dominate diﬀerences between the ﬁve eruptions.
In addition to diﬀerent forcing data sets there are other model diﬀerences that aﬀect the volcanic response,
for example, each model has a diﬀerent resolution in the stratosphere, along with a diﬀerent implementation
of volcanic forcing ranging from a modiﬁcation of the radiative forcing in the atmosphere to an interactive
conversion of sulphur dioxide to stratospheric aerosol [Driscoll et al., 2012]. These model diﬀerences and the
volcanic response are brieﬂy discussed in section 4.
Rather than using regional area based indices for ENSO and the IOD, which may not capture the location of
the SST variability in each of the individual models, we utilize an Empirical Orthogonal Function (EOF) analysis
to create the SST and SSH time series. For this calculation only, the SST and sea surface height (SSH) from each
ensemble member utilized are deseasonalized and detrended using a third-order polynomial over the period
1861–2005. The domain 30.5∘ S to 30.5∘ N and 100∘ to 290∘ E is used to calculate ENSO, while the domain 20.5∘ S
to 20.5∘ N and 40∘ to 120∘ E is used to calculate the IOD. ENSO is found to be the ﬁrst principal component of
both SST and SSH in all models, while the IOD is one of the ﬁrst three and ﬁrst two modes, respectively, for
SST and SSH (see supporting information Table S1). Supporting information Figure S1 shows the multimodel
mean EOFs of SST and SSH for the IOD and ENSO. The resulting spatial patterns of ENSO and IOD for each of
the individual models all have a strong correlation with the multimodel mean. In addition to SST we also use
SSH ﬁelds as they capture the dynamical signature of ENSO, are unaﬀected by volcanic cooling and are largely
associated with changes in the equatorial winds [McGregor et al., 2012].
Probability density functions (PDF’s) of the ENSO and IOD index magnitudes at diﬀerent monthly lags after
the eruption are calculated by treating all ensemble members as independent samples irrespective of which
model they are generated by (122 samples for each of the ﬁve listed volcanic eruptions). We use the central
month of SH spring or summer to compute the PDFs, by ﬁtting a normal distribution. This biases the distribution toward models with more ensemble members; however, this is necessary to obtain a large enough
sample size to assess statistical signiﬁcance of the results. To test if the mode response has been aﬀected by the
eruption, a PDF of typical (unperturbed) ENSO behavior is estimated by randomly sampling each ensemble
member 1000 times, again ﬁtting to normal distributions. This provides an estimate of the probability of ENSO
events of diﬀerent magnitude occurring during the historical period; signiﬁcance is found using a two-sample
Kolmogorov-Smirnov test. We also calculate the number of months that exceed the 0.6 standard deviation
threshold and compare with the mean of 100 random samples of the same length of time over the historical
simulation. The 95% signiﬁcance level is taken as the 95th sample of the 100 random samples once sorted.

3. Results
Figure 1a shows the globally averaged SAT response relative to the eruption. The radiative eﬀect of the volcanic forcing for all ﬁve eruptions and the multimodel mean can be seen in Figure 1b. The eruption peak is
deﬁned as the time of largest negative radiative forcing. For all eruptions the temperature drops from the
MAHER ET AL.
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Figure 1. (a) Temperature anomalies relative to the 5 years before each eruption, the grey shaded region illustrates the multimodel multivolcano mean spread.
(b) Globally averaged radiative volcanic forcing for each eruption [Sato et al., 1993]. The dashed vertical line is the average eruption start time; the solid vertical
line is the eruption peak. (c) ENSO phase using SST. (d) ENSO phase using SSH. (e) IOD phase using SST. (f ) IOD phase using SSH. Both ENSO and the IOD are
calculated as dimensionless EOF quantities. The solid horizontal lines represent the 95% signiﬁcance level for the multimodel multivolcano mean, while the
dashed horizontal lines represent the same signiﬁcance for a individual eruption. When the multimodel mean phase surpasses the signiﬁcance lines after the
start of the eruption the region is shaded.
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beginning of the eruption (over approximately 1.5 years) and recovers slowly thereafter. In most instances
global temperature is largely recovered 5 years posteruption, with the exception of post-Krakatau, when a
separate smaller eruption occurred 2.5 years after its peak. This recovery time may be inﬂuenced to a small
degree by the global warming signal as we consider anomalies relative to the 5 years prior to the eruption.
The multimodel mean ENSO time series for the ﬁve eruptions is shown for the 10 years centered on the eruption in Figures 1c and 1d. The ENSO SSH ﬁeld exhibits a multivolcano mean El Niño event that is signiﬁcant at
the 95% level approximately 1 year after the eruption peak. The ENSO SST ﬁeld does not pick up this signal
as it is dominated by volcanic cooling, despite the emergence of an El Niño like zonal gradient (see below). A
multivolcano mean La Niña occurs in the SST ﬁeld peaking at 2.5 years after the eruption, although the peak
is broad extending from 1.5 to 4 years. A signiﬁcant La Niña signal is also evident (although less prominent)
in SSH between 2.5 and 3.5 years.
The multimodel mean IOD time series is shown in Figures 1e and 1f. Both SST and SSH IOD ﬁelds exhibit a
signiﬁcant positive IOD between 6 months and 2 years after the eruption. This is signiﬁcant at the 95% level
and occurs concurrent with the El Niño seen in the SSH ﬁeld. In addition, the SSH ﬁeld indicates a signiﬁcant
negative IOD around 2.5 to 3.5 years posteruption, concurrent with the La Niña signal. This is not seen in
the SST ﬁeld, most likely because the negative IOD is largely characterized by warmer water in the Indian
Ocean (with a small area of cooling in the west), and the SST ﬁeld is inﬂuenced by the volcanic cooling eﬀect.
Averaging all ensemble members (without ﬁrst averaging across models) and averaging a single ensemble
member from each model, results in almost identical temperature, ENSO, and IOD evolutions indicating that
our results are robust to the averaging method.
Figure 2 illustrates the multimodel, multivolcano mean spatial anomalies for the tropical Indo-Paciﬁc ocean
posteruption. These are composited over three diﬀerent periods, deﬁned as the eruption peak (the month of
the peak plus the two consecutive months), the following SH spring/summer (September–February), and SH
summer (December–February), individual plots for each eruption can be found in the supporting information
(supporting information Figures S2–S7). At the peak of an eruption there is a weak zonal gradient between the
East and West Paciﬁc Oceans, developing in the equatorial Paciﬁc SST as the eastern/central equatorial Paciﬁc
cooling is less pronounced than the surrounding areas (Figure 2a). This zonal gradient in SST also coincides
with zonal gradients SLP and SSH (Figures 2a and 2b). During this time the Indian Ocean also cools, with a
decrease in SSH in most of the Southern Indian Ocean (excluding the Australian coast where SSH rises), an
increase in SSH in the northwestern Indian Ocean and a decrease in the northeastern Indian Ocean.
By the time of the ﬁrst SH spring/summer posteruption, there is on average a strengthening of the equatorial
Paciﬁc zonal gradients, with higher SSH, SST, and lower SLP in the eastern/central equatorial Paciﬁc (Figures 2b
and 2c). At this time there is also a noticeable equatorial zonal SSH and SST gradient in the Indian Ocean,
where the eastern equatorial Indian Ocean SST is cooler and the SSH is lower than the west, indicative of
a positive phase of the IOD superimposed onto the large-scale cooling (Figures 2b and 2c). By the third SH
summer after the eruption, the east/west gradient in the Paciﬁc is reversed with higher SLP, lower SST, and
SSH in the eastern Paciﬁc compared to the west, corresponding to a La Niña-like pattern (Figures 2d and 2e).
This is also associated with easterly equatorial Paciﬁc wind anomalies (Figure 2e). The zonal gradients in the
Indian Ocean have also reversed, with cooler and lower SSH in the west and warmer and higher SSH in the
east, similar to a negative IOD phase.
Looking at a longitude-time plot of the average development during a volcanic event, equatorial cooling is
evident at all longitudes at the peak of the eruption (Figure 3). Over the subsequent year the SST cooling
persists in the equatorial band over the Indian Ocean and the western Paciﬁc Ocean, but SST anomalies in
the eastern Paciﬁc Ocean return to near normal until approximately 2 years posteruption. At this time the
average model response shows the eastern Paciﬁc beginning to strongly cool, while there is a relative warming
west at approximately 150∘ E (Figure 3a). The changes in SST gradient are consistent with the change in SSH
(Figure 3b) and zonal surface wind (Figure 3c), but it is notable that the evolution of the SSH and zonal wind
signals are much clearer than that of SST. This is because the ENSO and IOD responses in the SST ﬁeld are
superimposed on large-scale cooling; hence, the SSH and zonal wind more eﬀectively reveal changes in ENSO
and IOD masked in the SST analysis. The SST ﬁeld also shows a response in the Indian Ocean between zero
and 2 years, which is also consistent with the change in SSH (Figure 3b) and zonal surface wind (Figure 3c).
MAHER ET AL.
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Figure 2. Multimodel multivolcano mean anomalies, this mean thus represents the average of 122 × 5 ensemble volcanic eruptions. See supporting information
for the ensemble mean of each of the ﬁve eruptions. Multimodel multivolcano mean SAT anomalies (∘ C) with SLP anomalies (Pa) (relative to 5 years before each
eruption) overlaid. Shown for (a) the eruption peak, (c) the ﬁrst SH spring/summer (SONDJF) after the eruption, and (e) the third SH summer (DJF) after the
eruption. Negative, positive, and zero SLP anomalies are shown using a dashed line, solid line, and bold line, respectively. Multimodel multivolcano mean SSH
anomalies (m) with wind stress anomalies (N/m2 ) (relative to 5 years before each eruption) overlaid at (b) the eruption peak, (d) the ﬁrst SH spring/summer
(SONDJF) after the eruption, and (f ) the third SH summer (DJF) after the eruption. Stippling is shown at the 95% signiﬁcance level.

To quantify these responses, we examine the probability of a given magnitude of ENSO or IOD after an
eruption in comparison to a background distribution computed over the historic time series (supporting information Figure S9). Changes presented here are signiﬁcant at the 95% level. There is an increase in the chance
of a positive IOD occurring in the ﬁrst October posteruption with a 20–25% increase in the probability of a
positive IOD occurring in the ﬁrst 6–18 months after the eruption. There is also increase in the occurrence of
an El Niño in the ﬁrst January posteruption, corresponding with a 30% increase in the chance of an El Niño-like
event occurring (only seen in the SSH ﬁeld) in the ﬁrst 6–18 months after an eruption. Finally, there is a shift
to increase the probability of a La Niña occurring in the third January posteruption. This corresponds to a
MAHER ET AL.
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Figure 3. Hovmoller plots averaged between 5∘ N to 5∘ S of (a) SST (∘ C), (b) SSH (m), and (c) zonal wind stress anomalies
(N/m2 ) (relative to 5 years before the eruption) over the Indian and Paciﬁc Oceans. The black line at time zero is the
eruption peak; the dashed black line around t = −1 year is the average eruption start time. Stippling is shown at the
95% signiﬁcance level.

50% increase in the chance of a La Niña manifesting SST and a 20% in SSH (signiﬁcant at 90% level) in the
18 months to 3.5 years posteruption.

4. Discussion and Conclusions
Volcanic eruptions signiﬁcantly cool SAT on timescales of 1–3 years after an eruption, with a recovery
timescale of 6–7 years [Hegerl, 2003; Thompson et al., 2009]. The response of the CMIP5 models to the ﬁve
MAHER ET AL.
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largest tropical eruptions over the last century roughly agrees with these observed timescales, with the peak
volcanic cooling occurring around 1.5 years.
Focusing on the tropical response to the ﬁve largest tropical eruptions over the last century, we examine
whether there is a robust response in Indo-Paciﬁc variability. While we consider both SST and SSH, SST is more
diﬃcult to interpret as changes in ENSO and IOD variability are superimposed on volcanic cooling. When
considering the multimodel multivolcano mean, we ﬁnd that between the eruption start and peak, in the
equatorial band (5∘ N to 5∘ S) there is a global cooling signal consistent with a large-scale volcanic cooling due
to aerosols across both the Indian and Paciﬁc Oceans. After the eruption peak there is a tendency for a zonal
gradient to develop in both the equatorial Paciﬁc and Indian Oceans, which strengthens into a positive IOD
and El Niño-like pattern in the ﬁrst SH spring/summer after the eruption.
The initial zonal gradient in SST is consistent with mechanisms relating to changes in zonal gradients of
albedo and mean upwelling (dynamical thermostat) [e.g., Seager et al., 1988] highlighted in McGregor and
Timmermann [2011], although the spatial structure appears to be more consistent with a dynamical thermostat mechanism [see McGregor and Timmermann, 2011, Figure 8d]. This zonal gradient is intensiﬁed over the
year after the eruption. The El Niño response is also consistent with the study of Meehl et al. [2008]. albeit
reversed, who showed that an increase in solar radiation causes an atmospheric response similar to a La Niña
event. While the SST zonal gradient and changes in SSH are similar to those occurring during an El Niño event,
the signal is not seen in eastern equatorial Paciﬁc SST anomalies. This result agrees well with many previous
studies such as Adams et al. [2003] but was not seen by Ding et al. [2014] in the CMIP5 models; likely as they
did not have enough ensemble members and only considered the SST response and not SSH. The El Niño
tends to co-occur with a positive IOD signal, although rather than a warm and cool anomaly, this manifests
as a change in the zonal SST gradients superimposed on large-scale volcanic cooling. When considering the
individual eruptions (supporting information Figures S2–S7), the response of each is largely consistent with
the multimodel mean. The exception is the Agung eruption which looks quite diﬀerent from the other eruptions at the time of the eruption and the ﬁrst SH summer/spring after the eruption. We hypothesize that this is
due to the location of the Agung eruption as it is the furthest eruption from the equator. Supporting information Figure S8 illustrates the zonal shortwave radiation response after each eruption and demonstrates that
Agung is the only eruption which does not show a cross-equatorial response.
In the third summer after the eruption there is a ﬂip in the east-west Paciﬁc gradient, with cooler SST and
lower SSH in the east equatorial Paciﬁc compared to the west. This SSH response is weaker than the El Niño
like response seen directly after event, but is still statistically signiﬁcant. The ongoing volcanic signal acts to
enhance the Paciﬁc cooling. The equatorial zonal wind is anomalously westward consistent with a La Niña
and provides the forcing to drive the SST and SSH response. Izumo et al. [2010] ﬁnd that La Niña events tend to
occur approximately 14 months after a positive IOD event in the Indian Ocean, due to a collapse of the wind
anomalies in the Paciﬁc induced by a breakdown of the IOD. This mechanism could explain the occurrence of
this pattern in the models approximately 14 months after the positive IOD composite. This is also consistent
with the fact that La Niña events tend to follow El Niño events [e.g., Okumura and Deser, 2011]. The occurrence of a La Niña pattern at this time is consistent with a previous study of McGregor et al. [2010], who use
proxy records to show that there is a signiﬁcant increase in the probability of a La Niña event occurring 3 years
posteruption. Again, the response of each eruption is largely consistent with the multimodel mean (supporting information Figures S2–S7). The exception here, however, is the Santa Maria eruption, which does not
exhibit the drop in SSH or pronounced east Paciﬁc cooling in the third SH summer after the eruption.
It is widely known that the CMIP5 models have biases in the mean state and the representation of the modes
of variability [Bellenger et al., 2014; Guilyardi et al., 2012; Weller and Cai, 2013], as such the question arises as to
whether these biases impact on the projection of volcanic forcing onto ENSO and the IOD. In an attempt to
answer this question we assess the impact of volcanic forcing on the subset of CMIP5 identiﬁed by Kim et al.
[2014] that have more realistic ENSO (indicated in supporting information Table S1). As these models have
a noticeably reduced equatorial Paciﬁc cold tongue bias when compared to the remaining models, we also
expect them to have a more realistic IOD location. With this subset of models we ﬁnd that while there are
model biases in ENSO and IOD, our results are robust to subsampling for the least biased models.
Models also have diﬀerent treatments of volcanic aerosols, which may inﬂuence the ENSO/IOD evolution. To
test this, we subset the models by their underlying forcing data sets. While some diﬀerences exist (probably
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due to the small number of models in each subset and the larger aerosol depth in the Ammann data sets) our
overall conclusions are robust.
We propose that a volcanic eruption causes global cooling that increases the likelihood of an El Niño-like
response in the Paciﬁc Ocean and a co-occurring positive IOD event in the Indian Ocean. There is also an
increased likelihood of a La Niña pattern occurring in the third DJF posteruption (i.e., 14 months later that the
peak of the El Niño), which is enhanced in the SST ﬁeld due to volcanic cooling. This signal, coherent with a
weak negative IOD may enhance the persistence of postvolcanic cooling seen in CMIP5 models and the global
climate system.
Acknowledgments
This work was supported by the
Australian Research Council (ARC)
including the ARC Centre of Excellence in Climate System Science, and
an award under the Merit Allocation
Scheme on the NCI National Facility
at the ANU, Canberra. We acknowledge the World Climate Research
Programme’s Working Group on Coupled Modeling, which is responsible
for CMIP, and we thank the climate
modeling groups (listed in supporting information Table S1 of this paper)
for producing and making available their model output. For CMIP
the U.S. Department of Energy’s Program for Climate Model Diagnosis
and Intercomparison provides
coordinating support and led development of software infrastructure in
partnership with the Global Organization for Earth System Science
Portals. CMIP5 data can be found at
http://pcmdi9.llnl.gov/esgf-web-fe/.
Volcanic forcing data were sourced
from Sato et al. [1993]. We thank Alan
Robock for his comments on an earlier version of this manuscript, Jerry
Meehl for his discussions on the volcanic forcing in the Paciﬁc, and Ben
Santer for providing information on
volcanic forcing. We thank the anonymous reviewers of this manuscript for
their time and comments.
The Editor thanks two anonymous
reviewers for their assistance in
evaluating this paper.

MAHER ET AL.

References
Adams, J. B., M. E. Mann, and C. M. Ammann (2003), Proxy evidence for an El Nino-like response to volcanic forcing, Nature, 426, 274–278.
Ammann, C. M., G. A. Meehl, W. M. Washington, and C. S. Zender (2003), A monthly and latitudinally varying volcanic forcing dataset in
simulations of 20th century climate, Geophys. Res. Lett., 30(12), 1657, doi:10.1029/2003GL016875.
Ammann, C. M., F. Joos, D. S. Schimel, B. L. Otto-Bliesner, and R. A. Tomas (2007), Solar inﬂuence on climate during the past millennium:
Results from transient simulations with the NCAR Climate System Model, Proc. Natl. Acad. Sci. U.S.A., 104, 3713–3718.
Andres, R. J., and A. D. Kasgnoc (1998), A time averaged inventory of subaerial volcanic sulphur emissions, J. Geophys. Res., 103(D19),
25,251–25,261.
Bellenger, H., E. Guilyardi, J. Leloup, M. Lengaigne, and J. Vialard (2014), ENSO representation in climate models: From CMIP3 to CMIP5, Clim.
Dyn., 42, 1999–2018.
Bindoﬀ, N. L., et al. (2013), Detection and attribution of climate change: From global to regional, in Climate Change 2013: The Physical Science
Basis. Contribution of Working Group I to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change, edited by T. F.
Stocker et al., Cambridge Univ. Press, Cambridge, U. K., and New York.
Cane, M. A. (1997), Twentieth-century sea surface temperature trends, Science, 275, 957–960.
Church, J., N. White, and J. Arblaster (2005), Signiﬁcant decadal-scale impact of volcanic eruptions on sea level and ocean heat content,
Nature, 438(7064), 74–77.
Clement, A. C., R. Seager, M. A. Cane, and S. E. Zebiak (1996), An ocean dynamical thermostat, J. Clim., 9, 2190–2196.
Ding, Y., J. A. Carton, G. A. Chepurin, G. Stenchikov, A. Robock, L. T. Sentman, and J. P. Krasting (2014), Ocean response to volcanic eruptions
in Coupled Model Intercomparison Project 5 simulations, J. Geophys. Res. Oceans, 119, 5622–5637, doi:10.1002/2013JC009780.
Driscoll, S., A. Bozzo, L. J. Gray, A. Robock, and G. Stenchikov (2012), Coupled Model Intercomparison Project 5 (CMIP5) simulations of
climate following volcanic eruptions, J. Geophys. Res., 117, D17105, doi:10.1029/2012JD017607.
Emile-Geay, J., R. Seager, M. A. Cane, E. R. Cook, and G. H. Haug (2008), Volcanoes and ENSO over the past millennium, J. Clim., 21(13),
3134–3148.
England, M. H., et al. (2014), Intensiﬁed Paciﬁc Ocean wind-driven circulation during the ongoing warming hiatus, Nat. Clim. Change, 4,
222–227.
Folland, C. K., D. E. Parker, and A. Colman (1999), Large scale modes of ocean surface temperature since the late nineteenth century, in
Beyond El Nino: Decade 1 and Interdecade 1 Climate Variability, edited by A. Navarra, pp. 73–102, Springer, Berlin.
Fyfe, J. C., N. P. Gillett, and F. W. Zwiers (2013), Overestimated global warming over the past 20 years, Nat. Clim. Change, 3, 767–769.
Guilyardi, E., H. Bellenger, M. Collins, S. Ferrett, W. Cai, and A. Wittenberg (2012), A ﬁrst look at ENSO in CMIP5, CLIVAR Exchanges, 17(58), 29–32.
Harshvardhan (1979), Perturbation of the zonal radiation balance by a stratospheric aerosol layer, J. Atmos. Sci., 36, 1274–1285.
Haywood, J. M., A. Jones, and G. S. Jones (2013), The impact of volcanic eruptions in the period 2000–2013 on global mean temperature
trends evaluated in the HadGEM2-ES climate model, Atmos. Sci. Lett., 15(2), 92–96.
Hegerl, G. C. (2003), Detection of volcanic, solar and greenhouse gas signals in paleo-reconstructions of northern hemispheric temperature,
Geophys. Res. Lett., 30(5), 1242, doi:10.1029/2002GL016635.
Hirono, M. (1988), On the trigger of El Nino Southern Oscillation by the forcing on early El Chichon volcanic aerosols, J. Geophys. Res., 93(D5),
5365–5384.
Izumo, T., J. Vialard, M. Lengaigne, C. de Boyer Montegut, S. K. Behera, J. Luo, S. Cravatte, S. Masson, and T. Yamagata (2010), Inﬂuence of the
state of the Indian Ocean dipole on the following year’s El Niño, Nat. Geosci., 3, 168–172.
Kim, S. T., W. Cai, F.-F. Jin, A. Santoso, L. Wu, E. Guilyardi, and S.-I. An (2014), Response of El Niño sea surface temperature variability to
greenhouse warming, Nat. Clim. Change, 4, 786–790.
Lean, J. L., and D. H. Rind (2008), How natural and anthropogenic inﬂuences alter global and regional surface temperatures: 1889 to 2006,
Geophys. Res. Lett., 35, L18701, doi:10.1029/2008GL034864.
Maher, N., A. S. Gupta, and M. H. England (2014), Drivers of decadal hiatus periods in the 20th and 21st centuries, Geophys. Res. Lett., 41,
5978–5986, doi:10.1002/2014GL060527.
Mann, M. E., M. A. Cane, S. E. Zebiak, and A. Clement (2005), Volcanic and solar forcing of the tropical Paciﬁc over the past 1000 years, J. Clim.,
18, 447–456.
Marotzke, J., and P. Forster (2015), Forcing, feedback and internal variability in global temperature trends, Nature, 517, 565–570.
McGregor, S., and A. Timmermann (2011), The eﬀect of explosive tropical volcanism on ENSO, J. Clim., 24, 2178–2191.
McGregor, S., A. Timmermann, and O. Timm (2010), A uniﬁed proxy for ENSO and PDO variability since 1650, Clim. Past, 6, 1–17.
McGregor, S., A. Sen Gupta, and M. H. England (2012), Constraining wind stress products with sea surface height observations and
implications for Paciﬁc ocean sea level trend attribution, J. Clim., 25, 8164–8176, doi:10.1175/JCLI-D-12-00105.1.
Meehl, G. A., J. Arblaster, and W. Collins (2008), Eﬀects of black carbon aerosols on the Indian monsoon, J. Clim., 21, 2869–2882.
Nicholls, N. (1990), Low-latitude volcanic eruptions and the El Niño/Southern Oscillation: A reply, Int. J. Climatol., 10, 425–429.
Ohba, M., H. Shiogama, T. Yokohata, and M. Watanabe (2013), Impact of strong tropical volcanic eruptions on ENSO simulated in a coupled
GCM, J. Clim., 26, 5169–5182.
Okumura, Y. M., and C. Deser (2011), Asymmetry in the duration of El Niño and La Niña, J. Clim., 23, 5826–5843.
Power, S., T. Casey, C. Folland, A. Colman, and V. Mehta (1999), Inter-decadal modulation of the impact of ENSO on Australia, Clim. Dyn., 15,
319–324.
Rampino, M. R., and S. Self (1984), Sulphur-rich volcanic eruptions and stratospheric aerosols, Nature, 310, 677–679.
Robock, A. (2000), Volcanic eruptions and climate, Rev. Geophys., 38, 191–219.

EFFECTS OF VOLCANISM

6032

Geophysical Research Letters

10.1002/2015GL064751

Robock, A., and J. Mao (1995), The volcanic signal in surface temperature observations, J. Clim., 8(5), 1086–1103.
Saji, N., B. Goswami, P. Vinayachandran, and T. Yamagata (1999), A dipole mode in the tropical Indian Ocean, Nature, 401(6751), 360–363.
Saji, N., T. Ambrizzi, and S. Ferraz (2005), Indian Ocean Dipole model events and austral surface air temperature anomalies, Dyn. Atmos.
Oceans, 39, 87–101.
Santer, B. D., et al. (2014), Volcanic contribution to decadal changes in tropospheric temperature, Nat. Geosci., 7, 185–189.
Sato, M., J. E. Hansen, M. P. McCormick, and J. B. Pollack (1993), Stratospheric aerosol optical depths, 1850–1990, J. Geophys. Res., 98(D12),
22,987–22,994.
Seager, R., S. Zebiak, and M. A. Cane (1988), A model of tropical Paciﬁc sea surface temperature climatology, J. Geophys. Res., 93, 1265–1280.
Self, S., M. R. Rampino, J. Zhao, and M. G. Katz (1997), Volcanic aerosol perturbations and strong El Nino events: No general correlation,
Geophys. Res. Lett., 24(10), 1247–1250.
Shindell, D. T., G. Schmidt, M. Mann, and G. Faluvegi (2004), Dynamic winter climate response to large tropical volcanic eruptions since 1600,
J. Geophys. Res., 109, D05104, doi:10.1029/2003JD004151.
Stenchikov, G. L., I. Kirchner, A. Robock, H.-F. Graf, J. C. Antuña, R. G. Grainger, A. Lambert, and L. Thomason (1998), Radiative forcing from
the 1991 Mount Pinatubo volcanic eruption, J. Geophys. Res., 103(D12), 13,837–13,857.
Thompson, D. W. J., J. M. Wallace, P. D. Jones, and J. J. Kennedy (2009), Identifying signatures of natural climate variability in time series of
Global-Mean surface temperature: Methodology and insights, J. Clim., 22, 6120–6141.
Timmreck, C. (2012), Modeling the climatic eﬀects of large explosive volcanic eruptions, Wiley Interdiscip. Rev. Clim. Change, 3, 545–564,
doi:10.1002/wcc.192.
Trenberth, K. E., and J. T. Fasullo (2013), An apparent hiatus in global warming?, Earth’s Future, 1(1), 19–32.
Weller, E., and W. Cai (2013), Realism of the Indian Ocean dipole in CMIP5 models: The implications for climate projections, J. Clim., 26,
6649–6659.
Yamagata, T., S. Behera, J. Luo, S. Masson, M. Jury, and S. Rao (2004), Earth’s Climate: The Ocean-Atmosphere Interaction, Geophys. Monogr.
Ser., vol. 147, pp. 189–211, AGU, Washington, D. C.
Zanchettin, D., C. Timmreck, H.-F. Graf, A. Rubino, S. Lorenz, K. Lohmann, K. Krüger, and J. H. Jungclaus (2012), Bi-decadal variability excited
in the coupled ocean-atmosphere system by strong tropical volcanic eruptions, Clim. Dyn., 39(1–2), 419–444.

MAHER ET AL.

EFFECTS OF VOLCANISM

6033

