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Abstract Detection and attribution of El Nifio-Southern
Oscillation (ENSO) responses to radiative forcing per-
turbation are critical for predicting the future change of
ENSO under global warming. One of such forcing pertur-
bation is the volcanic eruption. Our understanding of the
responses of ENSO system to explosive tropical volcanic
eruptions remains controversial, and we know little about
the responses to high-latitude eruptions. Here, we synthe-
size proxy-based ENSO reconstructions, to show that there
exist an El Nifio-like response to the Northern Hemisphere
(NH) and tropical eruptions and a La Nifia-like response to
the Southern Hemisphere (SH) eruptions over the past mil-
lennium. Our climate model simulation results show good
agreement with the proxy records. The simulation reveals
that due to different meridional thermal contrasts, the west-
erly wind anomalies can be excited over the tropical Pacific
to the south of, at, or to the north of the equator in the
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first boreal winter after the NH, tropical, or SH eruptions,
respectively. Thus, the eastern-Pacific El Nifio can develop
and peak in the second winter after the NH and tropical
eruptions via the Bjerknes feedback. The model simula-
tion only shows a central-Pacific El Nifio-like response to
the SH eruptions. The reason is that the anticyclonic wind
anomaly associated with the SH eruption-induced south-
east Pacific cooling will excite westward current anomalies
and prevent the development of eastern-Pacific El Nifio-
like anomaly. These divergent responses to eruptions at dif-
ferent latitudes and in different hemispheres underline the
sensitivity of the ENSO system to the spatial structure of
radiative disturbances in the atmosphere.

Keywords Divergent El Nifio responses - Northern
Hemisphere volcanic eruptions - Southern Hemisphere
volcanic eruptions - ENSO - Tree ring - Reconstruction

1 Introduction

The El Nifio-Southern Oscillation (ENSO) is a signifi-
cant source of climate variability with global impacts
(Deser et al. 2010). Understanding ENSO dynamics is
of utmost importance to our society (McPhaden and
Glantz 2007; Guilyardi et al. 2009; Collins et al. 2010).
Effects of strong tropical volcanoes on the ENSO system
have been demonstrated by both observations and model
simulations (Handler 1984; Robock 2000; Adams et al.
2003; Mann et al. 2005; D’Arrigo et al. 2009; McGregor
et al. 2010; Li et al. 2013; Ohba et al. 2013; Maher et al.
2015; Pausata et al. 2015), although controversy exists
(Self et al. 1997; McGregor and Timmermann 2011; Zan-
chettin et al. 2012). The likelihood of El Nifio is likely
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to increase after an explosive tropical volcanic eruption
(Adams et al. 2003; McGregor et al. 2010; Li et al. 2013).
In model simulations, El Nifio-like responses can be
excited by tropical eruptions (Mann et al. 2005; Ohba
et al. 2013; Maher et al. 2015; Predybaylo et al. 2017,
Stevenson et al. 2017), and the main mechanism is the
reduced role of the mean subsurface upwelling (Mann
et al. 2005; Ohba et al. 2013; Mabher et al. 2015), known
as the dynamical thermostat mechanism, which is denoted
by less cooling in the eastern equatorial Pacific than in
the western equatorial Pacific (Seager et al. 1988; Clem-
ent et al. 1996). After a tropical eruption, the El Nifo is
also considered to be excited by the westerly anomalies
induced by rapid surface cooling around the Maritime
Continent (Ohba et al. 2013). The process of less evapo-
ration in the subtropical cloudless region by the cooling
due to the eruptions also tends to weaken the intertropical
convergence zone (ITCZ) and shift it equatorward (Lim
et al. 2016). The equatorward migration of the ITCZ will
reduce the easterly wind along the equator and excite an
El Nifio through the Bjerknes feedback (Bjerknes 1969).
The effect of asymmetric forcing associated to high-
latitude volcanic eruptions on ENSO has generated grow-
ing attention recently (Pausata et al. 2015, 2016; Colose
et al. 2016; Liu et al. 2016; Stevenson et al. 2016).
Although there are fewer studies on the Northern Hemi-
sphere (NH) eruptions than on the tropical eruptions, the
mechanism seems to be quite clear for these NH eruption-
forced responses. After a volcanic eruption in the NH, an
El Nifio-like response is simulated (Pausata et al. 2015,
2016; Stevenson et al. 2016). The consequent asymmet-
ric cooling after a NH eruption will trigger the equato-
rial migration of the ITCZ (Colose et al. 2016; Stevenson
et al. 2016), and the weakening of the easterly wind along
the equator in the central-to-eastern Pacific will excite an
El Nifio through the Bjerknes feedback (Bjerknes 1969).
Based on the simulation of the Community Earth
System Model (CESM) Last Millennium Ensemble
(CESM-LME) (Stevenson et al. 2016), both tropical and
NH eruptions are found to increase the probability of El
Nifio occurrences after the eruptions, especially in the
second boreal winter after the eruptions. However, El
Nifio responses are not clear after the SH eruptions. It is
unclear whether there are divergent ENSO responses to
the NH, the tropical, and the SH eruptions in the recon-
structions, and if there are, what cause such differences.
Previous study has shown that understanding of event-to-
event differences in ENSO spatial pattern and evolution is
important to improve the determination of ENSO predic-
tion (Capotondi et al. 2015). Thus, in this study we aim
to address these questions by synthesizing proxy-based
ENSO reconstructions and climate model simulation.
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2 Data and methods

We analyze the newest dataset of millennium volcano
reconstruction for the period of 500 BC to 2000 AD (Sigl
et al. 2015) and 10 reconstructed ENSO indices (Stahle
et al. 1998; Mann et al. 2000; D’Arrigo et al. 2005; Cook
et al. 2008; Braganza et al. 2009; McGregor et al. 2010;
Wilson et al. 2010; Li et al. 2011, 2013; Emile-Geay
et al. 2013). The instrumental sea surface temperature
(SST) data from the Hadley Centre Ice and SST version
1 (HadISST1) are also used as a reference (Rayner et al.
2003). The NINO3 index in the instrumental observation
and model simulations is calculated as the area averaged
(150°W-90°W, 5°S-5°N) SST anomaly. Time series of all
instrumental and reconstructed ENSO indices go through
a 9-year Lanczos high-pass filter (Duchon 1979) to obtain
the ENSO signal with a period of 2-8 years (D’Arrigo et al.
2005; Deser et al. 2010). All the time series are then nor-
malized by their own standard deviations.

To explain the observed ENSO responses, a millennium
volcanic sensitivity experiment is performed by running the
CESM version 1.0 (CESM1) (Hurrell et al. 2013). A 2000-
year control simulation is performed as the reference. To
perform this control run, all external forcing is kept fixed
at year-1850’s values (Rosenbloom et al. 2013). Based on
this control run, a millennium forced simulation is run for
the period of 501 to 2000 AD, and all the external forcing
is the same as that used in the control run except that the
reconstruction of volcanic aerosols from 501 to 2000 AD
is used as a variable forcing (Gao et al. 2008). A coarse
resolution of T31 is used for both the control and sensitiv-
ity experiments. Compared to other models that partici-
pate in the fifth Coupled Models Intercomparison Project
(CMIPS), the CESM has a good simulation of ENSO in
terms of seasonality, amplitude, frequency, and associated
teleconnection (Bellenger et al. 2014).

To identify climate responses to different volcanic erup-
tions, we use the superposed epoch analysis (SEA) (Haur-
witz and Brier 1981). A window with 7 years before and
8 years after each eruption is used for the composite. The
significance is calculated by the bootstrapped resampling
method, and we repeat the SEA 10,000 times by using
random draws from this study period. Following the work
of Adams et al. (2003), each window is normalized by its
maximum absolute anomaly to avoid one single large erup-
tion dominating the composite.

3 Reconstructed ENSO proxies and volcanic
forcing

Since the reconstructed ENSO proxies have notable dis-
crepancies, we examine ten conventional reconstructions of
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cold-season (namely, the boreal winter) ENSO indices that
cover various periods in the past millennium (Fig. 1), with
the longest extending from 900 to 2002 AD (Li et al. 2011)
and the shortest from 1706 to 1997 AD (Stahle et al. 1998).
The number of records decreases as time goes back, and
there are only two datasets containing information before
1300 AD. Since the longest reconstruction that has the
largest weight in the composite analysis is obtained from
the southwest North American tree rings (Li et al. 2011),
we classify these reconstructions into two groups based on
the regions the proxies are obtained. The first group is com-
posed of reconstructions merely using the southwest North
American tree rings, while the second group includes those
developed from other global proxy records (Fig. 1). For
each group, an ensemble mean for each year is calculated
with available records. In this study, El Nifio year is defined
as the beginning year of the cold season, such as the strong
El Niflos occurred in 1982, 1991, and 1997. The 10 recon-
structions are highly correlated with October—March
instrumental NINO3 index using the HadISST1, with the
correlations ranging from 0.53 to 0.95 for the period of
1871-2000, and the correlation between the mean of the 10
reconstructions and the instrumental NINO3 index is 0.87.
A large volcanic eruption can inject a large amount
of sulphur dioxide into the stratosphere, which is then

transformed into sulfuric acid aerosols, and the resulting
aerosols perturb the climate through changing the radiation
balance (Robock 2000). In this study, the following two
sets of volcanic forcing will be used.

To analyze the responses of reconstructed ENSO to vol-
canic eruptions, we use the newest volcanic forcing during
the past 2500 years (Sigl et al. 2015), which is obtained
from the newest records of Greenland and Antarctic ice
cores and age markers. During the last millennium from
900 to 2000 AD when both ENSO and volcanic records are
available, there were 131 strong eruptions (Fig. 2a).

To perform the millennium volcanic sensitivity experi-
ments, we use the 1500-year volcanic reconstruction of
Gao et al. (2008), which has been used in the Paleocli-
mate Modeling Intercomparison Project 3 (PMIP3). For
each eruption, the aerosol density reaches maximum in
the fifth month after the eruption and decays quickly to
recover to the background state within 2 years (Liu et al.
2016). Thus, the year is defined as the eruption year when
its annual aerosol is larger than the 2 years before and after
it. When the eruption starts late in the year, e.g., November
or December, it has maximum aerosol density in the fol-
lowing year; in such case, the following year is considered
as the eruption year when analyzing the numerical experi-
ment outputs.

Reconstruction
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Fig.1 Long-term ENSO reconstructions. Shown are the instrumen-
tal (Rayner et al. 2003) October—March NINO3 index (red line), 10
different ENSO reconstructions (gray lines) (Stahle et al. 1998; Mann
et al. 2000; D’Arrigo et al. 2005; Cook et al. 2008; Braganza et al.
2009; McGregor et al. 2010; Wilson et al. 2010; Li et al. 2011, 2013;
Emile-Geay et al. 2013), and the mean of these reconstructions (dark
gray line). The inset shows the period 1871-2000. All records were

processed using a 9-year Lanczos high-pass filter. The three avail-
able reconstructions based on the North American tree rings and
seven reconstructions based on global proxies are shown by green
and brown shading, respectively. Triangles and dotted vertical lines
denote cold seasons (defined by the beginning year of the cold season
of the NH) following the NH (red), the tropical (dark), and the SH
(blue) eruptions back to 900 AD
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Fig. 2 Reconstructed volcanic forcing. a Shown are the global aver-
age, annual-mean volcanic aerosols for 16 NH (red), 13 SH (blue),
and 25 tropical (green) strong eruptions from 500 to 2000 AD recon-
structed by Gao et al. (2008); and for 66 NH, 26 SH, and 39 tropical
volcanic eruptions from 900 to 2000 AD reconstructed by Sigl et al.

In the sensitivity simulation carried out in this study,
we only consider the strong eruptions with annual aerosol
amount above 48 Tg, which is the average aerosol mass
in the eruption years for all eruptions during the last 1500
years. Thus, during the simulated 1500 years, there were
54 explosive volcanoes (Fig. 2a). Previous study showed
that there is a threshold of volcano strength above which
the volcanic forcing can excite El Nifio-like responses
(Lim et al. 2016). In our study, only strong eruptions are
studied, and this threshold of volcano strength is not dis-
cussed. Compared to the study based on the CESM-LME
with more members (Stevenson et al. 2016), only one mil-
lennium member is run here; thus, we need more eruption
samples to remove the internal interannual variability in the
SEA analysis.

When analyzing the ENSO responses, we classify erup-
tions into three groups, i.e., the NH, SH, or tropical erup-
tions. For both datasets, the classification is based on the
sulfate deposition in the ice sheets of two polar regions.
In the dataset of Sigl et al. (2015), these three groups have
already been separated by comparing sulfate depositions
on both polar ice sheets. During the period from 900 to
2000 AD, there were 66 NH, 26 SH, and 39 tropical erup-
tions. In the dataset of Gao et al. (2008), the meridional aer-
osol distribution for each eruption is well defined (Fig. 2b).
One group has sulfate depositions in both polar ice sheets,
while the other two groups only have sulfate deposition in
one of these two polar regions. Based on the classification
defined by Liu et al. (2016), we define an eruption as a NH
event if the volcanic aerosol burden is zero at 40°S, as a SH
event if the volcanic aerosol burden is zero at 40°N, and
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Latitude

(2015). b Meridional distribution of zonally-averaged, annual-mean
aerosols column density (thin lines) for these 16 NH, 13 SH, and 25
tropical strong eruptions from 500 to 2000 AD reconstructed by Gao
et al. (2008). The thick lines denote the averaged profiles for these
NH, SH, and tropical eruptions. Adapted from Liu et al. (2016)

as a tropical event if the volcanic aerosol burden is above
zero at both 40°S and 40°N. Thus, the NH, the tropical, and
the SH eruptions have their aerosols centered in the NH,
the tropics, and the SH, respectively (Fig. 2b). During the
simulated 1500 years from 501 to 2000 AD, there were 16
NH, 25 tropical, and 13 SH explosive volcanoes. When
using the definition based on the aerosols’ concentration
difference between hemispheres, the meridional asymmetry
of the tropical eruptions is weak (Colose et al. 2016; Ste-
venson et al. 2016). The tropical eruptions obtained based
on our definition have a somewhat larger meridional asym-
metry (Fig. 2b). Since tropical eruptions are not always
symmetric (Toohey et al. 2011), a threshold of meridional
distribution of these tropical eruptions, which leads to dif-
ferent tropical responses, is worth analyzing in the future.

4 Proxy-based ENSO after different volcanic
eruptions

To analyze the responses of ENSO system to different vol-
canic eruptions, we perform SEA on the ensemble mean
of the 10 ENSO reconstructions during 900-2000 AD
(Fig. 3). The results indicate that significant El Nifio-like
responses occur 1 year following the NH eruptions and in
the same year of the tropical eruptions. For the SH erup-
tions, however, no El Nifio-like composite response is
found. Instead, a La Nifa-like response happens within
three years after the SH eruptions. Interestingly, a strong La
Nifa-like response to the tropical eruptions can be observed
2 years after the tropical eruptions (+2), and a La Nifia-like
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Fig. 3 Reconstructed cold-season ENSO SEA results. Normalized
results for responses of the mean of the 10 reconstructions to the NH
(a), the tropical (b), and the SH (c) eruptions are shown (upper pan-
els) for the period 900-2000 AD. Confidence limits (90, 95, 99%) are
marked by horizontal lines. Blue and red colors mark the pre-erup-
tion and post-eruption composites, respectively. The number in each
panel denotes the eruption event number. “0” denotes the first cold

response to the NH eruptions is also observed 3 years after
the NH eruptions (+3). These La Nifia-like responses were
also noted by other researchers (Li et al. 2013; Maher et al.
2015; Pausata et al. 2015). Although it is argued that this
transition to La Nifia-like responses is dynamically driven
rather than a consequence of the general post-eruption
cooling (Pausata et al. 2016), the underlying mechanism for
these quick transitions from eruption-induced El Nifio to
La Nifia needs further investigation.

The above results show clear divergent responses of
the proxy ENSO indices to the NH, the tropical, and the
SH eruptions during the past millennium. Such divergent
responses are most evident in ENSO reconstructions based
on the North American tree rings, but less clear in those
reconstructions based on global proxy records (Fig. 3). For
each eruption, when all available ENSO reconstructions
instead of their mean are used for the SEA analysis, similar
divergent responses are also identified (Fig. 4). For the ten
reconstructions, the divergent responses are much clearer
in the three reconstructions based on the North American
tree rings than in the seven reconstructions based on global
proxy records (Fig. 5). One hypothesis for the different
responses is that the ENSO teleconnection in some regions

season following the eruptions. All records were processed using a
9-year Lanczos high-pass filter. The SEA results are also shown for
the mean of the three reconstructions based on the North American
tree rings from 900 to 2000 AD (middle panels) and for the seven
reconstructions based on global proxies from 1149 to 2000 AD (bot-
tom panels)

was not stable during the last millennium (Li et al. 2013),
and the inclusion of proxy records from regions with unsta-
ble teleconnections may damp the ENSO signal. To con-
firm this hypothesis, more analysis on ENSO-related global
teleconnection in different warm and cold epochs of the last
millennium is necessary by using millennium simulations
in the future.

To confirm the divergent responses, we use the mean of
the three ENSO indices based on the North American tree
rings. An increase of 2-year (0 and +1) mean ENSO index
occurs for 40 out of the 66 (61%) NH eruptions and for 27
out of the 39 (69%) tropical eruptions, compared to the pre-
eruption 7-year (—7 and —1) mean. A decrease of 2-year
mean ENSO index, however, occurs for 17 out of the 26
(65%) SH eruptions. Before each SH eruption, the negative
ENSO index is also counted and a decrease occurs for 19 out
of the 26 (73%) for the year —4 compared to the pre-erup-
tion 7-year mean. These results are consistent with the SEA
analysis results (Fig. 3). In the SEA on the reconstructions,
some significant NINO3 responses are seen before the erup-
tions (Fig. 3), which seems to suggest that the SEA has some
uncertainties when separating the internal and external forc-
ing-induced modes in the reconstructions. For the internal
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Fig. 5 Reconstructed cold-season ENSO SEA results for each reconstruction. Same as Fig. 3, except for each of the ten reconstructions, and the

number in each panel denotes the composite number

mode without any external forcing, the interannual variability
can be largely removed by SEA analysis. This is supported by
performing SEA analysis on 30 random non-volcanic event
“windows”, and the results shows no significant responses
(figure not shown). Thus, the significant responses before
the eruptions may also be attributed to the uncertainty of the
reconstructions rather than to the SEA analysis itself.

5 Simulated ENSO after different volcanic
eruptions

To confirm and understand these divergent ENSO
responses to the NH, the tropical, and the SH eruptions, we
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perform a millennium volcanic sensitivity experiment using
CESM1 for the period of 501-2000 AD. In this millennium
simulation, volcanic forcing is the only external forcing
allowed to change over time, which is derived from version
1 of the ice-core dataset based reconstruction by Gao et al.
(2008). In this dataset, most of the eruptions are assumed
to occur in April. So, the effect of eruption season, which
is found to excite different eruption-year circulations (Ste-
venson et al. 2017), cannot be considered here. Compared
to the 2000-year control run that has an ENSO amplitude
of 0.85 °C, defined by the standard deviation of the boreal
winter (December-February) NINO3 index, the 1500-year
volcanic sensitivity experiment has somewhat larger ENSO
amplitude of 0.87 °C.
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After the NH eruptions (Fig. 6a), the simulated NINO3
index is weakly negative in the year (0), and it becomes
positive after the spring of year (+1) and reaches a maxi-
mum in that winter. In year (+2), the Nifio3 index decreases
quickly with a minimum occurring in that winter (Fig. 6b).
Similar results are seen after the tropical eruptions, except
for stronger negative NINO3 index simulated in year (0)
and year (+2). For the SH eruptions, a negative NINO3
index is also simulated in year (0) and year (+2), but the
positive NINO3 index in year (1) is weak and reaches a
maximum in the summer of that year and decreases quickly
thereafter.

After the NH or tropical eruptions (Fig. 6c), positive
SST anomalies occur in the eastern Pacific in the spring of
year (+1), and then develop and propagate westward into
the central-eastern Pacific in winter. After the SH erup-
tions, warm SST begins in the western Pacific in the spring
of year (+1), and then propagates eastward. This warm
SST, however, cannot develop over the eastern Pacific in
the winter 1 year after the SH eruptions.

Due to direct reduction of shortwave radiation caused
by eruptions at different latitudes, global circulation and
precipitation have different responses in the winter of the
eruption year (0) (Fig. 7). Following the NH eruptions, a
significant precipitation decrease is seen over a great part

NH (16)

Tropical (25)

of the NH; in particular, the model simulates an equatorial
migration of the ITCZ (Fig. 7a), which is consistent with
previous studies (Pausata et al. 2015; Colose et al. 2016;
Stevenson et al. 2016). The increase of precipitation occurs
over the south part of the equatorial regions in the Indo-
Pacific and Atlantic (Fig. 7a). Thus, marked westerly wind
anomalies are excited over the central-to-eastern Pacific to
the south of the equator.

After the tropical eruptions (Fig. 7b), significant precipi-
tation decrease occurs over the tropical regions, including
the equatorial Indo-western Pacific, the Pacific ITCZ, and
the South Pacific Convergence Zone (SPCZ) regions, while
large precipitation increase happens over the subtropi-
cal regions and small increase occurs over the central-to-
eastern equatorial Pacific. Thus, significant westerly wind
anomalies are excited over the equatorial Pacific because
of the divergence over the Indo-western Pacific. Over the
off-equatorial region in the tropical Pacific, the westerly
wind anomalies can also be excited by the weakening of the
ITCZ and SPCZ through the quasi-geostrophic balance.

After the SH eruptions (Fig. 7c), significant precipi-
tation decrease is simulated in the SH, especially in the
south Maritime Continent, Australian monsoon region, and
the central Pacific south of the equator. Large precipita-
tion increase occurs from the western North Pacific to the

SH (13)
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Fig. 6 Model responses to different volcanic eruptions. Zonally-aver-
aged aerosol column density (a), normalized SEA results of NINO3
index (b), and equatorial (5°S—5°N average) SST anomalies (c) are
shown for 16 NH eruptions (left panels), 25 tropical eruptions (mid-
dle panels), and 13 SH eruptions (right panels). Confidence limits

(90, 95, 99%) are marked by horizontal lines for composite NINO3,
and the equatorial SST anomalies significant above the 95% confi-
dence level are marked by stippling. Blue and red bars mark the pre-
and post-eruption years, respectively. “0” denotes the year of each
eruption, and “+1” indicates 1 year after the eruption
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Fig. 7 Spatial patterns of different volcano-forced modes. The nor-
malized composite precipitation (shading) and 850-hPa wind (vec-
tors) anomalies are shown for the first winter (December—February)
after the NH (a), the tropical (b), and the SH (c) eruptions. Stippling

central Pacific north of the equator. Thus, significant west-
erly wind anomalies are excited from the western-to-central
Pacific to the north of the equator.

Since the stratospheric aerosols associated with the NH
eruptions are concentrated in the NH, the surface cooling
mainly happens in the NH, while the SH is less affected
(Fig. 8a); thus, the lower-tropospheric moisture is much
reduced in the NH region, with maximum decrease at 6°N.
This southward surface temperature gradient also induces
significant downward motion and divergence near 10°N.
The moisture convergence anomalies, consistent with pre-
cipitation anomalies (figure not shown), are mainly induced
by the circulation change (Fig. 8b), which means the equa-
torward migration of the ITCZ is mainly caused by the cir-
culation change induced by the NH cooling and associated
southward temperature gradient. In other words, the inter-
hemispheric thermal contrast after the NH eruptions pushes
the ITCZ away from the hemisphere that is cooled (Kang
et al. 2008; Schneider et al. 2014; Pausata et al. 2015; Ste-
venson et al. 2016).

After the tropical eruptions, because of the strong aero-
sol concentration at the low latitude, the surface tempera-
ture in the tropics is significant decreased (Fig. 9a), result-
ing in large moisture decrease in the tropics. In this study,
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indicates the >95% confidence level based on the Monte Carlo resa-
mpling (n = 10,000). Only the wind anomalies above the 95% signifi-
cance level are drawn

the tropical eruptions also have somewhat larger aerosol
density in the NH than in the SH, which results in larger
temperature decrease in the NH than in the SH; thus, sig-
nificant divergence also occurs to the north of the equa-
tor. Because of the large moisture decrease in the tropics,
moisture convergence and precipitation decrease occur in
the tropics (Fig. 9b). The circulation change, i.e., the diver-
gence to the north of the equator, also induces additional
precipitation decrease in the ITCZ. With the same mech-
anism for the weakening of the ITCZ induced by the NH
eruptions (Fig. 8), the strong precipitation decrease in the
SH after the SH eruptions is mainly caused by the circula-
tion change induced by the northward surface temperature
gradient (Fig. 10).

After the NH eruptions (Fig. 11a), the westerly wind
anomalies are excited to the south of the equator over the
Pacific in the first boreal winter, and warm SSTs begin
to develop from the eastern Pacific after the spring asso-
ciated with this westerly wind anomalies via the Bjerk-
nes feedback. The warm SSTs also begin to develop in
the eastern Pacific associated with the equatorial west-
erly wind anomalies since the first boreal winter after
the tropical eruptions (Fig. 11b). After the SH eruptions
(Fig. 11c), the southeastern Pacific is always dominated
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by the anticyclonic wind anomalies associated with cold
SST anomalies. Compared to the westerly wind anoma-
lies and their associated downwelling in the central-
to-eastern Pacific in the summer 1 year after the NH or
the tropical eruptions, the easterly wind anomalies and

1
Eq 30N 60N

the associated upwelling dominate the eastern Pacific
in the summer 1 year after the SH eruptions (Fig. 12).
Thus, this upwelling prevents warm SST anomalies from
developing in the eastern Pacific, again via the Bjerknes
feedback.

@ Springer
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QA Temp, Circul & Moit anomalies

Fig. 10 Same as Fig. 8, except

for the SH eruptions
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Compared to the internal El Nifio in the control run
(Fig. 13), the transition from El Nifio to La Nifla is much
faster for the tropical eruption-induced El Nifio. The nega-
tive NINO3 index appears early in May for this forced El
Nifio, which only occurs in July for the internal mode in the
control run. The La Nifia after the El Nifio for the eruption-
forced mode is also stronger than that for the internal mode.
The easterly wind anomaly over the western Pacific appears
in May after the El Nifio for the internal mode, while it
appears early in January and is very strong for the forced
mode. Since the volcanic forcing is very weak during this
El Nifio-La Nifa transition year, i.e., the second year after
the eruptions (Fig. 6), this fast transition after the tropical
eruption-induced El Nifio is dynamically driven, i.e., it is
caused by the strong easterly wind anomaly rather than by
the cooling. The underlying mechanism for the formation
of the easterly wind anomaly needs further investigation.

6 Concluding remarks

In summary, by using the newest volcanic forcing records
and ten reconstructed ENSO indices, we show that the
tropical and NH eruptions can trigger an El Nifio-like
event within 2 years after the eruptions. These El Nifio-
like responses, however, are not found after the SH erup-
tions. Instead, a weak La Nifa-like event tends to occur
within 3 years after the SH eruptions. These divergent
responses of ENSO to the NH, the tropical, and the SH
volcanic eruptions are simulated by the millennium

T T T
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———U-Tro Vol
— —— U-Internal
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Fig. 13 Transition to La Nifia from tropical eruption-induced El
Nifio mode and internal El Nifio mode. Shown are the composite
NINO3 index for 25 tropical eruptions (thick red line) and for the
El Nifio in the control run (thick blue line), as well as the associ-
ated zonal wind anomalies (dashed lines) averaged over the western
Pacific (5°S-5°N, 120°E-150°E). “1” denotes 1 year after each erup-
tion, and “2”, 2 years. The El Nifio in the control run is defined when
the boreal winter (December—February average) NINO index is above
one standard deviation. Each variable is normalized by its maximum

value in years “1”” and “2”

volcanic sensitivity experiment. The El Nifio-like
responses are simulated in the winter 1 year after the NH
or tropical eruptions, while the El Nifo-like response
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Fig. 12 Different oceanic responses to different eruptions. The normalized composite summer-mean (June—August) surface currents and surface
(0-20 m) upwelling anomalies one year after the NH (a), the tropical (b), and the SH (c) eruptions
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Fig. 14 Schematic diagram
showing different eruption-
induced responses. Shown are
surface cooling (blue shading),
precipitation anomaly (cloud),
and surface wind anomaly (vec-
tor) in the first boreal winter
after the NH eruptions (a), the
tropical eruptions (b), and the

208 1

SH eruptions (c). Positive/nega-

tive precipitation anomaly is 2on| b Tropical Vol ;
denoted by green/brown cloud. ‘ \

The blue ellipse denotes the
southeast Pacific cooling

208

20N ¢SH Vol.

Eqp-

208

120E

cannot develop in the winter after the SH eruptions. The
mechanisms for these divergent ENSO responses are
summarized in Fig. 14. Due to different interhemispheric
thermal contrast or high latitude-tropical thermal contrast
caused by the volcanic cooling, precipitation decrease
mainly occurs to the north of, at, and to the south of the
equator in the first winter after the NH, tropical, or SH
eruptions; thus, the westerly wind anomalies are excited
over the tropical Pacific to the south of, at, or to the north
of the equator accordingly. The El Nifio can develop and
peak in the second winter after the NH or tropical erup-
tions through the Bjerknes feedback. After the SH erup-
tions, however, the volcano-induced southeast Pacific
cooling will excite anticyclonic wind anomalies, which
will induce strong westward current anomalies to prevent
the warm SST from developing in the eastern Pacific.
As a result, a central-Pacific El Nifo-like response is
obtained in the second winter after the SH eruptions.
Although previous study (Stevenson et al. 2016) and
our own work all showed overly large model and proxy
disagreement in eruption years, the eastern Pacific El
Nifio-like responses have been observed and simu-
lated within 2 years after the NH or tropical eruptions.
After the SH eruptions, the proxy shows occurrence of
La Nifia-like event, while the model simulation presents
central-Pacific El Nifio-like responses. This simulation of
central-Pacific El Nifio-like responses should improve our
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understanding of the central-Pacific El Nifio that has been
observed frequently in recent years (Ashok et al. 2007,
Ashok and Yamagata 2009); and it may also provide
an explanation on the natural variations of the central-
Pacific El Nifio (Newman et al. 2011; Yeh et al. 2011).
Both observations and simulations indicate that there are
no eastern Pacific El Nifio-like events after the SH erup-
tions, largely due to easterly wind anomalies that sup-
press the Bjerknes feedback in the eastern Pacific. Differ-
ent ENSO responses to the NH, the tropical, and the SH
eruptions provide us different angles to understand ENSO
mechanisms.

The findings in this study are based on the SEA analy-
sis. From a modeling perspective, ensemble simulations are
the most suited method to study volcano-forced responses
(Pausata et al. 2015, 2016; Stevenson et al. 2017). In future,
ensemble simulations should be used to study these diver-
gent ENSO responses to different volcanos.
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