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Abstract 23 

Detection and attribution of El Niño-Southern Oscillation (ENSO) responses to 24 

radiative forcing perturbation are critical for predicting the future change of ENSO 25 

under global warming. One of such forcing perturbation is the volcanic eruption. Our 26 

understanding of the responses of ENSO system to explosive tropical volcanic 27 

eruptions remains controversial, and we know little about the responses to high-latitude 28 

eruptions. Here, we synthesize proxy-based ENSO reconstructions, to show that there 29 

exist an El Niño-like response to the Northern Hemisphere (NH) and tropical eruptions 30 

and a La Niña-like response to the Southern Hemisphere (SH) eruptions over the past 31 

millennium. Our climate model simulation results show good agreement with the proxy 32 

records. The simulation reveals that due to different meridional thermal contrasts, the 33 

westerly wind anomalies can be excited over the tropical Pacific to the south of, at, or 34 

to the north of the equator in the first boreal winter after the NH, tropical, or SH 35 

eruptions, respectively. Thus, the eastern-Pacific El Niño can develop and peak in the 36 

second winter after the NH and tropical eruptions via the Bjerknes feedback. The model 37 

simulation only shows a central-Pacific El Niño-like response to the SH eruptions. The 38 

reason is that the anticyclonic wind anomaly associated with the SH eruption-induced 39 

southeast Pacific cooling will excite westward current anomalies and prevent the 40 

development of eastern-Pacific El Niño-like anomaly. These divergent responses to 41 

eruptions at different latitudes and in different hemispheres underline the sensitivity of 42 

the ENSO system to the spatial structure of radiative disturbances in the atmosphere. 43 

Keywords: divergent El Niño responses; Northern Hemisphere volcanic eruptions; 44 
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Southern Hemisphere volcanic eruptions; ENSO; tree ring; reconstruction  45 

 46 

 47 

1. Introduction 48 

The El Niño-Southern Oscillation (ENSO) is a significant source of climate 49 

variability with global impacts (Deser et al. 2010). Understanding ENSO dynamics is 50 

of utmost importance to our society (McPhaden and Glantz 2007; Guilyardi et al. 2009; 51 

Collins et al. 2010). Effects of strong tropical volcanoes on the ENSO system have been 52 

demonstrated by both observations and model simulations (Handler 1984; Robock 2000; 53 

Adams et al. 2003; Mann et al. 2005; D’Arrigo et al. 2009; McGregor et al. 2010; Li et 54 

al. 2013; Ohba et al. 2013; Maher et al. 2015; Pausata et al. 2015), although controversy 55 

exists (Self et al. 1997; McGregor and Timmermann 2011; Zanchettin et al. 2012). The 56 

likelihood of El Niño is likely to increase after an explosive tropical volcanic eruption 57 

(Adams et al. 2003; McGregor et al. 2010; Li et al. 2013). 58 

In model simulations, El Niño-like responses can be excited by tropical eruptions 59 

(Mann et al. 2005; Ohba et al. 2013; Maher et al. 2015; Predybaylo et al. 2017; 60 

Stevenson et al. 2017), and the main mechanism is the reduced role of the mean 61 

subsurface upwelling (Mann et al. 2005; Ohba et al. 2013; Maher et al. 2015), known 62 

as the dynamical thermostat mechanism, which is denoted by less cooling in the eastern 63 

equatorial Pacific than in the western equatorial Pacific (Seager et al. 1988; Clement et 64 

al. 1996). After a tropical eruption, the El Niño is also considered to be excited by the 65 

westerly anomalies induced by rapid surface cooling around the Maritime Continent 66 



4 
 

(Ohba et al. 2013). The process of less evaporation in the subtropical cloudless region 67 

by the cooling due to the eruptions also tends to weaken the intertropical convergence 68 

zone (ITCZ) and shift it equatorward (Lim et al. 2016). The equatorward migration of 69 

the ITCZ will reduce the easterly wind along the equator and excite an El Niño through 70 

the Bjerknes feedback (Bjerknes 1969). 71 

The effect of asymmetric forcing associated to high-latitude volcanic eruptions on 72 

ENSO has generated growing attention recently (Pausata et al. 2015; Colose et al. 2016; 73 

Liu et al. 2016; Pausata et al. 2016; Stevenson et al. 2016). Although there are fewer 74 

studies on the Northern Hemisphere (NH) eruptions than on the tropical eruptions, the 75 

mechanism seems to be quite clear for these NH eruption-forced responses. After a 76 

volcanic eruption in the NH, an El Niño-like response is simulated (Pausata et al. 2015; 77 

Pausata et al. 2016; Stevenson et al. 2016). The consequent asymmetric cooling after a 78 

NH eruption will trigger the equatorial migration of the ITCZ (Colose et al. 2016; 79 

Stevenson et al. 2016), and the weakening of the easterly wind along the equator in the 80 

central-to-eastern Pacific will excite an El Niño through the Bjerknes feedback 81 

(Bjerknes 1969). 82 

  Based on the simulation of the Community Earth System Model (CESM) Last 83 

Millennium Ensemble (CESM-LME) (Stevenson et al. 2016), both tropical and NH 84 

eruptions are found to increase the probability of El Niño occurrences after the 85 

eruptions, especially in the second boreal winter after the eruptions. However, El Niño 86 

responses are not clear after the SH eruptions. It is unclear whether there are divergent 87 

ENSO responses to the NH, the tropical, and the SH eruptions in the reconstructions, 88 
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and if there are, what cause such differences. Previous study has shown that 89 

understanding of event-to-event differences in ENSO spatial pattern and evolution is 90 

important to improve the determination of ENSO prediction (Capotondi et al. 2015). 91 

Thus, in this study we aim to address these questions by synthesizing proxy-based 92 

ENSO reconstructions and climate model simulation.  93 

 94 

 95 

2. Data and Methods  96 

We analyze the newest dataset of millennium volcano reconstruction for the period 97 

of 500 BC to 2000 AD (Sigl et al. 2015) and 10 reconstructed ENSO indices (Stahle et 98 

al. 1998; Mann et al. 2000; D'Arrigo et al. 2005; Cook et al. 2008; Braganza et al. 2009; 99 

McGregor et al. 2010; Wilson et al. 2010; Li et al. 2011; Emile-Geay et al. 2013; Li et 100 

al. 2013). The instrumental sea surface temperature (SST) data from the Hadley Centre 101 

Ice and SST version 1 (HadISST1) are also used as a reference (Rayner et al. 2003). 102 

The NINO3 index in the instrumental observation and model simulations is calculated 103 

as the area averaged (150W-90W, 5S-5N) SST anomaly. Time series of all 104 

instrumental and reconstructed ENSO indices go through a 9-year Lanczos high-pass 105 

filter (Duchon 1979) to obtain the ENSO signal with a period of 2-8 years (D'Arrigo et 106 

al. 2005; Deser et al. 2010). All the time series are then normalized by their own 107 

standard deviations.  108 

To explain the observed ENSO responses, a millennium volcanic sensitivity 109 

experiment is performed by running the CESM version 1.0 (CESM1) (Hurrell et al. 110 
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2013). A 2000-year control simulation is performed as the reference. To perform this 111 

control run, all external forcing is kept fixed at year-1850’s values (Rosenbloom et al. 112 

2013). Based on this control run, a millennium forced simulation is run for the period 113 

of 501 to 2000 AD, and all the external forcing is the same as that used in the control 114 

run except that the reconstruction of volcanic aerosols from 501 to 2000 AD is used as 115 

a variable forcing (Gao et al. 2008). A coarse resolution of T31 is used for both the 116 

control and sensitivity experiments. Compared to other models that participate in the 117 

fifth Coupled Models Intercomparison Project (CMIP5), the CESM has a good 118 

simulation of ENSO in terms of seasonality, amplitude, frequency, and associated 119 

teleconnection (Bellenger et al. 2014). 120 

  To identify climate responses to different volcanic eruptions, we use the  121 

superposed epoch analysis (SEA) (Haurwitz and Brier 1981). A window with seven 122 

years before and eight years after each eruption is used for the composite. The 123 

significance is calculated by the bootstrapped resampling method, and we repeat the 124 

SEA 10,000 times by using random draws from this study period. Following the work 125 

of Adams et al. (2003), each window is normalized by its maximum absolute anomaly 126 

to avoid one single large eruption dominating the composite.   127 

 128 

 129 

3. Reconstructed ENSO proxies and volcanic forcing 130 

Since the reconstructed ENSO proxies have notable discrepancies, we examine 10 131 

conventional reconstructions of cold-season (namely, the boreal winter) ENSO indices 132 
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that cover various periods in the past millennium (Fig. 1), with the longest extending 133 

from 900 to 2002 AD (Li et al. 2011) and the shortest from 1706 to 1997 AD (Stahle et 134 

al. 1998). The number of records decreases as time goes back, and there are only two 135 

datasets containing information before 1300 AD. Since the longest reconstruction that 136 

has the largest weight in the composite analysis is obtained from the southwest North 137 

American tree rings (Li et al. 2011), we classify these reconstructions into two groups 138 

based on the regions the proxies are obtained. The first group is composed of 139 

reconstructions merely using the southwest North American tree rings, while the second 140 

group includes those developed from other global proxy records (Fig. 1). For each 141 

group, an ensemble mean for each year is calculated with available records. In this study, 142 

El Niño year is defined as the beginning year of the cold season, such as the strong El 143 

Niños occurred in 1982, 1991, and 1997. The 10 reconstructions are highly correlated 144 

with October-March instrumental NINO3 index using the HadISST1, with the 145 

correlations ranging from 0.53 to 0.95 for the period of 1871-2000, and the correlation 146 

between the mean of the 10 reconstructions and the instrumental NINO3 index is 0.87.  147 

A large volcanic eruption can inject a large amount of sulphur dioxide into the 148 

stratosphere, which is then transformed into sulfuric acid aerosols, and the resulting 149 

aerosols perturb the climate through changing the radiation balance (Robock 2000). In 150 

this study, the following two sets of volcanic forcing will be used. 151 

To analyze the responses of reconstructed ENSO to volcanic eruptions, we use the 152 

newest volcanic forcing during the past 2500 years (Sigl et al. 2015), which is obtained 153 

from the newest records of Greenland and Antarctic ice cores and age markers. During 154 
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the last millennium from 900 to 2000 AD when both ENSO and volcanic records are 155 

available, there were 131 strong eruptions (Fig. 2a).  156 

To perform the millennium volcanic sensitivity experiments, we use the 1500-year 157 

volcanic reconstruction of Gao et al. (2008), which has been used in the Paleoclimate 158 

Modeling Intercomparison Project 3 (PMIP3). For each eruption, the aerosol density 159 

reaches maximum in the fifth month after the eruption and decays quickly to recover to 160 

the background state within two years (Liu et al. 2016). Thus, the year is defined as the 161 

eruption year when its annual aerosol is larger than the two years before and after it. 162 

When the eruption starts late in the year, e.g., November or December, it has maximum 163 

aerosol density in the following year; in such case, the following year is considered as 164 

the eruption year when analyzing the numerical experiment outputs. 165 

In the sensitivity simulation carried out in this study, we only consider the strong 166 

eruptions with annual aerosol amount above 48 Tg, which is the average aerosol mass 167 

in the eruption years for all eruptions during the last 1500 years. Thus, during the 168 

simulated 1500 years, there were 54 explosive volcanoes (Fig. 2a). Previous study 169 

showed that there is a threshold of volcano strength above which the volcanic forcing 170 

can excite El Niño-like responses (Lim et al. 2016). In our study, only strong eruptions 171 

are studied, and this threshold of volcano strength is not discussed. Compared to the 172 

study based on the CESM-LME with more members (Stevenson et al. 2016), only one 173 

millennium member is run here; thus, we need more eruption samples to remove the 174 

internal interannual variability in the SEA analysis. 175 

When analyzing the ENSO responses, we classify eruptions into three groups, i.e., 176 

http://www.baidu.com/link?url=Ycy42xUP69426_ljHR827lCfb3NcoSKFDSvuEG2cK1hlVqLI2LYjlGKCTJejln-c
http://www.baidu.com/link?url=Ycy42xUP69426_ljHR827lCfb3NcoSKFDSvuEG2cK1hlVqLI2LYjlGKCTJejln-c
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the NH, SH, or tropical eruptions. For both datasets, the classification is based on the 177 

sulfate deposition in the ice sheets of two polar regions. In the dataset of Sigl et al. 178 

(2015), these three groups have already been separated by comparing sulfate 179 

depositions on both polar ice sheets. During the period from 900 to 2000 AD, there 180 

were 66 NH, 26 SH, and 39 tropical eruptions. In the dataset of Gao et al. (2008), the 181 

meridional aerosol distribution for each eruption is well defined (Fig. 2b). One group 182 

has sulfate depositions in both polar ice sheets, while the other two groups only have 183 

sulfate deposition in one of these two polar regions. Based on the classification defined 184 

by Liu et al. (2016), we define an eruption as a NH event if the volcanic aerosol burden 185 

is zero at 40oS, as a SH event if the volcanic aerosol burden is zero at 40oN, and as a 186 

tropical event if the volcanic aerosol burden is above zero at both 40oS and 40oN. Thus, 187 

the NH, the tropical, and the SH eruptions have their aerosols centered in the NH, the 188 

tropics, and the SH, respectively (Fig. 2b). During the simulated 1500 years from 501 189 

to 2000 AD, there were 16 NH, 25 tropical, and 13 SH explosive volcanoes. When 190 

using the definition based on the aerosols’ concentration difference between 191 

hemispheres, the meridional asymmetry of the tropical eruptions is weak (Colose et al. 192 

2016; Stevenson et al. 2016). The tropical eruptions obtained based on our definition 193 

have a somewhat larger meridional asymmetry (Fig. 2b). Since tropical eruptions are 194 

not always symmetric (Toohey et al. 2011), a threshold of meridional distribution of 195 

these tropical eruptions, which leads to different tropical responses, is worth analyzing 196 

in the future. 197 

 198 
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4. Proxy-based ENSO after different volcanic eruptions 199 

To analyze the responses of ENSO system to different volcanic eruptions, we 200 

perform SEA on the ensemble mean of the 10 ENSO reconstructions during 900-2000 201 

AD (Fig. 3). The results indicate that significant El Niño-like responses occur one year 202 

following the NH eruptions and in the same year of the tropical eruptions. For the SH 203 

eruptions, however, no El Niño-like composite response is found. Instead, a La Niña-204 

like response happens within three years after the SH eruptions. Interestingly, a strong 205 

La Niña-like response to the tropical eruptions can be observed two years after the 206 

tropical eruptions (+2), and a La Niña-like response to the NH eruptions is also 207 

observed three years after the NH eruptions (+3). These La Niña-like responses were 208 

also noted by other researchers (Li et al. 2013; Maher et al. 2015; Pausata et al. 2015). 209 

Although it is argued that this transition to La Niña-like responses is dynamically driven 210 

rather than a consequence of the general post-eruption cooling (Pausata et al. 2016), the 211 

underlying mechanism for these quick transitions from eruption-induced El Niño to La 212 

Niña needs further investigation.  213 

  The above results show clear divergent responses of the proxy ENSO indices to the 214 

NH, the tropical, and the SH eruptions during the past millennium. Such divergent 215 

responses are most evident in ENSO reconstructions based on the North American tree 216 

rings, but less clear in those reconstructions based on global proxy records (Fig. 3). For 217 

each eruption, when all available ENSO reconstructions instead of their mean are used 218 

for the SEA analysis, similar divergent responses are also identified (Fig. 4). For the 10 219 

reconstructions, the divergent responses are much clearer in the three reconstructions 220 
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based on the North American tree rings than in the seven reconstructions based on 221 

global proxy records (Fig. 5). One hypothesis for the different responses is that the 222 

ENSO teleconnection in some regions was not stable during the last millennium (Li et 223 

al. 2013), and the inclusion of proxy records from regions with unstable teleconnections 224 

may damp the ENSO signal. To confirm this hypothesis, more analysis on ENSO-225 

related global teleconnection in different warm and cold epochs of the last millennium 226 

is necessary by using millennium simulations in the future. 227 

To confirm the divergent responses, we use the mean of the three ENSO indices 228 

based on the North American tree rings. An increase of two-year (0 and +1) mean 229 

ENSO index occurs for 40 out of the 66 (61%) NH eruptions and for 27 out of the 39 230 

(69%) tropical eruptions, compared to the pre-eruption seven-year (-7 and -1) mean. A 231 

decrease of two-year mean ENSO index, however, occurs for 17 out of the 26 (65%) 232 

SH eruptions. Before each SH eruption, the negative ENSO index is also counted and 233 

a decrease occurs for 19 out of the 26 (73%) for the year -4 compared to the pre-eruption 234 

seven-year mean. These results are consistent with the SEA analysis results (Fig. 3). In 235 

the SEA on the reconstructions, some significant NINO3 responses are seen before the 236 

eruptions (Fig. 3), which seems to suggest that the SEA has some uncertainties when 237 

separating the internal and external forcing-induced modes in the reconstructions. For 238 

the internal mode without any external forcing, the interannual variability can be largely 239 

removed by SEA analysis. This is supported by performing SEA analysis on 30 random 240 

non-volcanic event “windows”, and the results shows no significant responses (figure 241 

not shown). Thus, the significant responses before the eruptions may also be attributed 242 
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to the uncertainty of the reconstructions rather than to the SEA analysis itself. 243 

 244 

 245 

5. Simulated ENSO after different volcanic eruptions 246 

  To confirm and understand these divergent ENSO responses to the NH, the tropical, 247 

and the SH eruptions, we perform a millennium volcanic sensitivity experiment using 248 

CESM1 for the period of 501-2000 AD. In this millennium simulation, volcanic forcing 249 

is the only external forcing allowed to change over time, which is derived from version 250 

1 of the ice-core dataset based reconstruction by Gao et al. (2008). In this dataset, most 251 

of the eruptions are assumed to occur in April. So, the effect of eruption season, which 252 

is found to excite different eruption-year circulations (Stevenson et al. 2017), cannot be 253 

considered here. Compared to the 2000-year control run that has an ENSO amplitude 254 

of 0.85oC, defined by the standard deviation of the boreal winter (December-February) 255 

NINO3 index, the 1500-year volcanic sensitivity experiment has somewhat larger 256 

ENSO amplitude of 0.87oC. 257 

After the NH eruptions (Fig. 6a), the simulated NINO3 index is weakly negative in 258 

the year (0), and it becomes positive after the spring of year (+1) and reaches a 259 

maximum in that winter. In year (+2), the Niño3 index decreases quickly with a 260 

minimum occurring in that winter (Fig. 6b). Similar results are seen after the tropical 261 

eruptions, except for stronger negative NINO3 index simulated in year (0) and year 262 

(+2). For the SH eruptions, a negative NINO3 index is also simulated in year (0) and 263 

year (+2), but the positive NINO3 index in year (1) is weak and reaches a maximum in 264 
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the summer of that year and decreases quickly thereafter.  265 

After the NH or tropical eruptions (Fig. 6c), positive SST anomalies occur in the 266 

eastern Pacific in the spring of year (+1), and then develop and propagate westward 267 

into the central-eastern Pacific in winter. After the SH eruptions, warm SST begins in 268 

the western Pacific in the spring of year (+1), and then propagates eastward. This warm 269 

SST, however, cannot develop over the eastern Pacific in the winter one year after the 270 

SH eruptions.  271 

Due to direct reduction of shortwave radiation caused by eruptions at different 272 

latitudes, global circulation and precipitation have different responses in the winter of 273 

the eruption year (0) (Fig. 7). Following the NH eruptions, a significant precipitation 274 

decrease is seen over a great part of the NH; in particular, the model simulates an 275 

equatorial migration of the ITCZ (Fig. 7a), which is consistent with previous studies 276 

(Pausata et al. 2015; Colose et al. 2016; Stevenson et al. 2016). The increase of 277 

precipitation occurs over the south part of the equatorial regions in the Indo-Pacific and 278 

Atlantic (Fig. 7a). Thus, marked westerly wind anomalies are excited over the central-279 

to-eastern Pacific to the south of the equator. 280 

After the tropical eruptions (Fig. 7b), significant precipitation decrease occurs over 281 

the tropical regions, including the equatorial Indo-western Pacific, the Pacific ITCZ, 282 

and the South Pacific Convergence Zone (SPCZ) regions, while large precipitation 283 

increase happens over the subtropical regions and small increase occurs over the 284 

central-to-eastern equatorial Pacific. Thus, significant westerly wind anomalies are 285 

excited over the equatorial Pacific because of the divergence over the Indo-western 286 
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Pacific. Over the off-equatorial region in the tropical Pacific, the westerly wind 287 

anomalies can also be excited by the weakening of the ITCZ and SPCZ through the 288 

quasi-geostrophic balance. 289 

After the SH eruptions (Fig. 7c), significant precipitation decrease is simulated in the 290 

SH, especially in the south Maritime Continent, Australian monsoon region, and the 291 

central Pacific south of the equator. Large precipitation increase occurs from the 292 

western North Pacific to the central Pacific north of the equator. Thus, significant 293 

westerly wind anomalies are excited from the western-to-central Pacific to the north of 294 

the equator. 295 

  Since the stratospheric aerosols associated with the NH eruptions are concentrated in 296 

the NH, the surface cooling mainly happens in the NH, while the SH is less affected 297 

(Fig. 8a); thus, the lower-tropospheric moisture is much reduced in the NH region, with 298 

maximum decrease at 6oN. This southward surface temperature gradient also induces 299 

significant downward motion and divergence near 10oN. The moisture convergence 300 

anomalies, consistent with precipitation anomalies (figure not shown), are mainly 301 

induced by the circulation change (Fig. 8b), which means the equatorward migration of 302 

the ITCZ is mainly caused by the circulation change induced by the NH cooling and 303 

associated southward temperature gradient. In other words, the interhemispheric 304 

thermal contrast after the NH eruptions pushes the ITCZ away from the hemisphere 305 

that is cooled (Kang et al. 2008; Schneider et al. 2014; Pausata et al. 2015; Stevenson 306 

et al. 2016).  307 

  After the tropical eruptions, because of the strong aerosol concentration at the low 308 
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latitude, the surface temperature in the tropics is significant decreased (Fig. 9a), 309 

resulting in large moisture decrease in the tropics. In this study, the tropical eruptions 310 

also have somewhat larger aerosol density in the NH than in the SH, which results in 311 

larger temperature decrease in the NH than in the SH; thus, significant divergence also 312 

occurs to the north of the equator. Because of the large moisture decrease in the tropics, 313 

moisture convergence and precipitation decrease occur in the tropics (Fig. 9b). The 314 

circulation change, i.e., the divergence to the north of the equator, also induces 315 

additional precipitation decrease in the ITCZ. With the same mechanism for the 316 

weakening of the ITCZ induced by the NH eruptions (Fig. 8), the strong precipitation 317 

decrease in the SH after the SH eruptions is mainly caused by the circulation change 318 

induced by the northward surface temperature gradient (Fig. 10).  319 

After the NH eruptions (Fig. 11a), the westerly wind anomalies are excited to the 320 

south of the equator over the Pacific in the first boreal winter, and warm SSTs begin to 321 

develop from the eastern Pacific after the spring associated with this westerly wind 322 

anomalies via the Bjerknes feedback. The warm SSTs also begin to develop in the 323 

eastern Pacific associated with the equatorial westerly wind anomalies since the first 324 

boreal winter after the tropical eruptions (Fig. 11b). After the SH eruptions (Fig. 11c), 325 

the southeastern Pacific is always dominated by the anticyclonic wind anomalies 326 

associated with cold SST anomalies. Compared to the westerly wind anomalies and 327 

their associated downwelling in the central-to-eastern Pacific in the summer one year 328 

after the NH or the tropical eruptions, the easterly wind anomalies and the associated 329 

upwelling dominate the eastern Pacific in the summer one year after the SH eruptions 330 
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(Fig. 12). Thus, this upwelling prevents warm SST anomalies from developing in the 331 

eastern Pacific, again via the Bjerknes feedback. 332 

Compared to the internal El Niño in the control run (Fig. 13), the transition from El 333 

Niño to La Niña is much faster for the tropical eruption-induced El Niño. The negative 334 

NINO3 index appears early in May for this forced El Niño, which only occurs in July 335 

for the internal mode in the control run. The La Niña after the El Niño for the eruption-336 

forced mode is also stronger than that for the internal mode. The easterly wind anomaly 337 

over the western Pacific appears in May after the El Niño for the internal mode, while 338 

it appears early in January and is very strong for the forced mode. Since the volcanic 339 

forcing is very weak during this El Niño-La Niña transition year, i.e., the second year 340 

after the eruptions (Fig. 6), this fast transition after the tropical eruption-induced El 341 

Niño is dynamically driven, i.e., it is caused by the strong easterly wind anomaly rather 342 

than by the cooling. The underlying mechanism for the formation of the easterly wind 343 

anomaly needs further investigation.  344 

 345 

 346 

6. Concluding remarks 347 

In summary, by using the newest volcanic forcing records and 10 reconstructed 348 

ENSO indices, we show that the tropical and NH eruptions can trigger an El Niño-like 349 

event within two years after the eruptions. These El Niño-like responses, however, are 350 

not found after the SH eruptions. Instead, a weak La Niña-like event tends to occur 351 

within three years after the SH eruptions. These divergent responses of ENSO to the 352 
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NH, the tropical, and the SH volcanic eruptions are simulated by the millennium 353 

volcanic sensitivity experiment. The El Niño-like responses are simulated in the winter 354 

one year after the NH or tropical eruptions, while the El Niño-like response cannot 355 

develop in the winter after the SH eruptions. The mechanisms for these divergent ENSO 356 

responses are summarized in Fig. 14. Due to different interhemispheric thermal contrast 357 

or high latitude-tropical thermal contrast caused by the volcanic cooling, precipitation 358 

decrease mainly occurs to the north of, at, and to the south of the equator in the first 359 

winter after the NH, tropical, or SH eruptions; thus, the westerly wind anomalies are 360 

excited over the tropical Pacific to the south of, at, or to the north of the equator 361 

accordingly. The El Niño can develop and peak in the second winter after the NH or 362 

tropical eruptions through the Bjerknes feedback. After the SH eruptions, however, the 363 

volcano-induced southeast Pacific cooling will excite anticyclonic wind anomalies, 364 

which will induce strong westward current anomalies to prevent the warm SST from 365 

developing in the eastern Pacific. As a result, a central-Pacific El Niño-like response is 366 

obtained in the second winter after the SH eruptions. 367 

Although previous study (Stevenson et al. 2016) and our own work all showed overly 368 

large model and proxy disagreement in eruption years, the eastern Pacific El Niño-like 369 

responses have been observed and simulated within two years after the NH or tropical 370 

eruptions. After the SH eruptions, the proxy shows occurrence of La Niña-like event, 371 

while the model simulation presents central-Pacific El Niño-like responses. This 372 

simulation of central-Pacific El Niño-like responses should improve our understanding 373 

of the central-Pacific El Niño that has been observed frequently in recent years (Ashok 374 
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et al. 2007; Ashok and Yamagata 2009); and it may also provide an explanation on the 375 

natural variations of the central-Pacific El Niño (Newman et al. 2011; Yeh et al. 2011). 376 

Both observations and simulations indicate that there are no eastern Pacific El Niño-377 

like events after the SH eruptions, largely due to easterly wind anomalies that suppress 378 

the Bjerknes feedback in the eastern Pacific. Different ENSO responses to the NH, the 379 

tropical, and the SH eruptions provide us different angles to understand ENSO 380 

mechanisms.  381 

The findings in this study are based on the SEA analysis. From a modeling 382 

perspective, ensemble simulations are the most suited method to study volcano-forced 383 

responses (Pausata et al. 2015; Pausata et al. 2016; Stevenson et al. 2017). In future, 384 

ensemble simulations should be used to study these divergent ENSO responses to 385 

different volcanos.  386 

 387 
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List of Figures 551 

Fig. 1 Long-term ENSO reconstructions. Shown are the instrumental (Rayner et al. 552 

2003) October-March NINO3 index (red line), 10 different ENSO reconstructions (gray 553 

lines) (Stahle et al. 1998; Mann et al. 2000; D'Arrigo et al. 2005; Cook et al. 2008; 554 

Braganza et al. 2009; McGregor et al. 2010; Wilson et al. 2010; Li et al. 2011; Emile-555 

Geay et al. 2013; Li et al. 2013), and the mean of these reconstructions (dark gray line). 556 

The inset shows the period 1871-2000. All records were processed using a 9-year 557 

Lanczos high-pass filter. The three available reconstructions based on the North 558 

American tree rings and seven reconstructions based on global proxies are shown by 559 

green and brown shading, respectively. Triangles and dotted vertical lines denote cold 560 

seasons (defined by the beginning year of the cold season of the NH) following the NH 561 

(red), the tropical (dark), and the SH (blue) eruptions back to 900 AD.          562 

Fig. 2 Reconstructed volcanic forcing. a Shown are the global average, annual-mean 563 

volcanic aerosols for 16 NH (red), 13 SH (blue), and 25 tropical (green) strong  564 

eruptions from 500 to 2000 AD reconstructed by Gao et al. (2008); and for 66 NH, 26 565 

SH, and 39 tropical volcanic eruptions from 900 to 2000 AD reconstructed by Sigl et 566 

al. (2015). b Meridional distribution of zonally-averaged, annual-mean aerosols column 567 

density (thin lines) for these 16 NH, 13 SH, and 25 tropical strong eruptions from 500 568 

to 2000 AD reconstructed by Gao et al. (2008). The thick lines denote the averaged 569 

profiles for these NH, SH, and tropical eruptions. Adapted from Liu et al. (2016).  570 

Fig. 3 Reconstructed cold-season ENSO SEA results. Normalized results for responses 571 

of the mean of the 10 reconstructions to the NH (a), the tropical (b), and the SH (c) 572 



27 
 

eruptions are shown (upper panels) for the period 900-2000 AD. Confidence limits 573 

(90%, 95%, 99%) are marked by horizontal lines. Blue and red colors mark the pre-574 

eruption and post-eruption composites, respectively. The number in each panel denotes 575 

the eruption event number. “0” denotes the first cold season following the eruptions. 576 

All records were processed using a 9-year Lanczos high-pass filter. The SEA results are 577 

also shown for the mean of the three reconstructions based on the North American tree 578 

rings from 900 to 2000 AD (middle panels) and for the seven reconstructions based on 579 

global proxies from 1149 to 2000 AD (bottom panels).     580 

Fig. 4 Reconstructed cold-season ENSO SEA results. Same as Fig. 3, except that for 581 

each eruption, all available reconstructions are used for its composite using the same 582 

weight, and the number in each panel denotes the composite number.  583 

Fig. 5 Reconstructed cold-season ENSO SEA results for each reconstruction. Same as 584 

Fig. 3, except for each of the 10 reconstructions, and the number in each panel denotes 585 

the composite number.    586 

Fig. 6 Model responses to different volcanic eruptions. Zonally-averaged aerosol 587 

column density (a), normalized SEA results of NINO3 index (b), and equatorial (5oS-588 

5oN average) SST anomalies (c) are shown for 16 NH eruptions (left panels), 25 tropical 589 

eruptions (middle panels), and 13 SH eruptions (right panels). Confidence limits (90%, 590 

95%, 99%) are marked by horizontal lines for composite NINO3, and the equatorial 591 

SST anomalies significant above the 95% confidence level are marked by stippling. 592 

Blue and red bars mark the pre- and post-eruption years, respectively. “0” denotes the 593 

year of each eruption, and “+1” indicates one year after the eruption.          594 
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Fig. 7 Spatial patterns of different volcano-forced modes. The normalized composite 595 

precipitation (shading) and 850-hPa wind (vectors) anomalies are shown for the first 596 

winter (December-February) after the NH (a), the tropical (b), and the SH (c) eruptions. 597 

Stippling indicates the >95% confidence level based on the Monte Carlo resampling 598 

(n=10,000). Only the wind anomalies above the 95% significance level are drawn.  599 

Fig. 8 Meridional distributions of NH volcano-induced responses. The normalized 600 

composite zonal-mean anomalies of (a) surface temperature (dark line), 500-hPa 601 

vertical velocity (w', red line) and 850-hPa specific humidity (q', blue line), and (b) 602 

total moisture convergence (w'q+wq', dark line), circulation change-induced moisture 603 

convergence (w'q, red line), and moisture change-induced moisture convergence (wq', 604 

blue line) are shown for the first winter (December-February) after the NH eruptions. 605 

Prime denotes the anomaly, and anomalies above the 95% significance level are shown 606 

by solid lines. 607 

Fig. 9 Same as Fig. 8, except for the tropical eruptions.   608 

Fig. 10 Same as Fig. 8, except for the SH eruptions. 609 

Fig. 11 SST anomaly evolutions after different eruptions. The composites of normalized 610 

three-month-mean SST anomalies (shading) and 850-hPa wind anomalies (vectors) 611 

since the first winter after the NH (a), the tropical (b), and the SH (c) eruptions. “0” 612 

denotes the year of each eruption, and “+1” indicates one year after the eruption.   613 

Fig. 12 Different oceanic responses to different eruptions. The normalized composite 614 

summer-mean (June-August) surface currents and surface (0-20 m) upwelling 615 

anomalies one year after the NH (a), the tropical (b), and the SH (c) eruptions.   616 
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Fig. 13 Transition to La Niña from tropical eruption-induced El Niño mode and internal 617 

El Niño mode. Shown are the composite NINO3 index for 25 tropical eruptions (thick 618 

red line) and for the El Niño in the control run (thick blue line), as well as the associated 619 

zonal wind anomalies (dashed lines) averaged over the western Pacific (5oS-5oN, 620 

120oE-150oE). “1” denotes one year after each eruption, and “2”, two years. The El 621 

Niño in the control run is defined when the boreal winter (December-February average) 622 

NINO index is above one standard deviation. Each variable is normalized by its 623 

maximum value in years “1” and “2”. 624 

Fig. 14 Schematic diagram showing different eruption-induced responses. Shown are 625 

surface cooling (blue shading), precipitation anomaly (cloud), and surface wind 626 

anomaly (vector) in the first boreal winter after the NH eruptions (a), the tropical 627 

eruptions (b), and the SH eruptions (c). Positive/negative precipitation anomaly is 628 

denoted by green/brown cloud. The blue ellipse denotes the southeast Pacific cooling.  629 
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 639 

Fig. 1 Long-term ENSO reconstructions. Shown are the instrumental (Rayner et al. 640 

2003) October-March NINO3 index (red line), 10 different ENSO reconstructions (gray 641 

lines) (Stahle et al. 1998; Mann et al. 2000; D'Arrigo et al. 2005; Cook et al. 2008; 642 

Braganza et al. 2009; McGregor et al. 2010; Wilson et al. 2010; Li et al. 2011; Emile-643 

Geay et al. 2013; Li et al. 2013), and the mean of these reconstructions (dark gray line). 644 

The inset shows the period 1871-2000. All records were processed using a 9-year 645 

Lanczos high-pass filter. The three available reconstructions based on the North 646 

American tree rings and seven reconstructions based on global proxies are shown by 647 

green and brown shading, respectively. Triangles and dotted vertical lines denote cold 648 

seasons (defined by the beginning year of the cold season of the NH) following the NH 649 

(red), the tropical (dark), and the SH (blue) eruptions back to 900 AD.          650 

 651 

 652 

 653 

 654 



31 
 

 655 

Fig. 2 Reconstructed volcanic forcing. a Shown are the global average, annual-mean 656 

volcanic aerosols for 16 NH (red), 13 SH (blue), and 25 tropical (green) strong  657 

eruptions from 500 to 2000 AD reconstructed by Gao et al. (2008); and for 66 NH, 26 658 

SH, and 39 tropical volcanic eruptions from 900 to 2000 AD reconstructed by Sigl et 659 

al. (2015). b Meridional distribution of zonally-averaged, annual-mean aerosols column 660 

density (thin lines) for these 16 NH, 13 SH, and 25 tropical strong eruptions from 500 661 

to 2000 AD reconstructed by Gao et al. (2008). The thick lines denote the averaged 662 

profiles for these NH, SH, and tropical eruptions. Adapted from Liu et al. (2016).  663 

 664 
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 665 

Fig. 3 Reconstructed cold-season ENSO SEA results. Normalized results for responses 666 

of the mean of the 10 reconstructions to the NH (a), the tropical (b), and the SH (c) 667 

eruptions are shown (upper panels) for the period 900-2000 AD. Confidence limits 668 

(90%, 95%, 99%) are marked by horizontal lines. Blue and red colors mark the pre-669 

eruption and post-eruption composites, respectively. The number in each panel denotes 670 

the eruption event number. “0” denotes the first cold season following the eruptions. 671 

All records were processed using a 9-year Lanczos high-pass filter. The SEA results are 672 

also shown for the mean of the three reconstructions based on the North American tree 673 

rings from 900 to 2000 AD (middle panels) and for the seven reconstructions based on 674 

global proxies from 1149 to 2000 AD (bottom panels).     675 

 676 
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 677 

Fig. 4 Reconstructed cold-season ENSO SEA results. Same as Fig. 3, except that for 678 

each eruption, all available reconstructions are used for its composite using the same 679 

weight, and the number in each panel denotes the composite number.  680 

 681 
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 686 



34 
 

 687 

Fig. 5 Reconstructed cold-season ENSO SEA results for each reconstruction. Same as 688 

Fig. 3, except for each of the 10 reconstructions, and the number in each panel denotes 689 

the composite number.    690 

 691 

 692 

 693 

 694 

 695 

 696 

 697 

 698 
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 700 

Fig. 6 Model responses to different volcanic eruptions. Zonally-averaged aerosol 701 

column density (a), normalized SEA results of NINO3 index (b), and equatorial (5oS-702 

5oN average) SST anomalies (c) are shown for 16 NH eruptions (left panels), 25 tropical 703 

eruptions (middle panels), and 13 SH eruptions (right panels). Confidence limits (90%, 704 

95%, 99%) are marked by horizontal lines for composite NINO3, and the equatorial 705 

SST anomalies significant above the 95% confidence level are marked by stippling. 706 

Blue and red bars mark the pre- and post-eruption years, respectively. “0” denotes the 707 

year of each eruption, and “+1” indicates one year after the eruption.          708 

   709 

 710 

 711 

 712 

 713 
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 715 

Fig. 7 Spatial patterns of different volcano-forced modes. The normalized composite 716 

precipitation (shading) and 850-hPa wind (vectors) anomalies are shown for the first 717 

winter (December-February) after the NH (a), the tropical (b), and the SH (c) eruptions. 718 

Stippling indicates the >95% confidence level based on the Monte Carlo resampling 719 

(n=10,000). Only the wind anomalies above the 95% significance level are drawn.  720 

 721 

 722 

 723 

 724 

 725 

 726 

 727 
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 728 

Fig. 8 Meridional distributions of NH volcano-induced responses. The normalized 729 

composite zonal-mean anomalies of (a) surface temperature (dark line), 500-hPa 730 

vertical velocity (w', red line) and 850-hPa specific humidity (q', blue line), and (b) 731 

total moisture convergence (w'q+wq', dark line), circulation change-induced moisture 732 

convergence (w'q, red line), and moisture change-induced moisture convergence (wq', 733 

blue line) are shown for the first winter (December-February) after the NH eruptions. 734 

Prime denotes the anomaly, and anomalies above the 95% significance level are shown 735 

by solid lines. 736 

 737 

 738 
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 740 

Fig. 9 Same as Fig. 8, except for the tropical eruptions.   741 

 742 

 743 

 744 

 745 

 746 

 747 

 748 

 749 
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 752 

Fig. 10 Same as Fig. 8, except for the SH eruptions. 753 
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 757 

Fig. 11 SST anomaly evolutions after different eruptions. The composites of normalized 758 

three-month-mean SST anomalies (shading) and 850-hPa wind anomalies (vectors) 759 

since the first winter after the NH (a), the tropical (b), and the SH (c) eruptions. “0” 760 

denotes the year of each eruption, and “+1” indicates one year after the eruption.   761 

 762 

 763 

 764 
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 766 

Fig. 12 Different oceanic responses to different eruptions. The normalized composite 767 

summer-mean (June-August) surface currents and surface (0-20 m) upwelling 768 

anomalies one year after the NH (a), the tropical (b), and the SH (c) eruptions.   769 
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 783 

Fig. 13 Transition to La Niña from tropical eruption-induced El Niño mode and internal 784 

El Niño mode. Shown are the composite NINO3 index for 25 tropical eruptions (thick 785 

red line) and for the El Niño in the control run (thick blue line), as well as the associated 786 

zonal wind anomalies (dashed lines) averaged over the western Pacific (5oS-5oN, 787 

120oE-150oE). “1” denotes one year after each eruption, and “2”, two years. The El 788 

Niño in the control run is defined when the boreal winter (December-February average) 789 

NINO index is above one standard deviation. Each variable is normalized by its 790 

maximum value in years “1” and “2”. 791 
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 792 

Fig. 14 Schematic diagram showing different eruption-induced responses. Shown are 793 

surface cooling (blue shading), precipitation anomaly (cloud), and surface wind 794 

anomaly (vector) in the first boreal winter after the NH eruptions (a), the tropical 795 

eruptions (b), and the SH eruptions (c). Positive/negative precipitation anomaly is 796 

denoted by green/brown cloud. The blue ellipse denotes the southeast Pacific cooling.  797 
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