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Abstract: ENSO is an interannual mode which may be affected by external forcing, such as 
volcanic eruptions. Based on the reconstructed volcanic eruptions chronology and ENSO 
sequences, both 195 large volcanic eruptions (VEI≥4) and 398 ENSO (El Niño and La Niña) 
events were extracted from 1525 to 2000. An analysis of the correspondence between the 
large volcanic eruptions and ENSO events was performed by matching the large volcanic 
eruptions with the types and magnitudes of ENSO events present in the 0–2 years after the 
eruptions. The results show the following: (1) The percentages of ENSO events within the 3 
years after the large eruptions had increased to 68.3% from 31.7% compared with those with 
no-eruptions in the previous 0–2 years. In addition, the ratio of El Niño to La Niña events 
turned from 2:3 to 1:1, and more El Niño events occurred in the 0 year after eruptions in the 
low-latitudes of the Northern Hemisphere and in the tropics but more La Niña events occurred 
in the 0 year after in the high-latitudes of the Northern Hemisphere and the Southern Hemi-
sphere. (2) After the eruptions, the weak (W) El Niño events had increased by 8 percentage 
points and the very strong (VS) El Niño events had decreased by 10 percentage points; con-
versely, there was a decrease by 15 percentage points of the weak La Niña events and an 
increase by 11.4 percentage points of the very strong La Niña events. Specifically, the per-
centages of strong La Niña events increased to a peak at 1 (+1) year after the eruptions. (3) 
The percentage of eruptions followed by single-year ENSO was the greatest. The percentage 
of ENSO events that occurred in the consecutive 2 years following an eruption was ap-
proximately equal to the percentage of events that occurred consecutively 3 years following 
an eruption, and both sets of ENSO magnitudes showed a decreasing trend. 
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1  Introduction 
Both volcanic eruptions and the El Niño-Southern Oscillation (ENSO) could lead to global climatic 
anomalies with worldwide impacts (Collins et al., 2010; Harshvardhan, 1979; Rampino and Self, 
1984; Robock et al., 1995; Timmreck, 2012). For example, the 1815 eruption of Tambora caused 
the “year without a summer” in 1816 in Europe where the cold and wet summer had a devastating 
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effect both economically and socially (Stomme and Stommel, 2010); the severe drought in many 
parts of the world during 1877–1878 for the ENSO anomaly induced vast famine and death 
(Mishra et al., 2019; Damodaran et al., 2018; Davis, 2002), of which more than 10 million people 
died in North China (Hao et al., 2010). Whether or not ENSO as an interannual mode could be 
affected by external forcing, such as volcanic eruptions, is of the utmost importance for better 
understanding not only the extreme climate events but also their impacts on humans and society 
(King et al., 2016; Zebiak et al., 2015; Dilley and Heyman, 1995). 

Handler (1984) first reported that low-latitude explosive volcanic eruptions increase the prob-
ability of El Niño events based on reconstructed historical volcanoes and SST (sea surface tem-
perature) data from 1866 to 1982. However, the study was questioned due to its lack of statistical 
robustness, and the relationship between volcanic eruptions and ENSO has been a subject of active 
research since then (Adams et al., 2003; Clement et al., 1996; D’Arrigo et al., 2009; Emile-Geay et 
al., 2008; Handler, 1984; Khodri et al., 2017; Liu et al., 2017; Macher et al., 2015; Mann et al., 
2005; McGraw et al., 2016; Mcgregor et al., 2010; McGregor and Timmermann, 2011; Ohba et al., 
2013; Pausata et al., 2016; Predybaylo et al., 2017; Zhang et al., 2013). A number of studies have 
documented that volcanic forcing exerts a relatively weak but discernible influence on ENSO. 
However, there is no consensus on how volcanic eruptions impact ENSO emergence and phase up 
until now, that is, some studies show El Niño-like anomalies (Adams et al., 2003; Maher et al., 
2015; Mann et al., 2005; Ohba et al., 2013), while others show La Niña-like anomalies (McGregor 
and Timmermann, 2011). 

Climate model simulation is one of the primary methodologies for exploring the impact of vol-
canic eruptions on ENSO. However, the discrepancies in the mechanisms of the impacts of vol-
canic eruptions on ENSO still exist among different simulated results. Some of the results con-
cerning how ENSO responds to volcanic forcings are controversial or even present contradictions. 
Mann et al. (2005) and Ohba et al. (2013) proposed the likelihood of an El Niño anomaly response 
to volcanic eruptions based on Zebiak-Cane and CGCM models. Mann’s theory relied on the 
well-known hypothesis of the dynamical thermostat mechanism (Cement et al., 1996), which 
demonstrated that the incorporation of both the moderate upwelling of subsurface water in the 
eastern equatorial Pacific and the reduced oceanic vertical temperature gradient acts to weaken vol-
canic cooling in the nearby region. The resultant positive zonal gradient of SST initiates El Niño, 
and this effect is eventually amplified by the Bjerknes feedback (Bjerknes, 1969). In addition, 
Khodri et al. (2017) presented the El Niño events that appeared within the 2 years following tropi-
cal volcanic eruptions using a simulation from the CMIP5 model. However, their preferred impact 
hypothesis differs from that previously mentioned. Khodri et al. (2017) stated that volcanically 
induced cooling in tropical Africa weakens the West African monsoon, and the resulting atmos-
pheric Kelvin wave drives equatorial westerly wind anomalies over the western Pacific. Subse-
quently, the air–sea interactions in the Pacific amplify this wind anomaly, favoring an El Niño-like 
response. Conversely, McGregor and Timmermann (2011), using the Community Climate System 
Model (CCSM3), found that there should be a La Niña event instead of an El Niño after tropical 
volcanic eruptions and that these events peaked around the time the volcanic forcing peaked. They 
proposed a hypothesis that states that the deeper mixed layers of the warm pool respond slowly to 
the cooling effects of volcanic eruptions than is observed in the eastern Pacific; then, the enhance-
ment of the SST gradient in the equatorial Pacific results in a La Niña-like phenomenon. Pausata et 
al. (2015) suggested that El Niño occurred more easily during the first winter following a 
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high-latitude volcanic eruption in the Northern Hemisphere, which they demonstrated via modeling. 
The magnitude of an El Niño event would vary with different feedback mechanisms and would 
depend on the ENSO-related initial conditions when the volcano erupted. Liu et al. (2018b) found 
that volcanic eruptions impact on ENSO depending on both eruption type and initial ocean condi-
tion (IOC) by combining last-millennium proxy reconstructions with simulation results. It is more 
likely that El Niño would mature in the first or second winter following Northern Hemispheric, 
tropical and Southern Hemispheric eruptions when IOC is not a strong El Niño, on opposite that 
there would be no significant El Niño in the first winter after any types of eruption in case of a 
strong El Niño-IOC.  

To explore the facts more closely, more credible proof of the relationship between volcanoes and 
ENSO could be obtained by comparing and analyzing the historically occurring volcanic eruptions 
and ENSO events. Relevant research has been increasingly focused on improving the reconstruc-
tions of volcanic eruptions and ENSO since Handler (1984) proposed that the probability of an 
ENSO event would increase after low-latitude volcanic eruptions. Adams et al. (2003) suggested 
roughly a doubling of the probability of an ENSO event in the first summer following a tropical 
volcanic eruption using the reconstructed volcanic records and ENSO sequence from 1649 to 2000. 
Mcgregor et al. (2010) made a subset of the unified ENSO proxy (UEP) data for each of the re-
corded volcanic events of the past 300 years, consisting of the 2 years prior to the volcanic event, 
the event year and the 5 years following the event. Then, they found that the probability of an El 
Niño event increased by approximately 40% in the year of a volcanic event and that the probability 
of a La Niña event increased by approximately 30% in the 3 years after a volcanic event. Based on 
the reconstructed ENSO and multi-latitude explosive volcanism datasets from the past millennium, 
Liu et al. (2018a) presented an El Niño-like event that was easily triggered after Northern Hemi-
spheric and tropical volcanic eruptions, whereas a La Niña-like event was found to respond to the 
Southern Hemispheric eruptions. 

This work aims to show the relationship between ENSO and volcanic events using additional 
facts and perspectives. Specifically, this study based on the reconstructed volcanic and ENSO se-
quences from 1525 to 2000 manufactured multidimensional groups of volcanic eruption events and 
varied ENSO types, magnitudes, amounts and so on. Furthermore, we conducted a statistical 
analysis of each matched group to determine the impact of volcanic eruptions on ENSO events. 

2  Data and methods 

2.1  Data sources 

The volcanic sequence was taken from the open access Volcanic Eruption Chronology, consisting 
of 1449 events since the Holocene and reconstructed by Smithsonian Institution Global Volcanic 
Project of the United States (http://volcano.si.edu/). This chronology includes the name, location, 
altitude, Volcanic Eruption Index (VEI), and time (starting, ending and duration) of these events. 
The VEI is regarded as the most effective reference for describing historical explosive volcanism, 
whose magnitudes can be estimated on a scale from 0 to 8 (Newhall and Self, 1982). Among the 
volcanic eruptions, those with VEI equal to or greater than 4 could eject large amounts of various 
gases and particulate matter (ash) into the stratosphere, resulting in vast impacts on the global cli-
mate. Hence, volcanic eruptions with VEI≥4 are defined as Large Volcanic Eruptions (Newhall 
and Self,1982; Hao et al., 2014). 
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The ENSO dataset was derived from the chronology of ENSO events from 1525 to 2000 pro-
duced by Gergis and Fowler (2009) and based on 15 sequences of tree rings, coral reefs, ice cores, 
historical achieves, etc. This chronology not only incorporates ENSO event types but also includes 
a criteria indicator of the Quality adjusted Magnitude (MQ) to classify the magnitude of ENSO (El 
Niño /La Niña) events. According to the MQ score, a higher score corresponds to a stronger rank, 
and all ENSO events were divided into five grades: extreme (E), very strong (VS), strong (S), 
moderate (M), and weak (W) (Gergis and Fowler, 2009). Five event classes ranging from extreme 
(>90th percentile), very strong (70th–90th percentile), strong (50th–70th percentile), moderate 
(50th–30th percentile) to weak events (<30th percentile) were identified from the instrumental pe-
riod and the definition of an extreme event is consistent with that used by Working Group 1 of the 
Intergovernmental Panel on Climate Change (IPCC) (IPCC, 2013; Trenberth et al., 2007). 

2.2  Methods 

195 large volcanic eruptions (VEI≥4) were extracted from between 1525–2000 from the Volcanic 
Eruption Chronology (Siebert et al., 2011). If more than one volcano erupted with different magni-
tudes in a year, the largest VEI was selected as the eruption of the year. If a volcanic eruption lasted 
for several years, the year with the maximum eruption was regarded as the eruption year for the 
volcano. If the maximum eruption could not be identified, the year of the start of the eruption was 
regarded as the eruption year (Figure 1). 

The ENSO events during 1525–2000 were classified as one of two types, El Niño or La Niña, 
within each year. If both El Niño event (El) and La Niña event (La) signals existed in the same year 
in the above compiled ENSO chronology given by Gergis and Fowler (Gergis and Fowler, 2009), 
the event with the greater magnitude (i.e., extreme > very strong> strong> moderate > weak) was 
selected as the type for that year. If the magnitudes of the El Niño event and La Niña event were the 
same in one year, the event type with the higher MQ score was selected (Gergis and Fowler, 2009). 
Ultimately, 398 years of ENSO events were obtained (Figure 1). 

To analyze the features of the types and amounts of ENSO events in the years following the 
large volcanic eruptions (VEI≥4), the selected large volcanic eruptions and ENSO events were 
matched year by year from 1525 to 2000. Generally, hemispheric or global cooling effects caused 
by a large volcanic eruption could last at least 1–2 years (Ding et al., 2014; Dutton and Christy, 
1992; Hegerl, 2003; Robock and Mao, 1995; Stenchikov et al., 2009; Thompson et al., 2009; 
Timmreck, 2012; Yamamoto et al., 1975). Hence, it was selected into this study that the ENSO 
events of both event types (i.e., El Niño or La Niña) occurred 0, 1(+1) and 2(+2) years after large 
volcanic eruptions. Within the prior 0–2 years of their occurrence, the ENSO event and its type (El 
Niño or La Niña) were distinguished as either the one there was no eruption or the one there was 
eruption. If there were more than one large volcanic eruption in the 0–2 years preceding an ENSO 
event, the volcano with the highest VEI was selected as the match for the ENSO event. If there 
were same magnitudes of large volcanic eruptions both in the 1 and 2 years before an ENSO event, 
the ENSO event was matched with the eruption in the 1 year before. 

The impacts of volcanic eruptions on ENSO events depend on the atmospheric circulation and 
the dispersion path and distribution of volcanic ejected materials (Zhang et al., 1994; Stevenson et 
al., 2016). To understand the variety of the impacts of volcanic eruptions on ENSO events in dif-
ferent regions, the global volcanic eruptions were classified into four latitude zones according to 
where those eruptions located in this study, including equatorial (15°N–15°S), the low-middle lati- 
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Figure 1  The chronology of different magnitudes of large volcanic eruptions (Siebert et al., 2011) and El 
Niño/La Niña events (Gergis and Fowler, 2009) from 1525 to 2000 



108  Journal of Geographical Sciences 

 

tudes of the Northern Hemisphere (15°N–50°N), the high latitudes of the Northern Hemisphere 
(north of 50°N), and the Southern Hemisphere (south of 15°S). Each eruption was matched the 
ENSO events based on the volcanic regions. Due to the low latitude volcanic eruption having a 
faster impact on the tropical ocean-air system (Dutton and Christy, 1992; Khodri et al., 2017; Ro-
bock, 2000; Stenchikov et al., 2004), a low-latitude eruption in an ENSO year was selected when 
more than one eruption with the same magnitude occurred in different regions. Otherwise, eruption 
events located at high latitudes occurring 1–2 years prior to an ENSO event were selected.  

The amounts, types, and magnitudes of ENSO events occurring within the 0–2 years after 
large eruptions were accounted for annually to obtain a better understanding of the proceed-
ing and inner mechanisms of the ENSO response to large volcanic eruptions. 

Both z-test and t-test are widely used method for the significance testing. Under the prem-
ise of unifying the corresponding distribution pattern, z-test is usually used for large samples 
(≥30), while t-test is used for small samples (≤30). In this study, a z-test was used foe the 
significance testing between ENSO events amounts following large eruptions and those with 
no eruptions in the 3 (0–2) years preceding their occurrence; a t-test was used for the 
significance testing between each of the five magnitudes of ENSO events within the 3 years 
following an eruption and those that without a preceding eruption. The significance level 
was α=0.05 (Sheng, 2008).  

3  Results 

3.1  Impacts of large eruptions (VEI≥4) on the types and amounts of ENSO events 

3.1.1  Difference in the amounts of ENSO events within the 0–2 years with and without a 
large eruption 

The probability of ENSO events occurring within the 3 (0–2) years following a large volcanic 
eruption more likely increased relative to periods without a large volcanic eruption. In 1525–2000, 
there were a total of 195 large volcanic eruptions, and 398 years with ENSO events. Of the years 
with ENSO events, there were 272 years, accounting for 68.3% of the total, fell within the range of 
3 years after a large eruption; another 126 ENSO events occurred without a large eruption occur-
ring within the 3 years prior to these ENSO events, accounting for 31.7% of the total. That is, the 
ENSO events occurring within 3 years following a large eruption are more common than those 
without eruptions in the previous 0–2 years by 36.6 percentage points (Table 1). The differences 
between ENSO events following large eruptions and those with no eruptions in the 0–2 years pre-
ceding their occurrence pass the 95% significant level by z-test (α<0.05). 
 
Table 1  Amounts and percentage of ENSO events occurring in the two scenarios with and without large erup-
tions during 1525–2000 

Volcanic eruption El Niño La Niña ENSO 

No-eruption (in the prior 0–2 years) 51 (40.5%) 75 (59.5%) 126 (31.7%) 

Eruptions (in the prior 0–2 years) 137 (50.4%) 135 (49.6%) 272 (68.3%) 

Total 188 (47.2%) 210 (52.8%) 398 (100%) 

No-eruptions%: Eruptions% 27.1: 72.9 35.7: 64.3 31.7: 68.3 
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There was a high probability of ENSO events occurring in the same year with a large volcanic 
eruption. Of the 272 ENSO events that occurred after large volcanic eruptions, 47.8% were within 
the same year as with the large volcanic eruptions, 29.4% were within the next (+1) year and 22.8% 
were within the next +2 year (Figure 2a). 

 

 
 

Figure 2  ENSO events occurred in 0, +1, +2 years after large volcanic eruptions from 1525 to 2000 in global 
extent (a. percentage of ENSO events within 0–2 years of no-eruptions (inner ring) and eruptions (outer ring), 
respectively. b. years of El Niño, La Niña and all ENSO in 0, +1, and +2 years after an eruption) 

 

3.1.2  Difference in the ratio of El Niño to La Niña events after large volcanic eruptions 

The proportion of El Niño years increased significantly following large volcanic eruptions. Of 
the 126 ENSO events without large volcanic eruptions occurring in the prior 0–2 years, the ratio of 
El Niño to La Niña events was approximately 2:3. Of the 272 ENSO events that occurred within 
0–2 years after the large volcanic eruptions, the ratio of El Niño to La Niña events was approxi-
mately 1:1 (Figure 2a). 

Both the numbers of El Niño and La Niña events decreased from 0 to 2 years after the large 
volcanic eruptions, as did ENSO events overall (Figure 2b). A total of 65 El Niño years and 65 La 
Niña years occurred in the year with a large volcanic eruption; 43 El Niño years and 37 La Niña 
years occurred in the first year after a large volcanic eruption; 29 El Niño years and 33 La Niña 
years occurred in the second year after a large volcanic eruption. 

3.1.3  Differences in the amounts and types of ENSO events following large volcanic erup-
tions occurring in different regions 

There were no significant discrepancies in all of the regions between the percentages of eruptions 
and ENSO events occurred within 0–2 years after the eruptions during 1525 to 2000. Of the 195 
large eruptions and the 272 ENSO events following these eruptions within the 3 years during 
1525–2000, 38.5% eruptions and 36.8% ENSO events occurred in the equatorial zone; 27.2% 
eruptions and 31.3% ENSO events occurred in the low-middle latitudes of the Northern Hemi-
sphere；25.6% eruptions and 26% ENSO events occurred in the high latitudes of the Northern 
Hemisphere; while 8.7% eruptions and 5.9% ENSO events occurred in the Southern Hemisphere 
(Figure 3). 

Differences existed among the percentage of those ENSO events occurring within the 0, +1, and 
+2 years after the large volcanic eruptions in the four regions, although the percentage was the larg-
est in the year of the eruption in all regions and globally. In the equatorial zone, 52% of ENSO 
events occurred in the year of the eruption. In the low-middle latitudes of the Northern Hemisphere 
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Figure 3  Percentages of large volcanic eruptions and ENSO events occurring within the 0–2 years following the 
large eruptions in the four regions of the Equator (E), the Low-Middle Latitudes of the Northern Hemisphere 
(LM-NH), the High Latitudes of the Northern Hemisphere (H-NH) and the Southern Hemisphere (SH) 

 

(15°N–50°N), only 43.5% of ENSO events occurred in the year of the eruption. For the high lati-
tudes of the Northern Hemisphere (north of 50°N), 48% of ENSO events occurred in the year of 
the eruption that was much closer to the 47.8% accounted globally in the 0 year of eruption, but the 
percentage of events occurred in the +2 year was slightly higher than that in the +1 year. In the 
Southern Hemisphere (south of 15°S), the percentage of ENSO events occurred in the +1 year of 
the eruption was much higher than the 29.4% accounted globally in the +1 year after the eruption, 
but those occurred in the 0 and +2 years were lower than the 47.8% and 22.8% accounted globally 
in the 0 year and +2 year after the eruption, respectively (Figure 4). 

 

 
 

Figure 4  Percentages of ENSO events occurring in 0, +1 and +2 years after large volcanic eruptions in different 
regions and at global extent: the Equator (E), the Low-Middle Latitudes of the Northern Hemisphere (LM-NH), 
the High Latitudes of the Northern Hemisphere (H-NH), the Southern Hemisphere (SH) and Globe(G). Each 
column was divided into El Niño and La Niña events 

 

Differences were also found in the ratios of La Niña to El Niño events occurred within the 3 
years after a large volcanic eruption in the four regions. In the equatorial and low-latitudes Northern 
Hemisphere zones, La Niña events occurred less often than El Niño events, with ratios of 0.85:1 
and 0.93:1 in the 0–2 years and 0.86:1 and 0.76:1 in the 0 year, respectively. In contrast, the num-
ber of La Niña events exceeded those of El Niño events in the Northern Hemisphere’s high lati-
tudes and the Southern Hemisphere, where the ratios were 1.15:1 and 1.67:1 in the 0–2 years and 
1.27:1 and 6:1 in the 0 year, respectively (Figure 4). 

3.2  Impacts of large eruptions (VEI≥4) on the magnitudes of ENSO events 

3.2.1  Differences in magnitudes of ENSO events within 0–2 years with and without a large 
eruption 
There was significant difference by t-test between the percentages of ENSO events in various mag-
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nitudes occurring in the +1 and +2 years following the eruptions and those without a preceding 
eruption on the significance level of 0.05 and 0.01, respectively. Within 0–2 years after volcanic 
eruptions, both the percentage of the weak and strong ENSO events showed a downward trend, 
whereas, the others including the moderate, very strong and extreme ENSO events respectively 
presented an upward trend than that with no eruptions (Figure 5a). 

 

 
 

Figure 5  Percentages and accumulative percentages of various magnitudes of ENSO events within the follow-
ing 0–2 years of no-eruptions and eruptions (a. ENSO, b. El Niño, c. La Niña) 
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Either El Niño or La Niña, the difference between the percentages of various magnitude events 
occurring in the +1 and +2 years after large eruptions and no eruptions before that passed the sig-
nificant level of α=0.05. For the El Niño events that occurred within the 0–2 years following an 
eruption, the weak El Niño events were more by 8 percentage points and the very strong El Niño 
events were less by 10 percentage points than that with no eruptions. As to the La Niña events, it 
was relatively distinct that the weak La Niña events were less by 15 percentage points and the very 
strong events were more by 11.4 percentage points than that no eruptions (Figure 5). 
3.2.2  Differences in the magnitudes of El Niño events among the 0–2 years following 
large volcanic eruptions 

The weak El Niño events were more common than other types in each year of 0–2 years after a 
large volcanic eruption, which totally accounted for 41% of the post-eruption El Niño events (Fig-
ure 5b). The weak El Niño events occurred in the 0 year, the +1 year, and the +2 year after the 
eruptions accounted for 38.5%, 37%, and 51.7% of the total El Niño events in the same years, re-
spectively. The moderate El Niño events occurred in the 0 year, the +1 year, and the +2 year ac-
counted for 20%, 23% and 17.2% of the total in the same years. The strong El Niño events oc-
curred in the 0 year, the +1 year, and the +2 year accounted for 15%, 21% and 17.2% of the total in 
the same years. 18.5% of the total very strong El Niño events and 8% of the total extreme El Niño 
events occurred in the eruption years. 

3.2.3  Differences in magnitudes of La Niña events within 0–2 years following large vol-
canic eruptions 

The strong La Niña events were more common than the other magnitude types in the 0 year and +1 
year, and the strong La Niña events had a largest increase from the 0 year to the +1 year after vol-
canic eruptions. While the moderate La Niña events were more common in the +2 year (Figure 5c).  

The weak La Niña events occurred in the 0 year, the +1 year, and the +2 year after the eruptions 
accounted for 17%, 8.1%, and 24.2% of the total La Niña events in the same years, respectively. 
The moderate La Niña events occurred in the 0 year, the +1 year, and the +2 year accounted for 
21.5%, 24% and 27.3% of the total in the same years, respectively. The strong La Niña events oc-
curred in the 0 year, the +1 year, and the +2 year accounted for 29.2%, 38% and 18.2% of the total 
in the same years, respectively. The very strong La Niña events occurred in the 0 year, the +1 year, 
and the +2 year accounted for 27.7%, 18.9%, and 24.2% of the total in the same years, respectively. 
The extreme La Niña events occurred in the 0 year, the +1 year, and the +2 year after the eruptions 
accounted for 4.6%, 11% and 6.1% of the total La Niña events in the same years. 

3.2.4  Differences in magnitudes of ENSO events after large volcanic eruptions in different 
regions 

There were regional differences in the probability distributions of the magnitudes of El Niño and 
La Niña events occurring within the 0–2 years after a large volcanic eruption. 

More weaker El Niño events and more stronger La Niña events tended to occur after large vol-
canic eruptions in all zones. However, the ratios of the El Niño events to the La Niña events of dif-
ferent magnitudes varied significantly from zone to zone. For the 100 ENSO events in the equato-
rial zone, the ratio of El Niño to La Niña events was 1:0.85. The ratio of the weak El Niño events to 
the weak La Niña events was 1:0.41, and the ratio of the very strong El Niño events to the very 
strong La Niña events was 1:3 (Figure 6a). 



FANG Xiuqi et al.: Correspondence between the large volcanic eruptions and ENSO events over AD 1525–2000 113 

 

 

Of the 85 ENSO events in the low-middle latitudes of the Northern Hemisphere, the ratio of El 
Niño to La Niña events was 1:0.93. Meanwhile, the ratios of weak and moderate El Niño events to 
the same magnitudes of La Niña events were 1:0.5 and 1:0.46, respectively. The ratios of strong 
and extreme El Niño events to the same magnitudes of La Niña events were 1:3.5 and 1:3, respec-
tively (Figure 6b). 

 

 
 

Figure 6  The numbers and accumulative percentages of various magnitudes of ENSO events occurred within 
the 0–2 years after a large volcanic eruption in four regions: (a) The Equator (E), (b) the low-middle latitudes of 
the Northern Hemisphere (LM-NH), (c) the high latitudes of the Northern Hemisphere (H-NH), and (d) the 
Southern Hemisphere (SH) 

 
In the high latitudes of the Northern Hemisphere, there were 71 ENSO events and a ratio of 

1:1.15 of El Niño to La Niña events. The ratios of weak and extreme El Niño events to the same 
magnitudes of La Niña events were 1:0.31 and 1:0.5, respectively. In addition, the ratios of the 
moderate, strong and very strong El Niño events to the same magnitudes of La Niña events were 
1:3.25, 1:1.67 and 1:1.8, respectively (Figure 6c). 

In the Southern Hemisphere, among the 16 ENSO events occurring after large volcanic erup-
tions, 4 were weak El Niño events, 4 were very strong La Niña events and 2 were extreme La Niña 
events (Figure 6d). 

3.3  Impacts of large eruptions on the temporal distribution of ENSO events 

Among the 195 volcanic eruptions during 1525 to 2000, 41% of eruptions were followed by 
1 ENSO event, with 35.1%, 3.7% and 2.2% occurring in the 0, +1, and +2 year after an 
eruption, respectively (Figure 7a). A total of 26.9% eruptions were followed by 2 consecu-
tive ENSO events following the eruptions, with 19.4% and 7.5% started from the 0 and +1 
year, respectively (Figure 7a). Of the 2 consecutive ENSO events，73.5% were the same type 
while the other 26.5% switched types between El Niño and La Niña. 9% of the eruptions 
were followed by 2 inconsecutive ENSO events that occurred in the 0 year and the +2 year, 
with 2/3 of those maintaining the same ENSO type in both years (Figure 7a). Overall, 23.1% 
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of eruptions were followed by 3 ENSO events occurred consecutively in the 0–2 years after 
the eruptions with a ratio of 4:6 for those of the same ENSO type and those with different 
ENSO types (Figure 7a). 

Among the ENSO events that occurred in the 2 consecutive years following large vol-
canic eruptions, 44%, 31% and 25% showed that the magnitude decreased, enhanced and 
unchanged in the second year, respectively (Figure 7b). Of the ENSO events that occurred in 
the 0 year and reappeared in the +2 year, the ratios of the magnitudes increased, decreased 
and remained stable were 4:3:2 (Figure 7c). Among the ENSO events that occurred in the 3 
consecutive years after an eruption, 65% tended to decrease in magnitudes from 0 to 2 years, 
including weakening, enhancing first and then weakening or weakening first and then re-
maining unchanged; 32% tended to increase in magnitudes from the 0 year to the 2 years, 
including strengthening or strengthening first and then remaining unchanged; 3% remained 
at the same magnitude throughout (Figure 7d). 

 

 
 

Figure 7  The continuity of the ENSO events and the magnitudes within 0–2 years after volcanic eruptions ((a) 
The percentages of volcanic eruptions followed by different amounts of ENSO events (1, 2 or 3 events) within the 
3 years; (b) the percentages of the 2 consecutive ENSO events with different trend in magnitude; (c) the propor-
tions of the 2 inconsecutive ENSO events with different trends in magnitude; (d) the proportions of the 3 con-
secutive ENSO events with different trends in magnitude) 

 

4  Discussion 
It was first pointed out by Handler (1984) that ENSO as an interannual mode of climate 
system could be affected by volcanic eruptions. He proposed that the probability of an El 
Niño-like event would increase after low-latitude volcanic eruptions based on the historical 
volcanic eruptions and SST data from 1866 to 1982 (Handler, 1984). More later researches 
based on longer series of proxy reconstruction supported that ENSO could be affected by 
volcanic eruptions (Adams et al., 2003; Mcgregor et al., 2010; Liu et al., 2018a). Agreeing 
with the above viewpoint, the results of this paper, based on the reconstructed series of 
1525–2000, show that 36.6 percentage points more ENSO events occurred within the 0–2 
years after a large volcanic eruption than that without an eruption. The result of this paper 
also shows more El Niño-like events after large volcanic eruptions that the ratio of El Niño 
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to La Niña events changed to 1:1 after the large volcanic eruptions in contrast to 2:3 without 
large volcanic eruptions. 

The results of this paper show the low-latitudes of Northern Hemisphere and tropical volcanic 
eruptions might easily trigger an El Niño-like event, whereas a La Niña-like event was found to 
respond to the Southern Hemisphere eruptions. It agrees with the previous studies both based on 
proxy-based reconstructions and modeling (Stevenson et al., 2016; Liu et al., 2018a).  

5  Conclusions 
Both volcanic eruptions and the El Niño-Southern Oscillation (ENSO) could lead to global climatic 
anomalies with worldwide impacts. Study on the relationship between volcanic eruption and 
ENSO is of importance for better understanding how they interact in driving global or re-
gional extreme climate events.  

By matching the 195 large volcanic eruptions (VEI≥4) with the types and magnitudes of 398 
ENSO events present in the 0–2 years after the eruptions occurred from 1525 to 2000, an analysis 
of the correspondence between the large volcanic eruptions and ENSO events was performed. The 
results show that the large volcanic eruptions could affect the occurrence of ENSO events in mul-
ti-aspects as follows: 

(1) In 1525–2000, the ENSO events that occurred within the 0–2 years after a large vol-
canic eruption (VEI≥4) were greater than that without an eruption by 36.6 percentage 
points; the ratio of El Niño to La Niña events changed from 2:3 to 1:1; the number of ENSO 
events following eruptions was the greatest (47.8%) in the 0 year rather than in the +1 year 
(29.4%) or in the +2 year (22.8%). 

(2) There were more El Niño events than La Niña events occurred in the 0 year after the 
eruptions in the regions of equator and Northern Hemisphere’s low-middle latitudes; but 
more La Niña events in the 0 year after the eruptions in the high-latitudes of the Northern 
Hemisphere and the Southern Hemisphere.  

(3) Weak El Niño events occurred more often than all other types in all of the 0–2 years 
after a large volcanic eruption. While strong La Niña events occurred more than other types 
in the 0 year and +1 year following the volcanic eruptions; moderate La Niña events were 
more common in the +2 year.  

(4) Some 41% of the large eruptions were followed by 1 ENSO event. 26.9% and 23.1% 
of the eruptions were followed by 2 or 3 consecutive ENSO events, respectively. In both 
cases of the 2 and 3 consecutive ENSO events, the ENSO magnitudes were dominated by a 
decreasing trend. 
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