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simulation of Paleoclimate Modeling Intercomparison Project 
Phase 3 climate models also indicates that there may exist a 
threshold forcing to lead the El Niño-like warming, which has 
been also discussed in the present study.

1  Introduction

The El Niño and Southern Oscillation (ENSO), which 
influences the global climate through atmospheric telecon-
nections (Lau 1997; Alexander et  al. 2002), is the most 
dominant variability on Earth on an interannual timescale 
(McPhaden et  al. 2006). Therefore, understanding the 
ENSO is essential for predicting the weather and climate 
variability over the globe. A number of theories to explain 
ENSO development have been developed since the 1960s 
(Bjerknes 1969; Schopf and Suarez 1988; Suarez and 
Schopf 1988; Battisti and Hirst 1989; Jin 1997; Picaut et al. 
1997; Vimont et al. 2001; Burgers et al. 2005; Vecchi et al. 
2006) and there is an agreement to some extent that the 
atmosphere-to-ocean coupling processes are essential phys-
ical processes to explain ENSO development.

In addition, several studies have suggested that solar 
irradiance and volcanic forcings play a role in initiating 
the anomalous warm/cold sea surface temperature (SST) 
in the tropical Pacific through feedback processes (Meehl 
et  al. 2003; van Loon et  al. 2004, 2007; van Loon and 
Meehl 2008; Meehl et  al. 2008, 2009). For example, the 
difference in the solar irradiance between solar maxima 
and minima years can cause a La Niña-like cooling state. 
In other words, increased incoming solar radiation inputs 
greater energy into the subtropical ocean where the amount 
of cloud is less. Consequently, more moisture is evaporated 
into the atmosphere and the trade winds carry more mois-
ture into the Inter-tropical Convergence Zone (ITCZ). This 
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causes an intensified convection along the ITCZ, which 
induces stronger trade winds. Concurrently, it accompanies 
the enhanced upwelling intensity in the eastern tropical 
Pacific, leading to the La Niña-like cooling state.

On the other hand, volcanic eruption can also modu-
late the atmospheric radiative forcings and cause them to 
reach the surface by changing the amount of incoming 
solar radiation (Robock and Mao 1995; D’Arrigo et  al. 
2009). Explosive volcanic eruptions can inject strato-
spheric sulfate aerosol into the atmosphere, which scat-
ters the incoming solar radiation into the stratosphere, 
and plays a role in reducing the amount of solar radiation 
that reaches the surface (Robock 2000). Subsequently, the 
reduction of solar forcing caused by explosive volcanic 
eruptions is able to change the mean state of the tropi-
cal Pacific toward the El Niño-like warming from prox-
ies (Handler 1984; Adams et  al. 2003; D’Arrigo et  al. 
2009; Wilson et al. 2010; Shaheen et al. 2013) and mod-
eling studies (Mann et al. 2005; Emile-Geay et al. 2008; 
McGregor et  al. 2010; Landrum et  al. 2013; Ohba et  al. 
2013). The paleo-climate data and a long term simulation 
of coupled ocean–atmosphere models indicate that the 
volcanic forcings influence the tropical Pacific Ocean in 
a manner similar to that of the period of solar irradiance 
minima (Santer et al. 2001; Gu and Adler 2011; Li et al. 
2013). According to a recent study (Wang et  al. 2012), 
the strong tropical volcanic eruptions accompanying large 
changes in the total solar irradiance play an important role 
in regulating the North Pacific decadal variability. There-
fore, it is useful to examine how the natural external forc-
ings, volcanic forcings in particular, are associated with 
SST changes in the tropical Pacific.

In this study, we examine the important question of how 
large of volcanic forcing can lead to El Niño-like warm-
ing in the tropical Pacific. While previous studies argued 
that a mechanism (i.e., feedback process) exists that can 
amplify the relatively small radiative forcings in order to 
produce the anomalous SST in the tropical Pacific, we fur-
ther examine the existence of the threshold forcing of vol-
canic eruptions that lead to El Niño-like warming. In order 
to examine this issue, we analyze a millennium simulation 
(AD 1000–1990) forced by three external forcings includ-
ing greenhouse gases (i.e., CO2 and CH4), solar forcing and 
volcanic eruptions.

The rest of this paper is organized as follows: Sect. 2 
describes the model and the simulation employed in this 
study. In Sect. 3, the response of volcanic forcings with a 
different magnitude is examined based on the composite 
analysis. Finally, a summary and discussion is presented 
in Sect.  4, which also includes the result from the last 
millennium simulation of Paleoclimate Modeling Inter-
comparison Project Phase 3 (PMIP3) climate models.

2 � ERIK simulation

The model used in this study is the ECHO-G coupled cli-
mate model (Legutke and Voss 1999), which consists of 
the spectral atmospheric model ECHAM4 (Roeckner et al. 
1996) coupled with the global ocean circulation model 
HOPE-G (Wolff et  al. 1997) using the OASIS coupler. 
Both of the models were developed and implemented at 
the Max Planck Institute for Meteorology in Hamburg and 
the description of the model physics and performance was 
referred to by Zorita et al. (2003). The configuration used 
for this simulation has 39 vertical levels, including 19 in 
the atmosphere and 20 in the ocean, and horizontal reso-
lutions of 3.75° (atmosphere) and 2.8° (ocean) in both the 
latitude and longitude. The millennial integration for the 
period 1000–1990 AD includes a forced run (called ERIK) 
(Zorita et  al. 2005), which was forced by three natural 
external forcing factors for annual resolution: solar forcing, 
greenhouse gas concentrations in the atmosphere includ-
ing CO2 and CH4, and an estimated radiative effect of the 
stratospheric volcanic aerosols. In the ERIK simulation, 
the radiative flux at the top of the atmosphere is calculated 
to include the effects of sunspots and cosmic ray isotopes 
(Crowley 2000). Also, the effects of volcanic ash on radia-
tion forcing is estimated first based on the concentration of 
sulfides in the Greenland ice core and then calculated by 
the atmospheric model (Robock and Free 1996). Note that 
the volcanic forcing in the ERIK simulation is parameter-
ized as a simple reduction of the annual mean solar con-
stant, starting in a year with a volcanic eruption and lasting 
1 year (Liu et al. 2013). The concentration of CO2 (Ether-
idge et  al. 1996) and CH4 (Blunier et  al. 1995) are both 
integrated into the model based on the Antarctic ice core 
data.

Previous studies showed that the ERIK model reflects, 
to some extent, historical variations in the Northern Hemi-
sphere temperature due to the changes in the natural exter-
nal forcings and anthropogenic forcing in spite of some 
discrepancies (Mann 2007). In addition, it has been found 
that the ERIK simulation reasonably captures the simulated 
precipitation climatology, which is comparable to the Cli-
mate Prediction Center (CPC) Merged Analysis of Precipi-
tation (CMAP) and the National Centers for Environmen-
tal Prediction (NCEP)-2 reanalysis data (Liu et al. 2009a, 
b). Also, the ECHO-G model well reproduced the ENSO 
phase-locking to the annual cycle and the subsurface ocean 
behavior related to equatorial wave dynamics (Min et  al. 
2005). Similar to the previous study (Min et al. 2005), the 
amplitude of the ENSO in the ERIK simulation is however 
too large and its occurrence is too regular (i.e., biennial 
timescales) (Fig.  1a, b). Note that one standard deviation 
of NINO3 (150°W–90°W, 5°N–5°S) SST index during the 
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boreal winter (Dec.–Jan.–Feb.) is 0.95 °C for 1950–2013 in 
the ERSST.v3 SST dataset (Smith et al. 2008), while that 
in the ERIK simulation is 1.53 °C for 1000–1990. Never-
theless, the ENSO-related teleconnection patterns includ-
ing the near-surface temperature, precipitation and sea level 
pressure are reproduced realistically in the ERIK simula-
tion (Fig. 1c–e). Therefore, it is still useful to examine the 
ERIK simulation to understand the influence of external 
forcing for a millennium time scale (Liu et al. 2013; Lim 
et al. 2014).

3 � Results

In the ERIK simulation, the effective radiative forcing is 
used to represent the sum of the solar forcing (i.e., solar 
constant) and the volcanic forcing (Fig. 2a). A spike in the 
time series in Fig. 2a represents the effective radiative forc-
ing in a year when a volcanic eruption occurs (see Fig. 2c). 
On the other hand, the carbon dioxide concentration, which 
is one of the most efficient greenhouse gases, remains fixed 
at approximately 270–280  ppm until the nineteenth cen-
tury, after which it dramatically increases, especially after 
the mid-nineteenth century, to 350  ppm at the end of the 
twentieth century (Fig. 2b). In order to purposely exclude 
the effects of anthropogenic forcing, we pay attention to the 

period of 1000–1850 before the pre-industrial period when 
the natural external forcings (i.e., the solar forcing and the 
volcanic forcing) are dominant in the ERIK simulation.

Figure 2c shows the time series of the radiative forcing 
due to volcanic eruption (hereafter, we will refer to this as 
volcanic forcing) in the ERIK simulation for 1000–1850. 
The volcanic forcing occurred irregularly and the range 
between the maximum and minimum volcanic forcing is 
quite large at approximately 40  W/m2. For example, the 
largest volcanic forcing occurred 1259 Samalas eruption 
in Indonesia (Lavigne et  al. 2013), which is seven times 
larger than the scale of the Pinatubo volcanic forcing 
in 1991 (Kim and Kim 2012). Table  1 summarizes years 
when volcanic eruptions occurred. In order to conveni-
ently examine the characteristics of the volcanic forcing 
response, we classify six different levels in the years when 
volcanic eruption occurred based on the magnitude of the 
volcanic forcing with an interval of 5 W/m2. All of the 112 
cases of volcanic forcing come under level 1 (52.7  %), 
level 2 (17.9  %), level 3 (16.0  %), level 4 (7.1  %), level 
5 (4.5 %) and level 6 (1.8 %), respectively, during the last 
millennium.

In details, we also display the relationship between the 
NINO3 SST index during winter and the volcanic forcing 
with an interval 2 W/m2 sliding composite for 1000–1850 
(Fig. 3). Standard error is estimated by the sample estimate 

Fig. 1   Left panels are a the composited SST (°C) in El Niño events 
simulated in the ERIK and b the spectral density of the Nino3 SST 
index (black) with 95 % statistical confidence line (red). Right panels 
are the same as in (a) except (c) the near-surface temperature (°C) at 

2 m, d precipitation (mm/day), and e sea level pressure (hPa). The El 
Niño event is defined when the NINO3 SST index during winter is 
above 1 °C in the ERIK simulation
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of the population standard deviation divided by the square 
root of the sample size. Figure  3 clearly shows that the 
NINO3 SST index during winter is above zero when the 
volcanic forcing is above 15 W/m2, which is indicative of 

the threshold forcing to lead the El Niño-like warming in 
the ERIK simulation. Note that this result little changes 
when the interval of volcanic forcing changes from 1 to 
5 W/m2 with an increment of 1 W/m2 (figure not shown).

Fig. 2   The time series of a 
effective radiative forcing, b 
the concentration of carbon 
dioxide for 1000–1990 and c 
the radiative forcing due to vol-
canic eruption for 1000–1850 
in the ERIK simulation. Unit 
is denoted in the upper part of 
each figure

Table 1   Year according to the magnitude of the volcanic forcing from level 1 to level 6 in the ERIK simulation

Group Year (W/m2) Case 
number

Level 1
 0 to −5 (W/m2)

1027(4.8), 1062(4.8), 1495(4.8), 1589(4.8), 1675(4.8), 1789(4.8), 1830(4.8), 1166(4.4), 1276(4.4), 1330(4.4), 
1375(4.4), 1387(4.4), 1466(4.4), 1623(4.4), 1836(4.4), 1016(4), 1177(4), 1346(4), 1408(4), 1481(4), 1504(4), 
1528(4), 1565(4), 1614(4), 1682(4), 1840(4), 1195(3.6), 1668(3.6), 1004(3.2), 1080(3.2), 1227(3.2), 1643(3.2), 
1811(3.2), 1817(3.2), 1689(3), 1098(2.8), 1231(2.8), 1434(2.8), 1570(2.8), 1603(2.8), 1844(2.4), 1206(2), 
1063(1.6), 1167(1.6), 1376(1.6), 1388(1.6), 1409(1.6), 1467(1.6), 1496(1.6), 1505(1.6), 1645(1.6), 1790(1.6), 
1841(1.6), 1005(1.2), 1081(1.2), 1228(1.2), 1435(0.8), 1571(0.8), 1646(0.4)

59

Level 2
 −5 to −10 (W/m2)

1194(9.68), 1667(9.68), 1816(8.8), 1602(8), 1642(8), 1810(8), 1230(7.6), 1097(7.4), 1832(7.2), 1059(6.8), 
1461(6.8), 1261(6.4), 1454(6.4), 1843(6), 1286(5.6), 1483(5.6), 1205(5.2), 1296(5.2), 1696(5.2), 1739(5.2)

20

Level 3
 −10 to −15 (W/m2)

1295(14.52), 1695(14), 1674(13.48), 1783(13.48), 1729(13.28), 1026(13.08), 1588(12.64), 1329(12.52), 
1622(12.4), 1275(11.8), 1835(11.8), 1015(11.16), 1527(11.16), 1613(11.16), 1681(11.16), 1345(10.6), 
1564(10.48), 1176(10.4)

18

Level 4
 −15 to −20 (W/m2)

1831(19.44), 1460(18.12), 1058(18.04), 1587(17.88), 1260(17.6), 1453(17.6), 1459(16.8), 1285(15) 8

Level 5
 −20 to −25 (W/m2)

1815(23.92), 1641(22), 1809(22), 1601(21.72), 1229(20.36) 5

Level 6
 Over −25 (W/m2)

1259(47.28), 1175(27.76) 2
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We further examine a composite of the anomalous SST 
at each level (from level 1 to level 6) in the tropical Pacific 
during winter (Fig. 4). Consistent with the result in Fig. 3, 
it is found that El Niño-like warming is apparently observed 
when the volcanic forcing is above level 4 (i.e., 15–20 W/
m2) (Fig. 4d–f). Again, this result indicates the existence of 
a threshold level of the volcanic forcing, which leads the El 
Niño-like warming in the ERIK simulation. We also display 
the seasonal evolution of the two composite SST in which 
volcanic forcing is below (level 1–3) and above (level 4–6) 
15  W/m2, respectively (Fig.  5). There is no El Niño-like 
warming throughout the year from the boreal spring (Mar.–
Apr.–May, Fig. 5a), summer (Jun.–Jul.–Aug., Fig. 5b), and 
fall (Sept.–Oct.–Nov., Fig. 5c) to the winter (Fig. 5d) when 
the volcanic forcing is below 15 W/m2. In contrast, when the 
volcanic forcing is above 15 W/m2, the El Niño-like warm-
ing first appears during summer (i.e., the developing period, 

Fig. 3   The mean NINO3 SST index during winter with an interval 
2  W/m2 of volcanic forcing. The bar denotes the standard error in 
each interval. Note that the last bar indicates the NINO3 SST index 
above 25 W/m2 of volcanic forcing
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Fig. 5f) and its intensity becomes stronger as the time pro-
gresses. The mature El Niño-like warming during winter 
(Fig. 5h) appears in the eastern tropical Pacific, which is sta-
tistically significant at a 95 % confidence level.

In order to examine the mechanism associated with the El 
Niño-like warming due to the threshold of volcanic forcing, 
we display the time evolution of the anomalous SST (Fig. 6a) 
and the low-level (850 hPa) zonal wind averaged within 2°N–
2°S along the equator (Fig. 6b) from Jan. (0) to the next Apr. 
(+1) when the volcanic forcing is above 15 W/m2. Before the 

El Niño-like warming reaches the mature stage around Nov. 
(0) and Dec. (0), the westerly appears in the western-to-central 
equatorial Pacific around Mar. (0)-to-Jun (0) (Fig.  6b). This 
westerly may act to reduce the trade winds that subsequently 
lead to El Niño-like warming during winter, which is mainly 
associated with the Bjerknes feedback processes (Bjerk-
nes 1969). We further calculate the lead-lagged correlation 
coefficients between the NINO3 SST index and the anoma-
lous zonal wind at 850 hPa averaged in the western equato-
rial Pacific (120°E–170°E, 5N°–5S°) from level 4 to level 6 
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(Fig. 6c). From level 4 to level 6, the maximum correlations 
are observed at lagged time of approximately 2–3  months, 
which is consistent with the results in Fig. 6a, b. Again, this 
indicates that the weakening of trade winds in the western-to-
central equatorial Pacific leads the El Niño-like warming with 
a lagged time when the volcanic forcing is above 15 W/m2.

To find the mechanism to cause a weakening of trade winds, 
the time evolution of the anomalous net surface shortwave 
radiation and SST in the subtropical Pacific (120°E–90°W, 
15°N–30°N) along with the difference between evaporation (E) 
and precipitation (P) (i.e., E − P) from Jan. (0) to Apr. (+1) 
is shown in Fig. 7. Figure 7a shows that the averaged net sur-
face shortwave radiation is low in the subtropical region for 
January to April, which is due to the volcanic eruption. It is 

evident that the subtropical Pacific SST with the volcanic forc-
ing above 15 W/m2 is cooler than that with the volcanic forc-
ing below 15 W/m2 (Fig. 7b). This is mostly due to the reduc-
tion in the net surface shortwave radiation caused by volcanic 
eruption (Fig. 7a). In particular, such a radiative forcing change 
is effective near the cloud-free areas in the subtropics (Meehl 
et al. 2008). Concurrently, a cool SST in the subtropical Pacific 
acts to decrease the amount of moisture evaporating into the 
atmosphere, leading the reduction of E − P when the volcanic 
forcing is above 15 W/m2 (Fig. 7c). It is evident that the reduc-
tion of E − P is able to cause a weakening of ITCZ (Fig. 8) 
and such a phenomenon is also associated with a weakening 
of trade winds, subsequently, a southward shift of the ITCZ 
position. Therefore, this result may explain why the volcanic 

Fig. 6   The composite meridi-
onal mean structure (2N°–2S°) 
of the anomalous a SST, b 
850 hPa zonal wind (m/s) from 
Jan. (0) to Apr. (+1) when the 
volcanic forcing is above 15 W/
m2. c the lead-lagged correla-
tion between the NINO3 index 
(150°W–90°W, 5N°–5S°) and 
850 hPa zonal wind in the west-
ern-to-central equatorial Pacific 
(120°E–170°E, 5N°–5S°). Note 
that any month in the volcanic 
eruption year is identified by the 
suffix (0) whereas any month in 
the following year of volcanic 
eruption by the suffix (+1)



3732 H.-G. Lim et al.

1 3

Fig. 7   The composite time 
evolution of the anomalous. a 
Net surface shortwave radia-
tion, b SST, and c difference 
between evaporation (E) and 
precipitation (P) (i.e., E − P) 
in the subtropical Pacific 
(120°E–90°W, 15°N–30°N) 
from Jan. (0) to Apr. (+1) from 
level 1 to level 6. Thick blue and 
red lines denote the averaged 
net surface shortwave radiation 
in (a), SST in (b), and E − P in 
(c) when the volcanic forcing 
is below and above 15 W/m2, 
respectively
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Apr. (+1) when the volcanic 
forcing is above 15 W/m2

2

2

2 2

4
4

4

4

4

4

4

6

6

6

6

6

6
6

8 8

8

8
8 10

La
tit

ud
e

(a) Precipitation Seasonal Cycle (mm/day)

J(0) F(0) M(0) A(0) M(0) J(0) J(0) A(0) S(0) O(0) N(0) D(0) J(+1) F(+1) M(+1) A(+1)

-10

0

10

20

-1

-1

-0.5
-0.5

-0.5

-0.5 -0.5
-0.5

0

0

0 0

0

0

0 0
00

0

0.5

0.5

0.5
0.5

0.5
0.5

1

1

1

1.5

1.5

2

La
tit

ud
e

(b) Precipitation above Level 4 (mm/day)

J(0) F(0) M(0) A(0) M(0) J(0) J(0) A(0) S(0) O(0) N(0) D(0) J(+1) F(+1) M(+1) A(+1)

-10

0

10

20



3733Threshold of the volcanic forcing that leads the El Niño-like warming in the last millennium…

1 3

forcing above 15 W/m2 is a critical threshold forcing to lead 
the El Niño-like warming. We argue that the threshold forcing 
above 15 W/m2 is able to cool the subtropical ocean leading the 
weakening of ITCZ through the modulation of E and P, subse-
quently, a weakening of trade winds.

Figure 8a displays the climatological seasonal cycle of 
the zonal mean (120°E–90°W) precipitation in the ERIK 
simulation. It is evident that the climatological ITCZ in the 
ERIK simulation, which is located off the equator around 
10°N, is prominent from Apr. to Dec. in the Northern Hem-
isphere. Figure 8b is the same as Fig. 8a except the com-
posite anomalous precipitation from Jan. (0) to Apr. (+1) 
when the volcanic forcing is above 15 W/m2. The intensity 
of the ITCZ around 5°N–10°N becomes weak around Mar. 
(0)-to-Jun. (0). In addition, it is evident that the position of 
ITCZ is shifted to the south as discussed above. It should 
be noted that there is little change in the ITCZ when the 
volcanic forcing is below 15 W/m2 (not shown).

To further support the notion that the volcanic forcing 
above 15 W/m2 may be a threshold radiative forcing to lead 
the El Niño-like warming, we examine the relationship of 
the effective solar irradiance and the anomalous warm-
ing in the eastern tropical Pacific without El Niño event in 
the ERIK simulation. We first calculate the first empirical 
orthogonal function (EOF1) SST representing the ENSO 
along with its principal component (PC) time series in the 
ERIK simulation (not shown figure). Note that the EOF1 

explains a large variance of the total SST variability (i.e., 
55.6  %) and the PC time series is highly correlated with 
the NINO3 SST Index (i.e., r =  0.98, here, r is a simul-
taneous correlation coefficient). And then, we obtain the 
residual SST anomalies by subtracting the reconstructed 
SST anomalies from the total SST anomalies by the EOF1 
and PC time series. Figure  9a shows the residual NINO3 
SST index, which is defined as the residual SST anomalies 
averaged in the NINO3 region, along with the time series 
of effective solar irradiance. A simultaneous correlation 
coefficient between the two time series is −0.33, which is 
statistically significant at the 95  % confidence level. That 
is, the reduction of effective solar irradiance due to the vol-
canic forcing is associated with a warming in the eastern 
tropical Pacific without El Nino event. Figure 9b displays 
the scatter plot between the residual NINO3 index and the 
effective solar irradiance. It is evident that the residual SST 
is always above zero when the effective solar irradiance is 
above around 15 W/m2, indicating that the radiative forc-
ing above 15 W/m2 may be a threshold forcing to lead the 
anomalous warming in the eastern tropical Pacific.

4 � Summary and discussion

There is an agreement among researchers that both solar 
forcing and volcanic forcing play a role in initiating the 

Fig. 9   a Time series of residual 
NINO3 SST index (blue) 
and effective solar irradiance 
anomaly (red). b Scatter plot 
of the residual NINO3 SST 
index and the effective radiative 
forcing. Red dashed line in b 
indicates −15 W/m2. See the 
text for the definition of the 
residual NINO3 SST index
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anomalous warm/cold SST in the tropical Pacific through 
feedback processes. However, there is no consensus on the 
existence of threshold forcing that leads to El Niño-like 
warming. In order to examine this issue, we analyze a mil-
lennium ERIK simulation (AD 1000–1850) forced by three 
natural external forcings including greenhouse gases, solar 
forcing and volcanic eruptions.

The volcanic forcing occurs irregularly and the range 
between the maximum and minimum volcanic forcing is 
quite large at approximately 40 W/m2 in the ERIK simu-
lation. The composite analysis reveals that the El Niño-
like warming can be observed when the volcanic forcing 
is above the threshold forcing, i.e., 15 W/m2 in the ERIK 
simulation. By analyzing SST, low-level winds, evapora-
tion and precipitation, we examined a possible mechanism 
how the volcanic forcing above 15 W/m2 is able to lead the 
El Niño-like warming in the ERIK simulation. The west-
erly appears in the western equatorial Pacific during the 
spring and the early summer, and it is able to lead the El 
Niño-like warming during the following winter through 
the Bjerknes feedback processes. We argued that the air–
sea coupled processes play a key role to weaken the trade 
winds. That is, the reduction in the radiative forcing due to 
volcanic eruptions effectively leads a cooling in the sub-
tropical Pacific where the total amount of cloud is less. 
Subsequently, a cool SST in the subtropical Pacific acts 
to decrease the amount of moisture evaporating into the 
atmosphere, which is associated with the weakening of the 
ITCZ by a reduced moisture advection from the subtropi-
cal Pacific to the ITCZ. A weakening of the ITCZ is also 
associated with a weakening of trade winds, concurrently, a 
southward shift of the ITCZ position.

In the present study, we emphasize that the volcanic 
eruption above the threshold forcing (i.e., 15  W/m2) is 
able to change the state of tropical Pacific along with the 
modulation of the ITCZ. It is important to know how large 
of external natural forcing is able to influence natural 
variability such as ENSO. Knowing this critical thresh-
old forcing could be also useful to examine how large of 
anthropogenic forcing is able to modify natural variabil-
ity. For example, if we know the exact threshold radiative 
forcing due to external forcing and/or anthropogenic forc-
ing to modify natural variability, it would be very useful 
to build the adaption plan to cope with climate change. 
In other words, the change in the radiative forcing, which 

is due to either the anthropogenic forcing or the natural 
external forcing, should be above a certain level of thresh-
old value to modulate climate system. On the other hand, 
it should be acknowledged that the critical threshold of 
the volcanic forcing 15 W/m2 includes the effects of solar, 
volcanic and GHG forcing  simultaneously, therefore, 
if the solar constant and GHG change more, the criti-
cal threshold may change accordingly. Furthermore, the 
ERIK simulation is not able to distinguish the importance 
of sites and volcanic eruption month, thereby the volcanic 
forcing is constantly added in effective solar radiation for 
1 year.

In addition, the present study uses only a single model 
(i.e., ERIK simulation) to examine the existence of the 
threshold of volcanic forcing. Therefore, it would be valu-
able to examine whether other climate models or proxy 
data have the threshold of the volcanic forcing to lead the 
El Niño-like warming. Using the proxies around 500 years 
ago, previous studies argued that there is a good agreement 
that a strong volcanic eruptions are significantly respon-
sible for the El Niño-like warming (Adams et  al. 2003; 
D’Arrigo et al. 2009; Wilson et al. 2010). We also briefly 
analyze the last millennium simulation of PMIP3 climate 
models (BCC-CSM1-1, FGOALS-s2, MRI-CGCM3, and 
CCSM4) in which the concentration of sulfate aerosol 
due to the volcanic eruptions is prescribed by following 
Gao et  al. (2008) (Table 2). Note that the sulfate aerosol 
concentration due to volcanic eruptions is obtained from 
54 ice core records from both the Arctic and Antarctica 
(Fig. 10a). First of all, it should be acknowledged that the 
effect of volcanic eruptions is differently prescribed in 
the PMIP3 simulation (i.e., sulfate aerosol concentration) 
and the ERIK simulation (i.e., effective radiative forc-
ing). Therefore, it is difficult to directly compare with the 
results from the PMIP3 and ERIK simulations. Figure 10b 
displays the NINO3 SST index from the PMIP3 climate 
models along with their ensemble mean at the level of sul-
fate aerosol concentration. It is found that the El Niño-like 
warming is apparently observed when the concentration 
of sulfate aerosol is above 50  Tg, which is indicative of 
the existence of threshold forcing to lead the El Niño-like 
warming in the PMIP3 simulation. Note that the NINO3 
SST index is below zero when the concentration of sul-
fate aerosol is above 100 Tg. This is mostly due to huge 
tropical volcanic eruptions occurred during the Medieval 

Table 2   The PMIP3 climate 
models used in the present study

Institute Model ID Volcanic forcing Solar forcing

NCAR CCSM4 Gao et al. (2008) Vieira et al. (2011)

LASG-IAP FGOALS-s2 Gao et al. (2008) Vieira et al. (2011) and Wang et al. (2005)

MRI MRI-CGCM3 Gao et al. (2008) Delaygue and Bard (2011) and Wang et al. (2005)

BCC BCC-CSM1-1 Gao et al. (2008) Vieira et al. (2011) and Wang et al. (2005)
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climatic Anomaly, which is characterized by strong La 
Niña-like tropical Pacific mean state (Mann et  al. 2009; 
Lewis and LeGrande 2015). However, Fig. 10a also shows 
that the huge volcanic eruptions (>100  Tg) occurred not 
only in the Medieval Warm Period, but also in the Lit-
tle Ice Age and Present Warm Period. It is found that the 
NINO3 SST index is negative in all PMIP3 climate models 
when the volcanic eruptions occurred during the Medieval 
climatic Anomaly (not shown). However, there is incon-
sistency among PMIP3 climate models when the volcanic 
eruption occurred during the Little Ice Age and Present 
Warm Period, which may partly support the previous 
hypothesis (Lewis and LeGrande 2015). In spite of this, 
we cannot exclude another possibility that volcanic forc-
ing play an important role in the transition of El Nino-like 
SST to La Nina-like SST.
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