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a b s t r a c t
The El Niño–Southern Oscillation (ENSO) is dominant mode of interannual climate variability, but its response to
external climate forcings remains uncertain. Past studies have limitations including the use of short datasets and
the uncertainty contained in reconstructions or simulations of past ENSO variations. To improve our understanding on ENSO variations, it is important to examine its response to these forcings by using multi model simulations
since they provide longer datasets and help improving the statistical signiﬁcance of the results. In this study,
Granger causality test is applied to investigate the inﬂuence of external forcings on ENSO by using past millennium simulations (period 850–1850 CE) of Coupled Model Intercomparison Project Phase 5 (CMIP5) models. The
results show robust inﬂuence of volcanic forcing to ENSO during preindustrial times of last millennium. The response of ENSO to solar forcing is more likely to be weak. Detection of GHGs variations signal in ENSO response is
not signiﬁcant. However, this study also indicates that there are uncertainties in the responses of ENSO to solar
forcing and GHGs radiative forcing. The possibility of the true causal connection between Total Solar Irradiance
(TSI) or GHGs radiative forcing and ENSO cannot be rejected at 95% signiﬁcance level.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction
The El Niño–Southern Oscillation (ENSO) is dominant mode of interannual climate variability and understanding its response to external
forcings (i.e. solar forcing, volcanic radiative forcing and greenhouse
gases radiative forcing) is of great interest.
The link between ENSO and solar forcing has remained unclear and
it is difﬁcult to detect (Cobb et al., 2003, 2013). While D'Arrigo et al.
(2005) conclude that period of high variance ENSO index coincides
with low radiative forcing period, Emile-Geay et al. (2007) suggest
that large or moderate scenario of solar forcing have inﬂuence on
ENSO variability at century-to-millennial-scale. Several studies emphasize the importance of ocean-atmosphere coupling mechanisms in the
inﬂuence of solar forcing on tropical Paciﬁc (Misios and Schmidt,
2012) and the importance of Bjerknes feedback in the connection between solar forcing or volcanic forcing and ENSO strength in the past
1000 years (Cane, 2005).
Recent studies showed a doubling in the occurrences of extreme El
Niño events (Cai et al., 2014) and a near doubling in the frequency of future extreme La Niña events (Cai et al., 2015) in response to simulated
future greenhouse warming. Besides, the inﬂuence of future increased
greenhouse gases (GHGs) concentrations on the frequency of central
Paciﬁc El Niño and eastern Paciﬁc El Niño is suggested for several
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models best able to simulate observations (Yeh et al., 2009; Power
et al., 2013). However, such changes in ENSO characteristics are normally not consistent between all model simulations (Power et al., 2013).
The connection between explosive volcanic eruptions and ENSO has
remained controversial. Several studies of both proxy data and model
simulations suggested an association between volcanic eruptions and
ENSO events (Handler, 1984; Adams et al., 2003; Mann et al., 2005;
McGregor et al., 2010; McGregor and Timmermann, 2011; Wahl et al.,
2014; Maher et al., 2015). In contrast, other studies found that the inﬂuences of volcanic radiative forcing (VRF) on ENSO are weak (Robock
et al., 1995; Self et al., 1997; Ding et al., 2014). Previous studies might
only use a small number of volcanic eruptions and there is uncertainty
contained in reconstructions or simulations of past ENSO variations.
These limitations might affect the statistical signiﬁcance for establishing
the true linkage between volcanic eruptions and ENSO. Moreover, past
studies only investigate the VRF-ENSO relationship without accounting
for the effects of other confounding factors (i.e. solar forcing, GHGs radiative forcing). These factors might have impacts on the ENSO and thus
omitting these factors can lead to false conclusion about true VRFENSO relationship.
The current observational records are not long enough to investigate
the response of ENSO to external forcings. Detecting the signal of external forcing in the variations of ENSO is difﬁcult because of the large intrinsic changes in ENSO behavior (Collins et al., 2010). However, this
problem can be solved by using large multi-model results, which consider that internal variability is taken into account.
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Here, the author evaluates the causal relationship between external
forcings and ENSO of past 1000-yr model simulations using multivariate
vector autoregressive time series models and Granger causality tests
(See Methods Section 2). This method accounts for the simultaneous effects of different factors (i.e. solar forcing, VRF and GHGs radiative forcing), thus, it might show a more clearly picture of ENSO response to
external forcings. The current study is independent from previous studies in both aspects of datasets and statistical methods used. The results
of this study might also serve as a test for the consistency of climate
models in simulating the response of ENSO to external forcings.
2. Data
Monthly mean near-surface air temperature (TAS) data is used
from the Coupled Model Intercomparison Project Phase 5 (CMIP5)
model simulations of past 1000-yr (Taylor et al., 2012). The data
is available for the period from 850 to 1850 CE. Thus, in this
study, the last millennium refers to this period. The models were
forced with Total Solar Irradiance reconstructions from either
Delaygue and Bard (2010) or Vieira et al. (2011) or Steinhilber
et al. (2009) or Wang et al. (2005), as shown in Table 1. Table 1
also shows the volcanic forcing (from either Crowley et al. (2008)
or Gao et al. (2008)) used in each simulation (See Fig. 1 for the
time series of these climate forcings). Other forcings include wellmixed greenhouse gases (GHGs) variations, orbital variations, land
cover change and solar-related ozone change. The full details of climate forcing reconstruction options used in CMIP5 past 1000-yr
simulations are described in Schmidt et al. (2011) and Schmidt
et al. (2012).
The simulation of ENSO in CMIP5 models is an important aspect and
it is discussed in previous studies. The large diversity in ENSO amplitude
between models is improved in CMIP5 models compared to CMIP3
models (Bellenger et al., 2014). Though 50% of CMIP5 models cannot
simulate the strength of EP and CP ENSOs, the spatial pattern and
inter-model difference are improved (Kim and Yu, 2012). The observed
intensity and the location of maximum SST anomalies are well captured
in CMIP5 models of historical simulation. However, there are biases associated with the westward extent of SST anomalies (Taschetto et al.,
2014). Besides, CMIP5 models still have systematical narrow bias in
the simulated ENSO meridional width of SST anomaly (Zhang and Jin,
2012). Although CMIP5 models still have biases in simulating ENSO variability, these models provide valuable datasets to understand the response of ENSO to external forcings.
3. Methods
The ENSO index is deﬁned as the leading empirical orthogonal function (EOF) of the winter (December–January–February) sea surface

Table 1
Last Millennium modelling institutes and model IDs and volcanic and solar forcinga.
Institute

Model ID

Abbreviation

Volcanic forcing

Solar forcing

BCC
NASA-GISS
IPSL
LASG - IAP
MIROC
MPI-M
MRI
NCAR
UOED
UNSW

BCC-CSM1-1
GISS-E2-R
IPSL-CM5A-LR
FGOALS-s2
MIROC-ESM
MPI-ESM-P
MRI-CGCM3
CCSM4
HadCM3
CSIRO-Mk3L-1-2

BCC
NASA
IPSL
LASG-IAP
MIROC
MPI-M
MRI
NCAR
UOED
UNSW

GRA
CEA
GRA
GRA
CEA
CEA
GRA
GRA
CEA
CEA

VSK and WLS
SBF
VSK and WLS
VSK and WLS
DB and WLS
VSK and WLS
DB and WLS
VSK
SBF and WLS
SBF

a
CEA = Crowley et al. (2008), DB = Delaygue and Bard (2010), GRA = Gao et al.
(2008), SBF = Steinhilber et al. (2009), VSK = Vieira et al. (2011), WLS = Wang et al.
(2005). The forcings of model GISS-E2-R are shown for selected ensemble of r1i1p121.

temperature (SST) anomalies in the Niño3.4 region (120°W-170°W;
5°N-5°S). The leading EOF reﬂects El Niño or La Niña pattern, featuring
warm or cool anomalies of central Paciﬁc SST in Niño3.4 region. This
EOF mode explains 65–90% of total variance, depending on speciﬁc
model. The changes of ENSO of past 1000-year is highly model dependent (See Fig. 2 for ﬁltered ENSO time series of individual models).
However, the range of simulated ENSO's amplitude is consistent between models, except the wide spread of ENSO's amplitude in the
model MIROC-ESM (solid green line).
Note that the results of the relationship between ENSO and external forcings show no signiﬁcant change if Niño3 (region of
90°W-150°W; 5°N-5°S) and Niño4 (region of 150°W-160°E; 5°N5°S) indices are used. The analysis based on tropical Paciﬁc region
(100°E-70°W; 30°N-30°S) also has similar results (See Section 4.3
for brief discussion).
Multivariate vector autoregressive (VAR) time series models (e.g.
Mosedale and Stephenson, 2006; Stern and Kaufmann, 2013) is used
to estimate the inﬂuence of external forcings (i.e. solar forcing, volcanic
forcing and GHGs radiative forcing) to ENSO. This method uses the definition of Granger causality (Granger, 1969) as follows: A variable Y has
causal impact on another variable X if the knowledge of the past values
of Y is useful in improving the prediction of X. The pth order vector
autoregressive VAR(p) is deﬁned by:
Xt ¼

p
X
i¼1

p
p
m X
X
X
α i X t−i þ
βi Y t−i þ
δ j;i Z j;t−i þεt
i¼1

ð1Þ

j¼1 i¼1

where Xt is the ENSO index at year t, Yt is the considered forcing at year t,
Zj,t is the control forcing j at year t, m is total number of control forcings,
and p ≥ 1 is the order of the causal model. The considered forcing is either Total Solar Irradiance (TSI) or volcanic radiative forcing (VRF) or
GHGs radiative forcing. The forcing other than considered forcing is control forcing (or control variable (Stern and Kaufmann, 2013) or confounding factor (Hegerl et al., 2010)). Control forcings might have
effects on the relationship between considered forcing and ENSO. In
Eq. (1), m equals to 2, indicating that there are two control forcings.
The terms αi, βi and δj,i are regression coefﬁcients, εt is noise residual
in the regression. The data of X, Y and Z1→m are detrended and normalized to produce stationary time series before computation.
Granger causality test (e.g. Mosedale and Stephenson, 2006; Le,
2014) is applied for the causal model shown in Eq. (1). This test accounts for the optimal order p for the VAR time series models by using
Schwarz criterion or Bayesian information criterion (Schwarz, 1978).
This criterion is required to avoid the model to become overly complex
(i.e. too many parameters are added to the model). The optimal order is
normally b 8 for our current datasets. Thus, in our analysis, the maximum order is set at 8, indicating that the inﬂuence of external forcing
to ENSO is only investigated at lagged timescale shorter than 10-year.
The model given in Eq. (1) is complete model. The null model of no causality from Y to X is obtained by setting the {βi; i = 1, 2, …,p} coefﬁcients
to zero. These two models are compared using the log likelihood ratio
statistic:


 

LY→X ¼ n logΩp;βi ¼0 − logΩp 

ð2Þ

where |Ωp | is the determinant of the covariance matrix of the residual, n
is the sample size.
If the statistic LY→X in Eq. (2) is close to zero, then the null model is as
equally good as the complete model in predicting the data of X, thus, Y
has no causal impact on X. If this statistic is large, then the additional
terms of Y help to predict the variability of X and we say that there is
Granger causality. Statistical signiﬁcance of the test is evaluated by comparing the LY→X statistic against the χ2pnull distribution. If the p-value is
smaller than 0.05, then the null hypothesis of no Granger causality is
rejected at 5% level of signiﬁcance.
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Fig. 1. Solar forcing, GHGs radiative forcing and volcanic forcing for period 850–1850 CE, respectively (see Table 1 for details of climate forcing reconstruction options used in CMIP5 past
1000-yr simulations). Solar forcing (from DB, VSK and SBF) is shown as TSI with respect to (w. r. t.) mean TSI of the period 1976–2006. GHGs radiative forcing is shown w. r. t. radiative
forcing (RF) of the year 850. Volcanic RF is shown as absolute RF. Grey bars denote periods of large volcanic eruptions that coincide with periods of low ENSO index (See Fig. 2).

Monte Carlo simulation method is used to generate pseudo data
of X, Y and Z1 → m and repeat the Granger causality test described
above to estimate the p-value of no Granger causality. Ten thousands (10000) trials were performed to assure the convergence of

the p-value. It is estimated that the relative error of that p-value
is smaller than 1% if more trials were completed (e.g. increasing
the trials to 50,000 provides identical results and the relative error
is b1%).

Fig. 2. ENSO index is deﬁned as the leading empirical orthogonal function of the winter (December–January–February) sea surface temperature anomalies in the Niño3.4 region (120°W170°W; 5°N-5°S). The ENSO index is shown for individual model. The time series are shown as 15-yr low-pass-ﬁltered data. Grey bars denote periods of low ENSO index that coincide with
periods of large volcanic eruptions (see also Fig. 1).
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4. Results and discussions
4.1. Solar forcing and ENSO
Fig. 3 shows the probability of no Granger causality between solar
forcing and ENSO of individual models. The result demonstrates that
solar activity is not detected to have signiﬁcant causal inﬂuence on
ENSO variations. In Fig. 3, all models fail to reject the null hypothesis
of no Granger causality between TSI and ENSO at 5% (or even 10%) signiﬁcance level. There are 6 out of 10 models showing the p-values
higher than 50%, indicating that a weak ENSO response to TSI in short
term is more preferred between models. This result might suggest
that solar forcing cannot trigger, statistically, ENSO events. The changes
of ENSO require changes in background climate state of the tropical Paciﬁc Ocean which is described by the intensity of the trade winds and
spatially averaged depth of the thermocline (Fedorov and Philander,
2000). The result suggests that solar forcing might not produce different
background states for the changes of ENSO. The result presented here
shows an agreement with previous study (Cobb et al., 2003) based on
paleo-ENSO reconstruction which suggests that ENSO variations of the
last millennium are driven from the dynamics of the ENSO system itself
rather than being inﬂuenced by solar forcing. Besides, ENSO variability
is shown to have no systematic trend in the past 7000 years and the
forced change in ENSO is difﬁcult to detect (Cobb et al., 2013). Although
several studies (Meehl et al., 2008; Le, 2014) show that solar forcing
might alter tropical Paciﬁc surface temperature, the weak response of
ENSO to solar forcing suggests the likelihood that internal variability
and other forcings, rather than solar forcing, dominate the predictability
of ENSO statistics.
However, in Fig. 3, the probability of no Granger causality does not
pass 95% signiﬁcance level for most models (except MRI-CGCM3).
Thus, one cannot reject the possibility of the true causal connection between TSI and ENSO at high signiﬁcance level (e.g. 95% signiﬁcance

level). Hence, the linkage between TSI and ENSO in short term of b10year remains partly unclear. In fact, several studies suggest the inﬂuence
of solar forcing on tropical Paciﬁc and ENSO strength at decadal time
scales (Cane, 2005; Misios and Schmidt, 2012) rather than shorter
time scales. This connection is also suggested to be signiﬁcant at
century-to-millennial time scales for large or moderate scenario of
solar forcing and the ENSO might be a mediator between solar forcing
and the Earth's climate (Emile-Geay et al., 2007). To provide more clearly evidence on this linkage, analysis of additional model simulations of
longer period is necessary.
4.2. GHGs variations and ENSO
Detection of GHGs variations signal in ENSO response is not signiﬁcant, suggesting that this forcing is not the main driver of ENSO variations of the last millennium (Fig. 4). In Fig. 4, most models (except
BCC-CSM1-1) show the probability of no Granger causality between
GHGs radiative forcing and ENSO higher than 50%. This result supports
the possibility of weak sensitivity of the ENSO to GHGs variations.
Figs.s 1 & 2 show that the decrease in GHGs radiative forcing in early
seventeenth century occurs simultaneously with the reduction of
ENSO index. Nevertheless, this reduction of ENSO index might be attributed to increased volcanic activity in this period rather than the decrease in GHGs radiative forcing. The weak connection of ENSO and
GHGs variations found here is consistent between models. However,
the possibility of a causal relationship between ENSO and GHGs variations cannot be ruled out at signiﬁcance level higher than 90% for
most models. This suggests that there are still uncertainties in this linkage. There are few studies that suggest the inﬂuence of GHGs variation
in surface temperature response since late seventeenth century
(Hegerl et al., 2011) and during 1600–1800 (Schurer et al., 2013). However, the signal of GHGs variations in ENSO response is not detected in
past 1000 years. Other studies reported diverging responses of ENSO

Fig. 3. Probability of no Granger causality from TSI to ENSO. Probability (p-value) is shown for individual model (See also Table 1 for model abbreviations). Horizontal red (green and
magenta) line marks p-value of 0.95 (0.5 and 0.05). Models with p-value higher than 0.05 fail to reject the null hypothesis of no Granger causality between TSI and ENSO at 5% signiﬁcance
level.
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Fig. 4. As in Fig. 3 but for Granger causality from well-mixed greenhouse gases radiative forcing to ENSO.

to GHGs variations and these responses are attributed to different
mechanisms (Philip and van Oldenborgh, 2006; DiNezio et al., 2012).
The changes in ENSO amplitude under CO2 doubling are related to variations of ocean heat ﬂux convergence. The responses of mean climate
to CO2 doubling include the weakening of the Walker circulation and
the increased thermal stratiﬁcation. While the ﬁrst process reduces
the ENSO amplitude, the second one increases the ENSO amplitude
(DiNezio et al., 2012). Regarding the response of ENSO to increased
CO2 only, several studies focus on the change in ENSO amplitude with
simulations in which the CO2 concentration increases by 1% per year
compound to twice of the pre-industrial value over given period. The results of these studies show inconsistency between models. For example,
the amplitudes of ENSO under CO2 doubling might increase or decrease
depending on model simulations (Merryﬁeld, 2006). Besides, there is
only one out of six models selected show the sensitivity of ENSO amplitudes to CO2 doubling (Yeh et al., 2006).
4.3. Volcanic forcing and ENSO
ENSO variations during preindustrial times of the last millennium
appear to be dominated by volcanic forcing rather than solar forcing
or GHGs radiative forcing (Fig. 5). Signiﬁcant causal impact of VRF to
ENSO at 5% signiﬁcance level is found in 6 out of 10 models. This result
indicates that most ENSO events during the last 1000-yr might be predictable few years in advance by using VRF. Volcanic eruptions inﬂuence
the climate system by injecting aerosols into the atmosphere, and the
distribution of volcanic aerosols is located in fairly uniform zonal
band. Hence, VRF and the p-value are dependent on latitudinal bands.
Here, the p-value shown in Fig. 5 is obtained by computing the mean
of all p-values at different latitudinal bands. It should be noted that
there is insensitive feedback of ENSO to VRF at high latitudes (i.e.
30–90 N band) in several models (i.e. MIROC-ESM, MPI-ESM-P, and
HADCM3), although, the response of ENSO to VRF at other latitudes
(i.e. 30–90 S, 0–30 S and 0–30 N bands) is signiﬁcant in these models
(see Supporting Fig. S1 for the response of ENSO to VRF at different latitudes). Other models show consistent inﬂuence of VRF to ENSO for all
latitudes. If the bias of ENSO response to high latitudes VRF is neglected,

there would be 8 out of 10 models (except BCC-CSM1-1 and FGOALSs2) showing signiﬁcant impact of VRF on ENSO. Given the fact that
model simulations have used a number of different forcing histories of
solar forcing and volcanic forcing (See Table 1), it suggests that the uncertainties and the biases associated with the response of ENSO to external forcings are minimized. Thus, this consistent result between models
supports a clear evidence of systematic signature of VRF in ENSO response during past 1000-yr.
The mechanisms associated with the connection of VRF and ENSO
have been suggested in previous studies. Volcanic eruptions can induce
fast tropical and subtropical cooling (Mignot et al., 2011) and surface
circulation at global scale (Handler, 1989), thus, it might trigger ENSO
events. Besides, the inﬂuence of volcanic forcing on ENSO can be ampliﬁed by the Bjerknes feedback (Bjerknes, 1969; Cane, 1986) with cooling
condition in the eastern tropical Paciﬁc associated with reduced VRF
(Cane, 2005). The response of ENSO to volcanic forcing can also be explained by the ocean dynamical thermostat mechanism (Clement
et al., 1996) which is related to the creation of zonal temperature gradient in the tropical Paciﬁc. Furthermore, the response of tropical Paciﬁc
Ocean to volcanic forcing might be related to four different variables, including the mean upwelling of anomalous temperatures, the zonal
equatorial gradients of the mean cloud albedo, Newtonian cooling,
and mixed layer depth (McGregor and Timmermann, 2011). Close inspection of the time series of the ENSO and VRF during past 1000-yr reveals that increased volcanism results in immediate decrease in ENSO
index (See Figs. 1 and 2). These characteristics can be seen in the thirteenth, ﬁfteenth, seventeenth and eighteenth centuries which are associated with large volcanic eruptions. Besides, the decreased solar forcing
in mid ﬁfteenth and early eighteenth centuries might enhance the rapid
downtrend of ENSO during these periods. This result shows an agreement with previous study which suggests robust inﬂuence of large volcanic eruptions on ENSO variability over the past seven centuries (Li
et al., 2013). ENSO is suggested as an event-like which requires an external initiating impulse to break the stable basic state in the tropical Pacific (Kessler, 2002). The results of this study demonstrate that VRF might
be that initiating impulse and the likelihood of volcanic eruptions
followed by ENSO events in short period of b10 years is signiﬁcant. In
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Fig. 5. As in Fig. 3 but for Granger causality from volcanic radiative forcing (VRF) to ENSO. There are six models showing Granger causality between VRF and ENSO at 5% signiﬁcance level.
See also Supporting Fig. S1 for the response of ENSO to VRF at different latitudes.

fact, past studies using proxy data have shown that robust La Niña-like
response occurs in years 3–5 after eruption (Wahl et al., 2014) and composite responses of both El Niño and La Niña are found in years 0–7 after
eruption (Adams et al., 2003). However, these studies only use volcanic
events extending back to 1500. The result presented here shows that
VRF signiﬁcantly affects ENSO for a long period of 1000-yr rather than
only short period of large volcanic eruptions. This conclusion is in contrast with previous studies (Robock et al., 1995; Self et al., 1997;
Emile-Geay et al., 2008; Ding et al., 2014) which suggest small or no inﬂuence of volcanic eruptions to ENSO.
It is noted that the relationship between ENSO and external forcings
show no signiﬁcant change if Niño3 and Niño4 indices are used, instead
of Niño3.4 index (See Figs. S2 & S3 for the response of Niño3 and Niño4
indices to external forcings). The analysis based on tropical Paciﬁc region is shown in Fig. S4. However, we also note that Niño4 index, featuring SST anomalies in western tropical Paciﬁc, is slightly more sensitive
to VRF than Niño3.4 index, featuring SST anomalies in central tropical
Paciﬁc. Fig. S2a shows the sensitivity of Niño3 index to solar forcing
with 7 out of 10 models having the p-values lower than 50% (model
HadCM3 has the p-value lower than 5%). This result indicates that eastern tropical Paciﬁc SST might be more sensitive to short term solar variations compared to western and central tropical Paciﬁc SST.
5. Summary and conclusions
In this study, Granger causality test is applied to examine the inﬂuence of external forcings to El Niño–Southern Oscillation (ENSO) using
past millennium simulations of Coupled Model Intercomparison Project
Phase 5 (CMIP5) models. To my knowledge, this is the ﬁrst time that ten
different models have been used in a causal analysis that considers the
short-term impacts of external forcings to ENSO.
The results indicate that ENSO variability of the past 1000 years is
more likely to reﬂect weak sensitivity to solar forcing and GHGs radiative forcing, though, low solar forcing might enhance the rapid

downtrend of ENSO during several periods. The probability of no Granger causality between TSI (or GHGs radiative forcing) and ENSO is higher
than 50% for most models (See Figs. 3 & 4). Thus, a weak ENSO response
to TSI (or GHGs radiative forcing) in short term is more preferred between models. The results of this study strengthen the conclusion of
the insensitivity of ENSO to GHGs variations which has been shown in
several studies (e.g. Knutson et al., 1997; Yeh et al., 2006). However,
one cannot reject the possibility of the true causal connection between
TSI (or GHGs radiative forcing) and ENSO at high signiﬁcance level (e.g.
95% signiﬁcance level). Hence, it is concluded that the linkage between
TSI (or GHGs radiative forcing) and ENSO in short term of b10-year remains unclear.
Although the variations of ENSO is caused simultaneously by the
chaotic behavior of tropical Paciﬁc SST and by external radiative forcings
(Vecchi and Wittenberg, 2010) and much of ENSO variations of the last
1000-yr might be caused by internal variability of the coupled ocean–
atmosphere system (Knutson et al., 1997), this study with large ensemble of model simulations reveals a signiﬁcant response of ENSO to VRF.
These ﬁndings, though based on model simulations, are statistically signiﬁcant. The robust causal inﬂuence of VRF to ENSO shows an agreement with past studies (Adams et al., 2003; McGregor et al., 2010; Li
et al., 2013; Wahl et al., 2014) which suggest the evidence of this linkage
in proxy data. This implies that the capability of several CMIP5 models is
sufﬁcient to reproduce the signal of volcanic forcing in ENSO response.
The results of this study underline the importance of VRF in Earth's climate system of the last 1000-year. The role of VRF in the climate system
might be much more signiﬁcant than that of other forcings.
The possibility of long-term impacts of solar forcing to ENSO and the
uncertainties that might be contained in the response of ENSO to solar
forcing or GHGs variations underscore the necessity for more understanding of the dynamical response of ENSO to external forcings. The results presented here need to be further examined with additional model
simulations of longer period, especially regarding the linkages between
solar forcing or GHGs variations and ENSO.
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