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phase of decadal El Nifio-Southern Oscillation (ENSO)-like SST variation, and the changes
in the late-1990s were related to its negative phase. However, it is not clear whether this
decadal SST variability is related to any external forcing. Here, we show that the effec-
tive solar radiation (ESR), which includes the net solar radiation and the effects of volcanic
eruption, has modulated this decadal ENSO-like oscillation. The eastern Pacific warming
(cooling) associated with this decadal ENSO-like oscillation over the past 139 years is sig-
nificantly related to weak (strong) ESR. The weak ESR with strong volcanic eruption is found
to strengthen the El Nifio, resulting in an El Nifio-like SST anomaly on the decadal time scale.
The strong eruptions of the El Chicho’'n (1982) and Pinatubo (1991) volcanoes reduced the
ESRduring the 1980s and 1990s, respectively. The radiation reduction weakened the Walker
circulation due to the “ocean thermostat” mechanism that generates eastern Pacific warm-
ing associated with a decadal El Nifio-like SST anomaly. This mechanism has been confirmed
by the millennium run of ECHO-G model, in which the positive eastward gradient of SST
over the equatorial Pacific was simulated under the weak ESR forcing on the decadal time
scale. We now experience a reversal of the trend in the ESR. The strong solar radiation and
lack of strong volcanic eruptions over the past 15 years have resulted in strong ESR, which
should enhance the Walker circulation, leading to a La Nifia-like SST anomaly.
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1. Introduction

Greenhouse gasses are known to cause centennial global warming and reduce the strength of the tropical Pacific Walker
circulation (Held and Soden, 2006; Vecchi et al., 2006). The Pacific Walker circulation, which is associated with the zonal
gradient of the tropical Pacific sea surface temperature (SST) anomaly, has a natural inter-decadal oscillation (Zhang et al.,
1997; Vecchi et al., 2006) with global impacts (Horel and Wallace, 1981; Kousky et al., 1984; Meehl and Hu, 2006); the
Walker circulation change contributes to the inter-decadal shift of the climate in the mid-1970s and late-1990s (Wang and
Mehta, 2008; Meehl et al., 2009b; Wang et al., 2013).

This inter-decadal variation of the Pacific Walker circulation, which was associated with eastern Pacific warming from the
mid-1970s to the late-1990s and with eastern Pacific cooling in the last 15 years, is related to the negative and positive phases
of the mega El Nifio-Southern Oscillation (ENSO) (Wang et al., 2013), which is referred to as the decadal ENSO (Zhang et al.,
1997), the Pacific Decadal Oscillation (Mantua and Hare, 2002), or the Inter-decadal Pacific Oscillation (Power et al., 1999).
The decadal La Nifia-like SST anomaly is responsible for the recent intensification of the Northern-Hemisphere summer
monsoon (Wang et al., 2013) and for the frequent occurrence of the Central Pacific El Nifio (Xiang et al., 2013).

Whereas many studies emphasized that the decadal ENSO-like variation could be generated through an internal process
of atmosphere-ocean coupling (Timmermann and Jin, 2002; Rodgers et al., 2004; Dewitte et al., 2007; Choi et al., 2009), some
studies demonstrated the importance of external forcing on this decadal variation. Solar radiation and volcanic eruption are
important natural forcing that acts upon the earth system and are represented by the effective solar radiation (ESR) (Crowley,
2000). The solar radiation change can force the decadal variability of the Pacific SST anomaly, and the eastern Pacific SST
is found to be colder during the peak of the 11-year solar cycle (Meehl et al., 2009a). On the decadal time scale, recent
simulations argued that volcanic eruptions could induce a La Nifa-like response (Ottera et al., 2010; Wang et al., 2012;
Zanchettin et al., 2012). The negative radiative forcing trends from volcanic eruptions are also found to cause the recent
global warming hiatus (Santer et al., 2014, 2015), and this warming hiatus is found to be related to the La Nifia-like SST
anomaly (Kosaka and Xie, 2013). These results mean that both strong solar radiation and large explosive volcanism tend to
induce the La Nifia-like response on the decadal time scale. However, there is an opposite view on the total natural forcing.
The strong ESR with strong solar radiation and weak volcanic eruptions will excite the tropical Pacific zonal SST gradient
increases with a La Nifla-like pattern and anomalous east wind stress (Liu et al., 2013; Song and Yu, 2015), which means
that the weak ESR with large volcanic eruptions induces an El Nifio-like pattern. Thus, it is necessary to reexamine the effect
of the ESR change (composed of the net solar radiation and effects of volcanic eruption) on the decadal variability of the
equatorial Pacific SST anomaly.

A detailed description of the data and methodology is presented in Section 2. In Section 3 the external forcing is presented.
We discuss the spatial distribution of the decadal Pacific SST variability and its relation to the ESR in Section 4. Model
simulation is used to prove the effect of the ESR in Section 5. The main results are summarized in Section 6.

2. Data and method

To analyze the decadal variability, two sets of long-term SST data for 1870-2008 were used in this study. One dataset
is the interpolated monthly mean SST obtained from the extended reconstructed sea surface temperatures (ERSST, version
3b) (Smith et al., 2008). Because the Hadley Centre Ice and SST (version 1; HadISST1) includes artificial trends that are
inappropriate for analysing long-term trends (Deser et al., 2010; Tokinaga et al., 2012), the un-interpolated HadISST2 was
also used (Rayner et al.,2006). The monthly mean precipitation was obtained from the merged statistical analyses of historical
monthly precipitation anomalies (20C RECG) at a 2.5° spatial resolution for the period from 1900 to 2008 (Smith et al., 2010).

Outputs from the millennial simulation of the ECHO-G model (Zorita et al., 2005) were analyzed. This forced run, named
ERIK, covering the period AD 1000-1990, is externally forced by solar variability, effective radiative effects from strato-
spheric volcanic aerosols, and greenhouse-gas concentrations in the atmosphere, including CO, and CHy4, for the period AD
1000-1990.

The annual mean of external forcing data was used. Since the SST anomaly associated with the ENSO is strong during
boreal winter time, the boreal winter averaged (November-March) SST and precipitation anomalies were studied. To study
the decadal variability, a simple low-pass filter, i.e., a 5-year running mean, was applied. The half-point of the response
function for this 5-year running mean was approximately 10 years; thus, it largely removed the interannual ENSO signal that
has a periodicity of 2-7 years. To identify the decadal variation mode, a principal-component (PC) analysis of the smoothed
SST was performed. For two time series (X and Y) with smoothing, we must calculate the effective degree of freedom.
Following Livezey and Chen (1983), a measure of the effective time between independent samples can be estimated from
the autoregressive properties of both time series.

N
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where At is the sampling time, N is the number of samples, and Cs are the autocorrelations at lag iAt for the time series.
From T, the effective number of independent samples (or effective degree of freedom) in the time series T=NAt/t can be
determined. The Student t-test for assessing significance is

poIVT=2 , 2)
V1-r12
where r is Pearson’s correlation coefficient.

We use superposed epoch analysis (Haurwitz and Brier, 1981) to evaluate the influence of the explosive volcanic eruption
on the global SST and precipitation anomalies. A conventional bootstrapped resampling with replacement is used, and the
confidence intervals are calculated by repeating the superposed epoch analysis using repeated (n=10,000) random draws of
pseudo—*“event” year from the available time span. Significance is then evaluated by comparing percentiles from the random
draw to the composite mean of the real data. Following Adams et al. (2003) and Anchukaitis et al. (2010), we normalized
the data in the event window by each volcanic strength to avoid the possibility that any single eruption would dominate
the epochal signal.

3. External forcing

The ESR was obtained from the dataset reconstructed by Crowley (2000); the data ended in 1990. To include climate
change over the past decade, we must extend the data. Here, the net radiation data (Lean, 2000) and volcanic eruption
data (Gao et al., 2008) from 1979 to 2008 are used (Fig. 1). Because the solar radiation datasets of Lean and Crowley have
a systematic bias of 1.5W m~2 and different variation (Crowley, 2000; Lean, 2000), we projected the solar radiation data
of Lean onto that of Crowley after adding a mean of 1.5W m~2 and by amplifying the variation by a factor of 1.5. In the
work of Crowley (2000), the volcanic forcing was parameterized as a simple reduction of the annual mean solar constant
over a couple of years, which began in a year with a volcanic eruption. In the past 30 years (1979-2008), two large volcanic
eruptions had strong effects on the solar radiation (Gao et al., 2008), i.e., El Chichén (14 Tg) and Pinatubo (31 Tg), which
erupted in 1982 and 1991, respectively. We project these two eruptions based on the data of Crowley; the value proposed by
Crowley was also used for 1982, and a larger value (a ratio of 31/14 relative to 1982) was used for 1991. During 1979-2008,
the volcanic eruption effect was zero for all the other years. The CO, emission data after 1979 originated from the Scripps
Institution of Oceanography (Keeling et al., 2001). We reconstructed the ESR and CO, data by extending the data of Crowley.
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Fig. 1. External forcing. (A) Solar radiation data are obtained from Crowley (black; 2000) and Lean (green; 2000). The blue line represents the projected
solar radiation of Lean onto that of Crowley. (B) The black line is the volcanic eruption effect obtained by Crowley, and the blue line is the projected effect of
the eruption data of Gao et al. (2008) onto that of Crowley. (C) The effective solar radiation (ESR; including effects of solar radiation and volcanic eruption) of
Crowley (black), the projected data (blue) and the reconstructions (red). (D) CO, emission data from Crowley (black), Scripps (blue) (Keeling et al., 2001)and
the reconstructions (red) (p.p.m. = parts per million). (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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The data of Crowley were used for 1870-1978; the average of Crowley and the projected data of Lean (2000) and Gao et al.
(2008), as well as the Scripps Institution of Oceanography, were used for 1979-1990; and the projected data were used for
the last 18 years (1991-2008).

Based on Fig. 1A, the solar radiation increased over the past 139 years, mainly during 1930 to 1960. During that time,
volcanic eruptions were weak (Fig. 1B), and the strong volcanic eruptions during the late 19th and late 20th centuries dramat-
ically reduced the ESR (Fig. 1C). Thus, the ESR experienced significant decadal variability with lower values during 1880-1920
and 1960-1995 and higher values during 1930-1960 and 1995-2008. The CO, emissions only showed a monotonic increase
(Fig. 1D).

4. Decadal ENSO-like variation

The global SST anomalies based on the ERSST mainly show two leading Empirical Orthogonal Function (EOF) modes, which
are easily distinguished from the higher modes (not shown). The first EOF mode, which shows global warming (Fig. 2A), is
highly correlated to the CO, emissions (Fig. 2C). The second EOF mode (Fig. 2B), which shows a La Nifia-like SST anomaly, is
identified as the decadal ENSO-like mode, whose index can be represented by PC2 (Wang et al., 2013). The global mean SST
of EOF2, however, is very small (—0.01 °C) compared to that of EOF1 (0.28 °C), which means that EOF2 only contributes to a
very small portion of the global mean SST anomaly.

Strikingly, PC2 is significantly correlated to the ESR (Fig. 2C; r=0.53, p<0.01, and negor =29, which is the effective degree
of freedom). This positive correlation means that the decadal La Nifia-like pattern is associated with the enhanced ESR. From
the late-1970s to the late-1990s, the ESR had low values due to the eruptions of the strong volcanoes of El Chicho'n and
Pinatubo in 1982 and 1991, when the eastern Pacific was in a warm El Nifio-like phase. Since the mid-1990s, no strong
volcanic eruptions occurred (Fig. 1B), while the net solar radiation was strong (Fig. 1A); thus, the ESR was enhanced and
the Pacific entered a decadal La Nifia-like phase, which was accompanied by enhanced precipitation over the Indo-Pacific
warm pool region (Fig. 3 B). Although the CO, emissions increased the global mean SST, precipitation was enhanced over
the equatorial Pacific but reduced over the Indo-Pacific warm pool region (Fig. 3A); the global circulation weakened due to
this anthropogenically induced warming (Vecchi and Soden, 2007). The equatorial zonal SST gradient was dominated by the
decadal ENSO-like variability.

The HadISST2 dataset was also studied. Because the HadISST2 is un-interpolated, we mainly examined the Nifio-3.4 SST
anomaly, which represents the ENSO strength. The Nifio-3.4 is defined by the area (120°W-170°W, 5°S-5°N) averaged SST
anomaly. Associated with the increasing CO, emissions, the Nifio-3.4 of the two datasets show significant increases; the
increase in the ERSST is stronger than that in the HadISST2 (Fig. 4). After removing this increase, the detrended Nifio-3.4
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Fig. 2. Spatial patterns and time series with reference to CO, and ESR forcing. The SST anomalies are shown for the first EOF (A) and the second EOF (B)
based on the ERSST; the first two EOFs explain 49% and 10% of the total variance, respectively. (C) The time series of the reconstructed CO, emissions
(solid light blue), ESR (solid dark red), PC1 (dashed blue), and PC2 (dashed red). Five-year running mean is used for all data over 1870-2008. A cosine area
weighting was applied in the EOF analysis. The global mean SSTs of (A) and (B) are 0.28°C and —0.01 °C, respectively. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Spatial patterns of precipitation anomalies regressed to (A) PC1 and (B) PC2 during 1900-2008 shown in Fig. 2. The positive (negative) anomalies
are represented by solid (dashed) contours, and the precipitation contour interval is 0.05mmd-". The shaded anomalies are significant above the 95%
confidence level. Five-year running mean was applied.
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Fig. 4. Relation among Nifio-3.4, CO, and ESR forcing. (A) The time series of the reconstructed CO, emissions (blue), Nifio-3.4 in the ERSST (thick grey),
Nifio-3.4 in the HadISST2 (dark), and regressed Nifio-3.4 to CO; in the ERSST (solid red) and to the HadISST2 (dashed red). (B) The time series of the ESR
(solid maroon) and detrended Nifio-3.4 by removing the regressed Nifio-3.4 to CO; in the ERSST (grey) and in the HadISST2 (purple). Five-year running
mean was applied to all the data over 1870-2008. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

in the two datasets agreed well; both datasets are significantly correlated to the ESR (r=-0.43, p<0.05, and negor =27 for
average of two datasets).

The ESR was largely controlled by five strong volcanic eruptions over the past 139 years, which occurred in 1883, 1902,
1912, 1982, and 1991. The enhanced probability of La Nifia was found within one year of a large eruption (McGregor and
Timmermann, 2011), while Ohba et al. (2013) found the opposite response. In recent research, a large volcanic eruption was
found to increase the occurrence of El Nifio, which only lasted one or two years (Li et al., 2013). Our results support the
latter (Fig. 5A), in which a significant El Nifio-like SST pattern was excited lasting three years after the volcanic eruption.
The 10-year-averaged SST anomaly also has a significant El Nifio-like pattern after the strong volcanic eruption (Fig. 5B),
which means that the recent strong El Chicho’n (1982) and Pinatubo (1991) volcanoes would reduce the ESR and induce the
decadal El Nifio-like SST anomalies during the late-1970s and late-1990s.

We further analyze the Nifio-3.4 SST anomaly related to the ESR change, including the strong volcano variability (Fig. 6).
Both ERSST and HadISST2 gave similar results. When a volcano erupted, the ensemble mean Nifio-3.4 showed that a warm
El Nifio-like set-up. Year O denotes the year when the volcanic eruption occurred. Since we studied the boreal winter from
November of the eruption year to March of the following year, the positive Nifio-3.4 SST anomaly in the boreal winter
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Fig. 5. Superposed Epoch Analysis of the SST after the volcanic eruptions. (A) The composite difference of the 3-year-mean SST after and before the five
large volcanic eruptions since 1870 based on the ERSST. (B) Same as (A), except for the 10-year mean. The five large volcanic eruptions occurred in 1883,
1902, 1912, 1982, and 1991. Statistically significant (90% one-tailed) epochal anomalies based on the Monte Carlo resampling (n=10,000) are indicated by
crosses. The linear trend with respect to CO, was removed in the ERSST result.
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Fig. 6. Superposed Epoch Analysis using the Nifio-3.4 SST anomaly related to the five strong volcanic eruptions in Fig. 5. The ensemble mean Nifio-3.4 SST
anomaly before and after the five strong volcanic eruptions in the ERSST (solid red) and in the HadISST2 (solid blue), as well as their 5-year running means
(dashed red and blue), are shown. Significance levels (90%) derived from Monte Carlo block resampling (n=10,000) of the actual event year windows are
indicated by horizontal dashed lines in the plots for the original and smoothed Nifio-3.4. The linear trend with respect to CO, has been removed in both
ERSST and HadISST2. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig.7. External ESR used in the millennium run of ECHO-G model during four windows: (A) 1201-1350, (B) 1351-1500, (C) 1501-1650, and (D) 1651-1800.
Five-year running mean was applied for each window.

already existed in the eruption year. Before the volcanic eruption, the Nifio-3.4 experienced an oscillation with a period
of 2-7 years; the Nifio-3.4 was symmetric; thus, El Nifio and La Nifia had comparable amplitudes, and the Nifio-3.4 on the
decadal time scale should be negligible, which can be seen from their 5-year smoothing. After the volcanic eruption, the El
Nifio was followed by a La Nifia, while the Nifio 3.4 experienced a stronger positive anomaly than a negative anomaly, which
can be confirmed by the significant positive Nifio-3.4 SST anomaly of 5-year smoothing after the volcanic eruption. For a
pure symmetrical internal oscillation, an external volcanic eruption diminished the symmetry. Here, we do not exclude the
internal variability of the ENSO. We conclude that the weak ESR with strong volcanic eruption tended to strength the El Nifio
and induce a decadal El Nifio-like SST anomaly.

Because of global warming, the zonal gradient of tropical Pacific SST increased when solar radiation increased and
decreased when greenhouse gasses increased (Liu et al., 2013). The greenhouse gas effect increased atmospheric static
stability and weakened tropical circulations, which were accompanied by weaker SST gradients (Fig. 2A) and negative pre-
cipitation anomalies over the Indo-Pacific warm pool region (Fig. 3A). This weak Walker circulation hypothesis is supported
by the Intergovernmental Panel on Climate Change (IPCC) model projection for the 21st century (Vecchi et al., 2008). The ESR
seemed to prefer the “ocean dynamical thermostat” mechanism (Clement et al., 1996; Cane et al., 1997; Bauer et al., 2003),
i.e., increased heating at the surface warmed the SST in the west because the heating in the east was offset by the upwelling
of cold water (Fig. 2B). The strong SST gradient produced an enhanced pressure gradient and a stronger Walker circulation,
which in turn enhanced the SST gradient through the “Bjerknes feedback.” As a result, strong precipitation occurred in the
Indo-Pacific warm pool region (Fig. 3B). These findings support the “wet region getting wetter” argument (Held and Soden,
2006).

5. Model simulation

The effects of the ESR forcing are simulated in the millennium run during 1000-1990 by the ECHO-G model (Legutke and
Voss, 1999). Details of this millennium run can be found in Liu et al. (2013). In the millennium simulation, the continuous
aerosol concentration associated with the volcanic eruption was used, which could last 1-3 years for each eruption. We
analyzed the simulation from 1201 to 1800 to avoid model initial response and greenhouse gas effect in the recent history.
Consistent with the observation analysis, we split this 600-year simulation into four windows of 150 years each, and a 5-year
running mean is performed for each window (Fig. 7).
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Fig. 8. ESR-induced La Nifia-like pattern in the ECHO-G millennium run. Ensemble spatial patterns of (A) SST and (B) precipitation anomalies regressed
to the simultaneous external ESR of each window given in Fig. 7 are shown. The shaded anomalies significant above the 95% confidence level are marked
by crosses. Five-year running mean was applied for each window. (C-D) and (E-F) are the same as (A-B), except for the SST and precipitation anomalies
regressed to the 3-year and 6-year lagged ESR.

Fig. 8 shows the ensemble regression of SST and precipitation anomalies of these four epochs with respect to the ESR
forcing. Under the ESR forcing, though the eastern Pacific SST variability were not well simulated, the La Nifia-like SST gradient
and precipitation distribution, i.e., negative eastward SST gradient over the equatorial Pacific and enhanced precipitation
over the Indo-Pacific warm pool region, were well simulated (Fig. 8A and B). This means that the model with weak ESR
led to the El Nifio-like SST gradient or positive eastward SST gradient over the equatorial Pacific. Fig. 8C-F show the lagged
regression with respect to the ESR. We can see that the effect of the ESR with a strong volcanic component lasted for some
years, although the effect became weaker over time after the eruption. Although the role of ESR on decadal SST variation
was confirmed by the model simulation, we would like to conclude that the ESR variability is only one of the reasons for the
decadal Pacific SST variation.

6. Concluding remarks

Predictions of Pacific SST in the coming decades are a challenge because SST changes involve internal natural variability,
external natural (e.g., solar and volcanic activity) and anthropogenic (e.g., greenhouse gasses, aerosols and land use) climate
forcing. In this study, we demonstrated that the ESR, which includes net solar radiation and volcanic eruption, is responsible
for the decadal ENSO-like variation. The enhanced solar radiation and lack of large volcanic eruptions over the past 15 years
increased the ESR and may have induced the recent decadal La Nifia-like SST anomalies. Previous studies demonstrated that
a volcanic eruption tended to affect the ENSO within a few years (Li et al., 2013; Ohba et al., 2013); our analysis showed that
the weak ESR with strong volcanic eruption tended to enhance the El Nifio, which resulted in a El Nifio-like SST anomaly on
the decadal time scale.

Over the past 15 years or so, the global warming “slow-down” or global warming “hiatus” received considerable scientific,
political and media attentions. In recent years many studies have been conducted to explain the phenomenon. The global
warming “hiatus” may be caused by the eastern Pacific cooling (Kosaka and Xie, 2013), which is related to the enhanced deep
ocean heating (Meehl et al., 2011; Chen and Tung, 2014; Drijfhout et al., 2014), the Atlantic warming induced Pacific cooling
(England et al., 2014), or the tropical Pacific easterly wind anomalies (England et al., 2014). Recent studies also showed
that a series of moderate volcanic eruptions over the past 15 years contributed to the global warming “hiatus” through
influencing the solar radiation (Fyfe et al., 2013; Santer et al., 2014, 2015; Schmidt et al., 2014). In our analysis, although
the eastern Pacific was found to be cold associated with the enhanced ESR, the global mean SST variation associated with
the ESR change was negligible (Fig. 2). Thus, we conclude that the enhanced external ESR in the recent 15 years helps to
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select the La Nifa-like SST anomalies, while the internal variability was also important for this decadal oscillation, and the
strong internal process of the decadal La Nifia-like mode transported heating into deep ocean and slowed down the global
warming (Meehl et al., 2011; Drijfhout et al., 2014).

We also analyzed the simulated decadal ENSO-like variation using 20 models of the Coupled Model Intercomparison
Project Phase 5 (CMIP5). The 20 models are listed in Table 1 of Lee and Wang (2014). When defining the decadal index by
projecting the observed La Nifa-like pattern (Fig. 2B) onto these modelled SSTs, no correlation between modelled index and
observation (PC2 in Fig. 2C) is significant for any of the models. In future, it will be necessary to explain why the models
cannot capture the correct phase of this decadal ENSO-like oscillation.
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