
atmosphere

Article

Reconciling the Discrepancy of Post-Volcanic Cooling
Estimated from Tree-Ring Reconstructions and Model
Simulations over the Tibetan Plateau

Jianping Duan 1,* , Peili Wu 2 and Zhuguo Ma 1,3

1 CAS Key Laboratory of Regional Climate-Environment for Temperate East Asia, Institute of Atmospheric
Physics, Chinese Academy of Sciences, Beijing 100029, China

2 Met Office Hadley Centre, Exeter EX1 3PB, UK
3 University of Chinese Academy of Sciences, Beijing 100049, China
* Correspondence: duanjp@tea.ac.cn

Received: 15 October 2019; Accepted: 22 November 2019; Published: 25 November 2019 ����������
�������

Abstract: Volcanic eruptions are a major factor influencing global climate variability, usually with
a cooling effect. The magnitudes of post-volcanic cooling from historical eruptions estimated by
tree-ring reconstructions differ considerably with the current climate model simulations. It remains
controversial on what is behind such a discrepancy. This study investigates the role of internal
climate variability (i.e., El Niño/Southern Oscillation (ENSO) warm phase) with a regional focus
on the Tibetan Plateau (TP), using tree-ring density records and long historical climate simulations
from the fifth Coupled Model Intercomparsion Project (CMIP5). We found that El Niño plays an
important role behind the inconsistencies between model simulations and reconstructions. Without
associated El Niño events, model simulations agree well with tree-ring records. Divergence appears
when large tropical eruptions are followed by an El Niño event. Model simulations, on average, tend
to overestimate post-volcanic cooling during those periods as the occurrence of El Niño is random as
part of internal climate variability.

Keywords: volcanic eruptions; summer cooling; tree-ring density; temperature reconstructions;
climate model simulations; Tibetan Plateau

1. Introduction

Volcanic eruptions are a major external forcing of the global climate [1,2]. The anomalous decrease
in summer temperatures resulting from large volcanic eruptions do not only affect crop productivity [3],
but could also be a main cause for dynasty collapses [4,5]. Therefore, quantitative estimations of the
cooling magnitude driven by large volcanic eruptions have drawn great attention from climatologists in
recent decades [1,2,6–9]. The magnitudes of post-volcanic cooling that occurred in the pre-instrumental
period are usually estimated using either proxy-based temperature reconstructions or climate model
simulations. However, the two approaches often produce inconsistent magnitudes of post-volcanic
cooling, especially for large tropical eruptions (e.g., the cooling magnitude after the 1815 Tambora
eruption) [6–9]. Mann et al. (2012) [6] suggested that the divergence is a result of underestimation by
tree-ring-based reconstructions [6], but other studies argued that the divergence could originate from
the overestimation of model simulations [7,9].

Apart from external factors such as a volcanic-induced cooling, internal climate variability also has
a strong influence on summer climate. El Niño is known as the largest climatic forcing of interannual
monsoon variability [10], and has an important influence on the summer monsoon precipitation [11].
The influence of El Niño/Southern Oscillation (ENSO) on the climate and environment over the Tibetan
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Plateau (TP) has been reported widely [12–16]. Although its direct effect is on summer precipitation,
the significant anticorrelation between the summer precipitation and summer temperature may lead to
an indirect linkage between El Niño and summer temperatures [17]. In this study, we focus on the
Tibetan Plateau (TP), an area sensitive to climatic forcings [18,19] and is influenced strongly by the
Indian summer monsoon. The purpose of this study is to disentangle the role of El Niño behind the
discrepancy between post-volcanic cooling magnitudes estimated from tree-ring reconstructions and
climate model simulations.

2. Data and Methods

2.1. Tree-Ring-Based Temperature Reconstructions

Two August-September mean temperature reconstructions (Duan2018 and Duan2019) [17,20]
were used in this study to be compared with the climate model simulations. Both reconstructions
were based on a regional tree-ring maximum latewood density (MXD) network comprising 739 MXD
measurement series from 17 sites on the TP. The series, Duan2019 [20], was reconstructed using
observed August-September mean temperature anomalies (with respect to 1986–2005) and thus the
long-term trend remained. The series, Duan2018 [17], was reconstructed as the August-September
mean temperature deviation for each year relative to the preceding 5-year mean and thus the long-term
trend was removed to capture the abrupt change of the late summer temperature following a volcanic
eruption. The common time period of 1620–2014 of the two reconstructions was used in this study.
Linear regression was used for both reconstructions. The correlation coefficient between tree-ring
indices and instrumental data is 0.75 for Duan2018 and 0.80 for Duan2019, respectively. Both the
reduction of error (0.52 for Duan2018 and 0.62 for Duan2019) and the coefficient of efficiency (0.51
for Duan2018 and 0.62 for Duan2019) are positive for the two reconstructions, indicating a good
reconstruction skill. Both reconstructions can represent the large-scale August-September temperature
variability on the TP.

2.2. Information of Volcanic Eruption and El Niño Events

Twelve large tropical volcanic eruptions (global volcanic forcing (GVF) < −3 W m−2) since 1620
were used in this study (Table 1). These volcanic events were identified using the ice core records by
Sigl et al (2015) [4]. The GVF was estimated from the reconstruction of volcanic aerosol deposition since
early Roman times for both polar ice sheets. The events of tropical eruptions were confirmed based on
the synchronous sulfate deposition on both polar ice sheets [4]. The information on El Niño events that
occurred in the analysis period was obtained from the paper of Brönnimann et al. (2007) [21]. During
the study period, eight out of the twelve large tropical eruptions were without El Niño association and
the other four tropical eruptions were accompanied by a subsequent El Niño event.

Table 1. Information of volcanic events used in this study and the simulated (ensemble mean) and
reconstructed August-September mean temperature by averaging the August-September temperatures
in the subsequent 3 years of the eruptions.

Event Year GVF (W m−2) Simulated TAug–Sep Reconstructed TAug–Sep

1641 −11.84 −1.32 ◦C −1.26 ◦C
1673 −3.11 −0.95 ◦C −0.64 ◦C
1695 −10.24 −1.07 ◦C −0.97 ◦C
1762 −3.52 −1.25 ◦C −1.32 ◦C
1809 −12.01 −1.45 ◦C −0.67 ◦C
1815 −17.20 −2.07 ◦C −1.11 ◦C
1832 −6.46 −0.83 ◦C −0.21 ◦C
1836 −6.57 −0.75 ◦C −0.77 ◦C
1862 −4.03 −0.73 ◦C −1.07 ◦C
1884 −5.84 −0.74 ◦C −1.15 ◦C
1964 −3.75 −0.30 ◦C −0.59 ◦C
1991 −6.49 0.16 ◦C 0.08 ◦C
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The years marked in bold font indicate eruptions without El Niño associations, while the other
years denote eruptions with a subsequent El Niño event. All the event years used here have a value
of global volcanic forcing (GVF) < −3 W m−2. The simulated and reconstructed August-September
temperatures were calculated as the average August-September temperature of the subsequent 3 years
of the eruptions and the August-September temperature in each year was an anomaly with respect to
the period of 1961–1990.

2.3. Climate Model Simulations

Simulated monthly surface temperature data covering the past millennium from nine CMIP5
models were used for the analysis (Table 2). Both simulations of surface monthly temperature from
individual models and an ensemble of nine CMIP5 models were used. Monthly anomalies of surface
temperature were calculated for each model based on the period of 1961–1990, and then masked
to the TP range (28◦–37◦ N, 78◦–103◦ E). The ensemble mean of the nine models was obtained by
averaging their anomalies across available models, in which only one member of the GISS-E2-R
model (i.e., r1i1p125) was used. The member of the GISS-E2-R model that was chosen had little
influence on the ensemble mean of the nine models (figures not shown). Finally, the ensemble mean
of the August-September temperature from the nine models over the period 1620–2000 was used for
further analysis.

Table 2. Climate model information of CMIP5 simulations used in this study.

Model Name Ensemble Time Period Main References

BCC-CSM1.1 r1i1p1 850–2000 [22]
CCSM4 r1i1p1 850–2005 [23]

FGOALS-gl r1i1p1 1000–1999 [24]
FGOALS-s2 r1i1p1 850–2005 [25]
GISS-E2-R r1i1p121–128 850–2005 [26]

IPSL-CM5A-LR r1i1p1 850–2005 [27]
MIROC-ESM r1i1p1 850–2005 [28]
MPI-ESM-P r1i1p1 850–2005 [29]

MRI-CGCM3 r1i1p1 850–2005 [30]

The end year of six models (CCSM4, FGOALS-s2, GISS-E2-R, IPSL-CM5A-LR, MIROC-ESM,
MPI-ESM-P, and MRI-CGCM3) was extended from 1849/1850 of the last millennium simulations to
2005 using their historical experiments of all historical forcings (ALL) forcing. Expansions of the model
name acronyms are available at http://www.ametsoc.org/PubsAcronymList.

3. Results and Discussion

3.1. Simulated Magnitudes of Post-Volcanic Cooling on the TP and Its Comparison with the Reconstructions

The ensemble mean of the August-September temperature on the TP derived from the nine CMIP5
models (Table 2) shows that the coldest interval occurred in 1816–1818 (following the 1815 Tambora
eruption) over the period of 1620–2005 (Figure 1a). However, great differences exist on the simulated
cooling magnitude among the models (Figure 1b). Seven out of eight simulations from the same
model of GISS-E2-R also show the greatest cooling magnitude after the 1815 Tambora eruption, but the
magnitude varies largely among the eight simulations (Figure 1c). Actually, the great differences on
the cooling magnitudes on the TP that resulted from the other eleven large eruptions also exist both
among the models and among the eight simulations of the model GISS-E2-R (Figure 1b,c).

http://www.ametsoc.org/PubsAcronymList
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Figure 1. Estimated magnitudes of August-September cooling driven by 12 large tropical eruptions 
since 1620 based on climate model simulations and tree-ring density-based reconstructions on the 
Tibetan Plateau (TP). (a) Simulated August-September mean temperature derived from an ensemble 
mean of nine CMIP5 climate models since 1620 (Table 2; for GISS-E2-R, only r1i1p125 was used). The 
black line is the annual value and the grey shaded area is the error bar (SE). August-September mean 
temperatures in the subsequent 3 years of the 12 large tropical eruptions were highlighted. (b) 
Simulated magnitudes of August-September cooling (were calculated as a 3-year mean following the 
eruption) after the 12 large tropical eruptions derived from eight CMIP5 models. (c) Simulated 
magnitudes of August-September cooling (were calculated as a 3-year mean following the eruption) 
after the 12 large tropical eruptions derived from eight simulations of the GISS-E2-R model. (d) 
Comparisons between the magnitudes of August-September cooling after 12 tropical eruptions (were 
calculated as a 3-year mean following the eruption) derived from the tree-ring density-based 

Figure 1. Estimated magnitudes of August-September cooling driven by 12 large tropical eruptions
since 1620 based on climate model simulations and tree-ring density-based reconstructions on the
Tibetan Plateau (TP). (a) Simulated August-September mean temperature derived from an ensemble
mean of nine CMIP5 climate models since 1620 (Table 2; for GISS-E2-R, only r1i1p125 was used).
The black line is the annual value and the grey shaded area is the error bar (SE). August-September mean
temperatures in the subsequent 3 years of the 12 large tropical eruptions were highlighted. (b) Simulated
magnitudes of August-September cooling (were calculated as a 3-year mean following the eruption)
after the 12 large tropical eruptions derived from eight CMIP5 models. (c) Simulated magnitudes
of August-September cooling (were calculated as a 3-year mean following the eruption) after the 12
large tropical eruptions derived from eight simulations of the GISS-E2-R model. (d) Comparisons
between the magnitudes of August-September cooling after 12 tropical eruptions (were calculated as
a 3-year mean following the eruption) derived from the tree-ring density-based reconstruction [20]
and the ensemble mean of nine CMIP5 models (for GISS-E2-R, only r1i1p125 was used). Temperature
anomalies in (a–d) are with respect to the period of 1961–1990.
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Comparisons between the magnitudes of post-volcanic cooling derived from the ensemble mean
of nine CMIP5 models and the reconstruction (Duan2019, retain the long-term trend) [20] show
that agreements/disagreements varies among the twelve events and the greatest divergence appears
following the 1815 Tambora eruption (the difference between the reconstruction and the simulation
is −0.96 ◦C) (Figure 1d). The reconstruction shows a moderate temperature decrease after the 1815
Tambora eruption, but the simulation shows it was the coldest. We point out that the reconstructed
temperature was driven by a combination of forcing and internal variability (such as ENSO), while the
simulations in Figure 1d only included the feature of forcing as the internal variability has been
canceled out by making the ensemble mean.

3.2. Influence of El Niño Events on the Simulated Magnitudes of Post-Volcanic Cooling on the TP

To further clarify the divergences and investigate the possible influence of the ENSO warm phase,
comparisons between the magnitudes of the post-volcanic cooling derived from the reconstructions
and model simulations were performed by dividing the 12 large tropical eruptions into without El Niño
associations and accompanied with a subsequent El Niño event (Figure 2). In this comparison, both the
reconstructed and the simulated August-September temperatures were calculated as a deviation
relative to the preceding 5-year mean for each year to remove the long-term trend and thus capture the
abrupt temperature drop following the large tropical eruptions [17]. The comparison shows that the
simulations agree generally with the reconstructions for the situations that the composite magnitudes of
August-September cooling were calculated based on all the 12 large tropical eruptions or the 8 tropical
eruptions without El Niño associations (Figure 2a,b). Compared to the reconstructions, the simulations
show a relatively greater cooling magnitude (especially for the eruption year) in the composite analysis
based on the 12 eruptions (Figure 2a). However, the cooling magnitude derived from the simulation
is relatively smaller than the reconstruction in the first year after the eruption for the estimations
based on the 8 tropical eruptions without El Niño associations. The greatest discrepancy between
the reconstruction and the simulation occurred in the situation that the composite cooling magnitude
was calculated based on the large tropical eruptions accompanied by a subsequent El Niño event
(Figure 2c). The simulation shows an anomalous post-volcanic cooling but the reconstruction does not.
Superposed epoch analysis (SEA) indicates that the responses of the reconstructed August-September
temperatures to the volcanic events with and without El Niño associations are significantly different,
but the simulated August-September temperatures are not (Figure 3). Considering that the ensemble
mean of multiple-model simulations has canceled out the feature of internal variability, we performed
further comparisons between the reconstruction and simulations from each model. The results show
that the consistency between the reconstruction and simulations from each model is generally consistent
with the comparison between the reconstruction and the ensemble mean of the nine models. Model
simulations have a better match with the reconstructions for the cooling magnitudes driven by all the
twelve eruptions and the 8 eruptions no El Nino associations (Figure 2; Supplementary Figures S1–S9).
Previous studies suggested that ENSO events can be triggered by volcanic eruptions [31–34] and ocean
dynamical thermostat has a potential influence on the occurrence of ENSO events [35]. Our results
demonstrate that the divergence between the reconstructed and simulated magnitudes of post-volcanic
cooling on the TP is related to the contribution of El Niño events. This agrees with the fact that the
global distribution of temperature anomalies provided by simulations is dependent on the initial state
of the tropical Pacific [36–38].
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Figure 2. Comparisons between the composite magnitudes of post-volcanic August-September cooling
over the TP derived from the tree-ring density-based reconstruction and the ensemble mean of nine
CMIP5 models (Table 2; For GISS-E2-R, only r1i1p125 was used,). The composite magnitude was
based on (a) all the twelve large tropical eruptions, (b) the eight large tropical eruptions without El
Niño associations and (c) the four large tropical eruptions accompanied by a subsequent El Niño event.
Temperature anomalies in (a–c) are with respect to the preceding 5-year mean. The shaded areas denote
the error bar (SE).
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[17,39]. Although the peak of positive temperature anomalies that result from El Niño events 
usually appears during winter, anomalously warm summer SST in the Niño 3.4 region has also 
been observed linking to the strong El Niño events (e.g., the strong El Niño events in 1982/83, 
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results suggest a positive response of the TP late summer temperature to the ENSO warm phase, 
which can mitigate the post-volcanic late summer cooling over the TP. 

Figure 3. Superposed epoch analysis (SEA) testing the significance of the response of the estimated
magnitudes of August-September cooling over the TP to the large tropical eruptions. The composite
response of the reconstructed (a) and simulated (b) magnitudes of August-September cooling over
the TP to the eight large tropical eruptions without El Niño associations (Table 1). The composite
response of the reconstructed (a) and simulated (b) August-September cooling magnitudes over the TP
to the four large tropical eruptions accompanied by a subsequent El Niño event (Table 1). Dashed lines
represent the 95% confidence limits.

To investigate the influence of El Niño events on the simulated magnitudes of post-volcanic
cooling on the TP, the relationship between the simulated August-September temperature of 1816 (the
greatest discrepancy between the reconstruction and the simulation occurred in this year) on the TP
and June-September mean temperature of the sea surface (SST) in the Niño 3.4 region was examined
using simulations from both the different models and the different simulations of the GISS-E2-R
model. June-September SST was chosen for analysis based on the consideration that the Indian
summer monsoon precipitation mainly occurs during June-September and the ENSO warm phase
has a simultaneous influence on the Indian summer monsoon [10]. Moreover, the August-September
temperature on the TP could be influenced by the Indian summer monsoon [17,39]. Although the
peak of positive temperature anomalies that result from El Niño events usually appears during
winter, anomalously warm summer SST in the Niño 3.4 region has also been observed linking to
the strong El Niño events (e.g., the strong El Niño events in 1982/83, 1997/98 and 2015/16; https:
//ggweather.com/enso/oni.htm). In the period of 1815–1817, an ENSO warm phase was documented
in several studies [16,21,40], and a strong or very strong El Niño event was recorded in both the
year 1816 (the 4th strongest during 900–2002) [17] and the year 1817 (strong El Niño event) [40].
Therefore, we examined the relationship between the June-September SST in the Niño 3.4 region and
the TP late summer temperature. Eight simulations from the GISS-E2-R model indicate that the TP
late summer temperature responded positively to the ENSO warm phase (Figure 4), and the linear
relationship between them is significant (Figure 5). Although the linear relationship between the
simulated August-September temperature on the TP and the El Niño conditions derived from the eight
models is not significant (likely due to the different configurations among the models), a generally
positive response of the TP August-September temperatures to the ENSO warm phase can be seen in
most of the models (Figures 5 and 6). These results suggest a positive response of the TP late summer
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temperature to the ENSO warm phase, which can mitigate the post-volcanic late summer cooling over
the TP.Atmosphere 2019, 10, x FOR PEER REVIEW 8 of 13 
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(m, n), and (o, p) were derived from r1i1p125, r1i1p128, r1i1p122, r1i1p121, r1i1p124, r1i1p127, 
r1i1p123, and r1i1p126, respectively (Table 2). 

Figure 4. Simulated August-September mean temperature in 1816 over the TP (28◦–37◦ N, 78◦–103◦ E)
(a,c,e,g,i,k,m,o) and the June-September SST in 1816 in the El Niño 3.4 region (5◦ S-5◦ N, 120◦ W-170◦

W) (b,d,f,h,j,l,n,p) derived from eight simulations of the GISS-E-R2 model. The ranges of the TP and
the El Niño 3.4 region were denoted using the dashed boxes. The regional average temperatures
are shown in the upper right corner in each plot, which are ordered according to the value from the
top to the bottom of the Figure. The simulations in (a,b), (c,d), (e,f), (g,h), (i,j), (k,l), (m,n), and (o,p)
were derived from r1i1p125, r1i1p128, r1i1p122, r1i1p121, r1i1p124, r1i1p127, r1i1p123, and r1i1p126,
respectively (Table 2).
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Figure 5. The linear relationship between the simulated August-September mean temperature over
the TP in 1816and the June-September SST in the El Niño 3.4 region in 1816. Values in (a) are from
simulations of eight CMIP5 models and (b) are from eight simulations of the GISS-E2-R model.
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The mitigation effect of El Niño events on the post-volcanic cooling over the TP is via its 
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Figure 6. Simulated August-September mean temperature over the TP (28◦-37◦ N, 78◦-103◦ E) in
1816 (a,c,e,g,i,k,m,o) and the June-September SST in the El Niño 3.4 region in 1816 (5◦ S-5◦ N, 120◦

W-170◦ W) (b,d,f,h,j,l,n,p) derived from eight CMIP5 models. The ranges of the TP and the El Niño
3.4 region were denoted using the dashed boxes. The regionally averaged temperatures are shown
in the upper right corner in each plot, which are ordered according to the values from the top to the
bottom of the Figure. The simulations in (a,b), (c,d), (e,f), (g,h), (i,j), (k,l), (m,n), and (o,p) were derived
from IPSL-CM5A-LR, MPI-ESM-P, CCSM4, FGOALS-gl, MIROC-ESM, MRI-CGCM, FGOALS-s2,
and BCC-CSM1.1, respectively (Table 1).

The mitigation effect of El Niño events on the post-volcanic cooling over the TP is via its
indirect influence on the Indian summer monsoon. The ENSO warm phase can weaken the Indian
summer monsoon through the east-west displacement of large-scale heat sources in the tropics [10].
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The weakening of the Indian summer monsoon may induce a decrease in summer precipitation on the
TP. Because most of the annual precipitation on the TP occurs in summer and the significantly negative
correlation between the summer precipitation and the summer temperature [17,39], deficient summer
precipitation on the TP may lead to high temperatures, and abundant precipitation are usually linked to
a cool summer. Thus, the discrepancy between the magnitudes of the post-volcanic cooling estimated
from climate model simulations and the tree-ring reconstructions can be related to the contributions of
ENSO warm phase. The model simulations tend to overestimate post-volcanic cooling as missing the
El Niño events which are random as part of internal climate variability.

4. Conclusions

In this study, we analyzed the simulated magnitudes of August-September cooling after 12
large tropical eruptions on the TP using nine CMIP5 models, and performed a comparison with the
reconstructed temperatures. Comparisons of reconstruction with simulation both from the ensemble
mean of nine models and individual model indicate that the simulated and reconstructed magnitudes
of post-volcanic cooling over the TP have a relatively good agreement for those driven by the large
tropical eruptions without El Niño associations, but a great discrepancy exists for those driven by the
large tropical eruptions accompanied by a subsequent El Niño event. In comparison with the tree-ring
density-based reconstructions, CMIP5 simulations generally tend to overestimate the post-volcanic
cooling as missing the El Niños which are random as part of internal climate variability.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4433/10/12/738/s1,
Figures S1–S9: Comparisons between the composite magnitudes of post-volcanic August-September cooling
over the TP derived from the tree-ring density-based reconstruction and simulation from MPI/ MRI/ IPSL/
MIROC/ FGOALS-gl/ FGOALS-s2/ GISS-E2-R-r1i1p125/ BCC-CSM1.1/ CCSM4 (Figures S1–S9 respectively) model.
The composite magnitude was based on (a) all the twelve large tropical eruptions, (b) the eight large tropical
eruptions without El Niño associations and (c) the four large tropical eruptions accompanied by a subsequent El
Niño event. Temperature anomalies in (a–c) are with respect to the preceding 5-year mean. The shaded areas
denote the error bar (SE). tree-ring density-based August-September temperature reconstructions over the Tibetan
Plateau, dataset: tree-ring density-based August-September temperature reconstructions over the Tibetan Plateau.
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