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Abstract: In this study, the influences on persistent droughts over Eastern China from tropical volcanic
eruptions with three categories of magnitudes, i.e., 25 Tg, 50 Tg, and 100 Tg, were investigated
through three groups of volcanic sensitivity experiments based on the Community Earth System
Model (CESM). The results showed that, the 25 Tg tropical volcanic eruptions are too weak to
significantly influence the regional precipitation changes over Eastern China, while the 50 Tg tropical
volcanic eruptions can strongly intensify droughts and prolong the drought conditions for about five
years. Both the extension and intensification of the drought conditions induced by 100 Tg tropical
volcanic eruption are the largest among the three sensitivity experiments. These drought conditions
are mainly caused by the weakened East Asia Summer Monsoon (EASM), and their extension and
intensification depend on the strength of the volcanic eruptions. The intensities of weakened EASMs
after volcanic eruptions are associated with the distinct ocean–land thermal contrast after eruptions.
The ocean–land thermal contrast is the largest after the 100 Tg tropical volcanic eruptions, while it is
much weaker after the 25 Tg volcanic eruptions. The durations of drought extensions are determined
by the recovery rates of the West Pacific Subtropical High (WPSH), which are associated with the
magnitudes of the volcanic eruptions.

Keywords: persistent drought; internal variability; volcanic eruptions

1. Introduction

Volcanic eruption is a major external forcing that affects different aspects of regional climate
changes over the world by injecting plenty of sulfate volcanic aerosol into the stratosphere and reducing
the solar radiation arriving at the surface [1]. Since volcanic eruptions cast substantial effects on
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regional climate changes at different spatiotemporal scales and fundamentally affect the development
of human communities, great efforts have been devoted to investigating the influences of volcanic
eruptions on regional climate changes [2]. Many studies have confirmed that volcanic activities can
produce global-scale cooling in the short term [3–5] and trigger a long-term cooling in the Arctic
through the positive feedback of ice and snow cover [6]. The initiation of the Little Ice Age (LIA) was
also found to be associated with volcanic eruptions and sustained due to the feedback between the sea
ice and ocean [7].

The impacts of volcanic eruptions on regional temperature and precipitation changes have
attracted much attention recently [8]. Both reconstructed data and model simulations demonstrated
that, on a global scale, volcanic eruptions can lead to rainfall deficit in summer monsoon regions over
the world [9], with the largest precipitation decreases occurring in tropical areas [10]. On a regional
scale, Northern Hemisphere volcanic eruptions are more likely to reduce Northern Hemispheric
monsoon precipitation than equatorial and southern monsoon rainfall [11]. Large volcanic eruptions
in the past millennium triggered anomalous dry conditions in Asia [12,13], but it was relatively wetter
over the southeast part while drier in the central part [12]. In Europe, strong volcanic eruptions
induced an aridity in the central part, while relative wetter conditions existed in the northern part [14].
Some studies also found that volcano-induced droughts usually persist longer over the ocean than the
land [13].

Eastern China is a typical monsoon domain, which is severely impacted by extreme drought
events [15,16]. Some studies found that many drought events in the world are triggered primarily by
internal variability of climate system [17–19]. Meanwhile, external forcings such as strong volcanic
eruptions can also cast significant effects on the droughts over the Eastern China [2]. For example,
the Ming Dynasty Mega Drought [20,21] was a typical drought triggered by internal variability
and enhanced by the volcanic eruption at Mount Parker in 1641 [2,22]. The mechanisms behind the
volcano-related droughts can be explained directly by the retreat of the Eastern Asian summer monsoon
(EASM) [23–25] through the reduced ocean–land thermal contrast after volcanic eruptions [8,24].
Moreover, many studies also highlighted that strong volcanic eruptions can influence the evolution of
drought in Eastern China [26], through triggering increased occurrences of El Nino-like states during
the years of eruptions, and La Nina-like states in the second years after eruptions [27–29]. On a
decadal time scale, strong volcanic eruptions can induce negative PDO-like (Pacific Decadal Oscillation)
phases [30], as well as the negative AMO-like (Atlantic Multidecadal Oscillation) states [25,31], and then
influence the precipitation changes over Eastern China [32,33].

Moreover, previous studies demonstrated that the linear combination of volcanic forcing and
drought events triggered by internal variability over Eastern China may intensify and extend the
drought conditions for about 3–4 years, and the duration and intensity of droughts depend on the
volcanic eruptions occurring at different drought phases [34]. However, the evolution of droughts
driven by volcanic eruptions with different magnitudes remains unclear. For example, do the volcanic
eruptions with different magnitudes have different influences on the droughts over Eastern China
triggered by internal variability? Is there any threshold of volcanic eruption magnitude that could
prolong and strengthen the droughts, and what are the corresponding physical mechanisms?

Therefore, in this study, to further understand the interactions between internal variability and
volcanic forcing with divergent magnitudes (i.e., 25 Tg, 50 Tg, and 100 Tg), three groups of volcanic
sensitivity experiments were performed based on the Community Earth System Model (CESM).
In each of the experiments, the volcanic forcing of 25 Tg, 50 Tg, and 100 Tg was implemented to 10
drought events selected from the CESM control run (CTRL). The extensions and evolution of the
droughts induced by the volcanic eruptions with different magnitudes were then analyzed, and the
corresponding mechanisms were investigated as well. This study will help to provide insights to the
better understanding of the combined effects of internal variability and external forcing, and improve
future projections of climate changes and corresponding adaptations.
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2. Data and Methods

2.1. Data and Experiment Design

To investigate the influences on droughts from the volcanic eruptions with different magnitudes,
three groups of volcanic sensitivity experiments with magnitudes of 25 Tg, 50 Tg and 100 Tg were
performed based on the Community Earth System Model 1.0.3 (CESM 1.0.3) version T31_g37 which
is from the National Center for Atmospheric Research (NCAR) in American in 2010. According to
previous studies, CESM can precisely simulate the regional climate changes over Eastern China in the
past millennium [35]. The simulated monthly data in this study has a ~3.75 resolution for atmosphere
and land components. The volcanic forcing used to drive the sensitivity experiments is derived from
the reconstructed ice-core based aerosol concentrations in the last 1500 years [36], which is used as the
only external forcing of the volcanic sensitivity experiments.

In this study, firstly, we ran a 2400-year control experiment based on the initial condition of 1850,
with the first 400 years as spinning up. Ten initial conditions were selected from the last 2000 years of the
control run. Then, 10 control experiments (CTRLs) with a length of 50 years were performed through
CESM, using the 10 selected initial conditions, respectively. In each of the 10 CTRLs, one drought case
persisting nearly five years was selected, and finally 10 drought cases triggered by internal climate
variability were chosen. In this study, only 10 CTRLs and 10 drought cases were used because of the
computational cost. Subsequently, the ice-core based Volcanic Index 2 reconstructed by Gao et al. [36]
was used as the only volcanic forcing to drive the model. The 25 Tg, 50 Tg, and 100 Tg volcanic
eruptions were uniformly imposed onto the last years of the 10 droughts, respectively. In our previous
studies, volcanic eruptions occurring in different drought phases had different impacts on the droughts.
Volcanic eruptions occurring in the late phase of a drought can significantly intensify the dry conditions,
while middle and early phase eruptions have relatively smaller effects on the droughts [22]. Therefore,
to acquire the most significant results, volcanic aerosols were imposed on the last years of the droughts.
Both CTRLs and volcanic sensitivity experiments were run in parallel with the same initial conditions.
The Supposed Epoch Analysis on the three groups of sensitivity experiments was calculated, in which a
window centered on the year of volcanic eruption (year-0) with 10 years before and after the eruptions
was demonstrated.

In this paper, the reconstructed Palmer Drought Severity Index (PDSI) spanning from 1300 to
2005 [20] was also used to compare the results from the sensitivity experiments. The PDSI is derived
from tree rings and covers the area of eastern Asia (61.25◦ E–143.75◦ E, −8.75◦ S–56.25◦ N) with a
resolution of 2.5 degrees.

2.2. Definition of a Persistent Drought and the Studied Area

The definitions of persistent drought events vary from different studies. For example, Meehl et al. [37]
defined a persistent drought event as negative precipitation anomalies lasting for more than 20 years
after an 11-year moving-average. Stevenson et al. [18] defined a persistent drought event as precipitation
anomalies persisting more than 15 years. In this study, we define a persistent drought event as negative
precipitation anomalies persisting at least five consecutive years, with precipitation anomaly of at least
one year larger than one time the standard deviation. In this study, Eastern China is selected as the
study region (105–120◦ E, 32–40◦ N), following Zheng et al [38].

3. Results

3.1. The Spatio-Temporal Changes of Precipitation after Volcanic Eruptions with Different Magnitudes

3.1.1. The Evolution of Precipitation Changes after Volcanic Eruptions

The precipitation changes after volcanic eruptions with three categories of magnitudes were firstly
compared (Figure 1). In the CTRL, the mean precipitation anomaly over Eastern China from three
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years before the eruption (year-3) to the year of volcanic eruptions (year-0) was –0.26 mm/day, larger
than the 0.5 standard deviation (Figure 1a). During the first two years after 25 Tg volcanic eruptions,
there existed nearly no significant precipitation decreases, and the mean magnitude of the insignificant
negative precipitation anomalies after the third year was really small (~–0.06 mm/day, Figure 1b).
In each of the 10 cases, extended drought conditions with precipitation anomalies lower than 1 standard
deviation occurred in only 4 out of 10 cases, indicating that the responses of precipitation changes to 25
Tg volcanic eruptions were insignificant.
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(c), and 100 Tg (d) volcanic eruptions. The symbol “+” indicates that the anomalies are significant at 
95% level based on the Student t-test. The orange and green dash lines indicate the ±1 and ±2 standard 
deviations, respectively. 

 
Figure 2. (a) The scatter plots of the changes of volcano-induced drought intensity and the magnitudes 
of volcanic eruptions in the three groups of sensitivity experiments (purple dots), and corresponding 
ensemble means of drought intensity after 25 Tg, 50 Tg, and 100 Tg volcanic eruptions (black dots). 
The X-axis represents the magnitudes of volcano eruptions (Tg), and the Y-axis represents the average 
precipitation anomalies (unit: mm/day) after volcanic eruptions (years 0–9). The red line is the linear 
regression between the volcano-induced drought intensity and magnitudes of volcanic eruptions. (b) 
is similar to (a), but for the results of the reconstructed PDSI after volcanic eruptions. 
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nine volcanic eruptions with magnitudes smaller than 25 Tg (volcanic eruptions in 1459, 1328, 1982, 
1761, 1925, 1416, 1593, 1480, 1796), two volcanic eruptions with magnitudes between 25 and 50 Tg 
(volcanic eruptions in 1835 and 1693), two volcanic eruptions with magnitudes between 50 and 100 

Figure 1. The superposed epoch analysis (SEA) of the annual mean precipitation anomalies (unit:
mm/day) from the control experiments (a) and volcanic sensitivity experiments of the 25 Tg (b), 50 Tg (c),
and 100 Tg (d) volcanic eruptions. The symbol “+” indicates that the anomalies are significant at 95%
level based on the Student t-test. The orange and green dash lines indicate the ±1 and ±2 standard
deviations, respectively.

After 50 Tg volcanic eruptions, droughts significantly persisted for five more years after the
volcanic eruptions (Figure 1c). At the year-0, the magnitudes of drought in sensitivity experiments
were close to that in the CTRL. The mean precipitation anomaly from year-0 to year-5 was about
–0.25mm/day, significant at p < 0.05, based on a Student t-test. Therefore, the 50 Tg volcanic eruptions
significantly intensified and extended the droughts.

In the 100 Tg volcanic sensitivity experiments, the droughts were prolonged by eight more
years, with the prominent precipitation anomalies occurring at year-0 to year-2 and year-4 (p < 0.05)
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(Figure 1d). The drought magnitude at year-0 was –0.56mm/day, larger than that in the CTRL in the
same year. Besides, the mean precipitation anomaly after the volcanic eruptions (year-0 to year-5) was
–0.3 mm/day, lower than the –1 standard deviation. Droughts after the 100 Tg volcanic eruptions were
the most severe, compared with the other two experiments.

To compare the effects of the three categories of volcanic eruptions quantitatively here, a Student-t
test was applied to the precipitation changes of the volcano-induced droughts (years 0–3) in the three
groups of sensitivity experiments. The results showed that precipitation changes following the 25 Tg
volcanic eruptions were significantly smaller than those after 50 Tg eruptions (p < 0.01). At the same
time, the differences between the effects of the 50 Tg and 100 Tg volcanic eruptions were significant
as well (p < 0.05). The findings demonstrate that the effects of volcanic eruptions with magnitudes
of 25 Tg, 50 Tg, and 100 Tg are significantly different, with more severe precipitation decreases after
larger volcanic eruptions. Volcanic eruptions of 25 Tg can hardly trigger drought conditions after
volcanic eruptions, while volcanic activities with magnitudes above 50 Tg can significantly intensify
and extend droughts.

Comparing the results of the three groups of sensitivity experiments, it was obviously found that
volcanic eruptions cannot intensify a natural drought when the magnitude of volcanic eruption is
smaller than 25 Tg. The larger the magnitudes of volcanic eruptions are, the more severe and longer
the droughts will be afterwards. Moreover, the intensity of volcano-induced drought significantly
increases with the magnitudes of volcanic eruptions based on linear regression (Figure 2a) (r = 0.40,
p < 0.05).
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3.1.2. The Evolution of the Reconstructed PDSI Changes after Volcanic Eruptions

To compare the model simulations with reconstructed results, the evolution of the droughts from
the reconstructed PDSI [20] coinciding with volcanic eruptions with different magnitudes during the
period 1300–2000 were analyzed (Figure 3). Firstly, 14 drought events, in which drought persisted
several years before volcanic eruptions, were selected. Among these 14 cases, there were nine volcanic
eruptions with magnitudes smaller than 25 Tg (volcanic eruptions in 1459, 1328, 1982, 1761, 1925,
1416, 1593, 1480, 1796), two volcanic eruptions with magnitudes between 25 and 50 Tg (volcanic
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eruptions in 1835 and 1693), two volcanic eruptions with magnitudes between 50 and 100 Tg (volcanic
eruptions in 1809 and 1641), and only one volcanic eruption larger than 100 Tg (the volcanic eruption
in 1815). The ensemble means of the droughts coinciding with the four categories of volcanic eruptions
were calculated, respectively. The results indicated that volcanic eruptions less than 25 Tg can hardly
induce precipitation decreases in Eastern China. Volcanic eruptions between 25 and 50 Tg can prolong
droughts for two years. When the magnitudes of volcanic eruptions are larger than 50 Tg and smaller
than 100 Tg, the volcano-related droughts persist several years after eruptions, with a rebound in
the third year. When the magnitude of volcanic eruption is larger than 100 Tg, drought is extended
for four more years, and both the persistence and intensity of the drought are the most severe in the
four groups of reconstructed results. The scatter plot of the drought intensity and the magnitudes of
volcanic eruptions (Figure 2b) also shows that the severity of drought significantly increases with the
magnitudes of volcanic eruptions linearly (r = 0.51, p < 0.05). This is consistent with the simulated
results (Figure 2a).
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Figure 3. The ensemble means of the reconstructed Palmer Drought Severity Index (PDSI) coinciding
with volcanic eruptions during the period 1300–2005 with magnitudes less than 25 Tg (a), between 25
and 50 Tg (b), between 50 and 100 Tg (c), and larger than 100 Tg (d). The green and orange dash lines
indicate the ±1 and ±2 standard deviations, respectively. The yellow bars indicate the years of drought
after volcanic eruptions.
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3.1.3. The Evolution of the Large-Scale Circulations after Volcanic Eruptions

In the three groups of sensitivity experiments, the precipitation changes over Eastern China
exhibited a typical “southern-flooding-and-northern-drought” pattern during the drought years after
volcanic eruptions (Figure S1). Among all of the three groups of experiments, volcanic eruptions
induced increased sea level pressure (SLP) anomalies over Eastern China, accompanied by strong
northwest wind anomalies (Figures S2–S4). The weakening of EASM (Figure 4) after volcanic eruptions
was a key driver to the precipitation deficit over Eastern China. Here, we defined the EASM index
(EASMI) in Eastern China as the meridional velocity anomalies (unit: m/s) at 850 hPa averaged over
25–45◦ N, 105–120◦ E.
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Figure 4. Changes of the Eastern Asian summer monsoon index (EASMI) before and after the years of
volcanic eruptions with magnitudes of 25 Tg (red), 50 Tg (blue), and 100 Tg (green), respectively.

By comparing the three groups of sensitivity experiments, it was found that the intensity of EASM
weakening was the largest after 100 Tg volcanic eruptions, while the smallest was after the 25 Tg ones
(Figure 4). The 25 Tg volcanic eruptions led to EASM weakening for just two years (year-0 to year-1),
the persistent time of which was the shortest among the three sensitivity experiments. Also, in the first
two years after the 25 Tg volcanic eruptions, the northern wind anomalies were very weak and only
occurred over the north part of Eastern China, with southern wind anomalies still prevailing in the
southern part. This resulted in insignificant monsoon precipitation decreases (Figures S2–S4). At the
same time, the 50 Tg and 100 Tg volcanic sensitivity experiments demonstrated that the northwest
wind prevailed and the EASM weakening was sustained three and four years, respectively, after
volcanic eruptions, and did not rebound until the 4th and 5th year (Figure 4), due to the anticyclone
anomalies in the southeastern coast of China (Figures S3 and S4). The intensity of the EASM weakening
was strongly associated with the SLP gradients between Eastern China and the surrounding oceans
(Figure 5), which were stronger with the increased volcanic eruption magnitudes. This was consistent
with the precipitation changes after volcanic eruptions with different magnitudes (Figure 1).



Atmosphere 2020, 11, 210 8 of 14

Atmosphere 2020, 11, 210 8 of 14 

increased with the magnitudes of volcanic eruptions (i.e., ~0.27 °C after the 25 Tg volcanic eruptions, 
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hPa after 50 Tg volcanic eruptions (about twice the difference after the 25 Tg volcanic eruptions), and 
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Moreover, the increased land–sea SLP gradient only persisted for one year in all three groups of 
sensitivity experiments, and the increased land–sea temperature gradient persisted for one year, two 
years, and one year, respectively (Figure 5d–f). These indicated that the direct influences from 
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Figure 5. (a)–(c) The summer (May–September) surface temperature (unit: ◦C) in the year of volcanic
eruptions with magnitudes of 25 Tg, 50 Tg and 100 Tg, respectively. (d)–(f) The regional mean surface
temperature (SAT; green dashed line; unit: ◦C) over Eastern China (20–50◦ N, 90–120◦ E), the surface
temperature (SST; green solid line; unit: ◦C) over China’s eastern coastal area (20–50◦ N, 120–150◦ E),
the sea level pressure (SLP) anomalies over Eastern China (blue solid line; unit: hPa) and surrounding
oceans (blue dashed line; unit: hPa) in the volcanic sensitivity experiment with magnitudes of 25 Tg, 50
Tg and 100 Tg, respectively. The pink shaded area covers the time period when land-SLP is higher
than the ocean-SLP after a volcanic eruption. The yellow shaded area covers the time period when
decreases of the SAT are larger than decreases of the SST; * indicates that the result is significant based
on the Student t-test.
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3.2. Mechanisms behind the Evolution of Drought after Volcanic Eruptions with Different Magnitudes

3.2.1. Direct Influences of the Volcanic Eruptions on Droughts

To further explore the influences from volcanic eruptions on the EASM, we analyzed the anomalous
surface temperature and SLP over the ocean and land in the three groups of sensitivity experiments.
The results showed that the surface temperature decreased rapidly over both ocean and land, with faster
rates of temperature decreases over the land than the ocean due to the different thermal capacities
(Figure 5a–c). The magnitudes of temperature differences between land and sea increased with the
magnitudes of volcanic eruptions (i.e., ~0.27 ◦C after the 25 Tg volcanic eruptions, ~0.6 ◦C after the
50 Tg volcanic eruptions, and ~1.24 ◦C after the 100 Tg volcanic eruptions), and reached the largest in
the eruption years (Figure 5a–c).

The distinct thermal contrast between land and ocean induced SLP ingredients (Figure 5d–f),
and thus contributed to precipitation deficit over Eastern China. It was discovered that the largest SLP
difference between the land and the ocean was ~0.23 hPa after 25 Tg volcanic eruptions, ~0.54 hPa
after 50 Tg volcanic eruptions (about twice the difference after the 25 Tg volcanic eruptions), and ~0.88
hPa after 100 Tg volcanic eruptions (about four times the difference after the 25 Tg volcanic eruptions).
The SLP differences increased nearly linearly with the magnitudes of volcanic eruptions. Therefore,
the intensities of EASM weakening also increased with the magnitudes of volcanic eruptions due to
the variations of surface temperature, along with the changes of SLP.

Moreover, the increased land–sea SLP gradient only persisted for one year in all three groups
of sensitivity experiments, and the increased land–sea temperature gradient persisted for one year,
two years, and one year, respectively (Figure 5d–f). These indicated that the direct influences from
volcanic eruptions with different magnitudes mainly impacted the intensities of drought, but had small
influences on the duration of drought.

3.2.2. Indirect Influences of the Volcanic Eruptions on Droughts

In this section, the changes of the Sea Surface Temperature Anomalies (SSTA) and the West Pacific
Subtropical High (WPSH) after volcanic eruptions with the three categories of volcanic magnitudes are
explored, to deeply understand the indirect influences of volcanic eruptions with different magnitudes
on the droughts. Here, we used the 5820 hPa contour to represent the climatological strength of WPSH.
Among all of the three groups of sensitivity experiments, the WPSH weakened and retreated to the
east immediately after eruptions, with the global SSTA decreased and EASM weakened (Figure 6a–c).
Several years after the volcanic eruptions, the WPSH recovered and extended back to the west, with
the SSTA along the eastern coast of China becoming warmer (Figure 6a–c). The variations of the
WPSH were highly correlated with the precipitation changes (Figure 6a–c), demonstrating that volcanic
eruptions can indirectly influence the persistence of droughts over Eastern China through influencing
the recovery rates of the WPSH.

After the 25 Tg volcanic eruptions, the magnitudes of the WPSH weakening and the eastward
retreat were the smallest, and the recovery rate of the WPSH was the fastest (Figure 6a, Figure S5a–h).
It took three years for the WPSH to return to normal, and the negative SSTA in the eastern coast
of China (Figure 6a), which was the smallest in all three groups of experiments (~–0.27 ◦C for the
mean across three years after eruptions), persisted for three years as well. Moreover, there existed no
significant positive correlations between the WPSH changes and precipitation changes, indicating that
the magnitudes of volcanic eruptions were too small to induce significant WPSH changes.

In the 50 Tg volcanic eruption experiment, the WPSH retreated on the eruption year and recovered
in the sixth year after volcanic eruptions, with the weakened WPSH persisting for five years (Figure 6b
and Figure S6a–h). The corresponding SSTA along the eastern coast of China significantly decreased for
five years, and the magnitudes of SSTA were about –0.44 ◦C, averaged across five years after eruptions
(Figure 6b). The changes of the SSTA, WPSH, and precipitation were consistent, with significant
positive correlation coefficients among them.
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In the sensitivity experiment of 100 Tg volcanic eruptions, the WPSH returned to normal in
the seventh year after the volcanic eruptions, and the weakening of WPSH persisted for six years
(Figure 6c and Figure S7a–h). The corresponding negative SSTA along the eastern coastal areas of
China persisted for seven years as well, with significant SSTA appearing in the first five years after
eruptions. The magnitude of SSTA were about –0.66 ◦C averaged across the first four years of the
eruptions (Figure 6c), which was larger than the results in the 50 Tg volcanic eruption experiments.

In brief, the intensity of the WPSH weakening and its recovery rates were different after volcanic
eruptions with different magnitudes, and thus led to different durations of the droughts. Larger volcanic
eruptions usually result in larger WPSH retreats and slower recovery rates, and thus contribute to the
longer persistence of the drought conditions, and vice versa.
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Figure 6. (a)–(c) The superposed echo analyses of precipitation anomalies (bar, left y-axis, unit: mm/day)
in Eastern China, summer SST anomalies over the northwestern Pacific key region (123◦ E–150◦ E,
15◦ N–30◦ N; black line, right y-axis, unit: ◦C; Figure S8), variations of WPSH’s west ridge point
(pink asterisk), grid number anomaly that is covered by WPSH (yellow line) from the volcanic forcing
sensitivity experiments with volcanic eruptions of 25 Tg, 50 Tg and 100 Tg, respectively.

4. Conclusions and Discussions

In this study, the influences of volcanic eruptions with three categories of magnitudes on persistent
droughts over Eastern China were investigated and the corresponding physical mechanisms were
then explored. Major conclusions are summarized as follows: Firstly, after the volcanic eruptions
with a magnitude of 25 Tg, the responses of regional precipitation to the volcanism were insignificant.
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A drought triggered by internal climate variability can be prolonged and intensified if the magnitude
of volcanic eruptions reaches 50 Tg and above. The drought was strong and persisted for nearly five
years after the 50 Tg volcanic eruption. After 100 Tg volcanic eruptions, the drought became much
more severe and persisted eight more years. Both the persistence and intensities of extended droughts
increased along with the magnitudes of volcanic eruptions.

The extended droughts over Eastern China after the volcanic eruptions can be explained by the
weakening of the EASM. The intensity of extended droughts was influenced by the differences of
temperature anomalies as well as SLP anomalies over the land and the ocean due to the differences
between the land–sea thermal capacity. After volcanic eruptions with larger magnitudes, the intensified
land–sea thermal contrast directly led to faster and larger cooling over the land than the ocean, which
subsequently caused higher SLP and weaker EASM, and thus led to more severe drought events in
Eastern China. Moreover, the duration of extended droughts after volcanic eruptions was significantly
affected by the recovery rates of WPSH. The slower recovery rates of WPSH following larger volcanic
eruptions contributed to longer persistence of the extended droughts, and vice versa.

In this study, due to computational costs, only three groups of volcanic sensitivity experiments
with magnitudes of 25 Tg, 50 Tg, and 100 Tg were performed. As a consequence, the results did not
cover the full range of the influences from volcanic eruptions with all different magnitudes. In the
future, more groups of volcanic sensitivity experiments with different magnitudes and also more
drought cases in each group will be helpful to improve the findings of current study.

Another potential limitation of this study was the discrepancy of regional precipitation responses to
the volcanic eruptions between the proxy reconstructions and model simulations, which was discussed
in many previous studies [12]. The potential reasons for this discrepancy include complexities of
regional hydroclimate systems [39], inabilities of GCMs and corresponding implemented volcanic
forcing to fully represent the real impacts of volcanic eruptions [12,24]. Moreover, the influence of
volcanic eruptions with different magnitudes occurring in the middle and early phases of a drought
can be an interesting topic worthy of further studies in the future.

This paper, although it has some limitations, clearly demonstrates that volcanic eruptions that
occur in the late phase of a drought can prolong and intensify the drought when their magnitudes are
larger than 50 Tg. The severity of drought increases linearly with the magnitudes of volcanic eruptions.
These findings, to some extent, can improve the understanding of the interactions between internal
climate variability and volcanic eruptions, and also provide scientific basis for further studies.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4433/11/2/210/s1,
Figure S1: (a)–(b) The ensemble mean anomalies of annual (May to September) precipitation (unit: mm/day) at
the first two years of the volcanic eruption in the volcanic sensitivity experiments with the magnitudes of 25Tg.
(c)–(d) and (e)–(f) are similar to (a)–(b) but in volcanic sensitivity experiments with the magnitudes of 50Tg and
100Tg, respectively. Figure S2: (a)–(h) The ensemble mean anomalies of the summer (May to September) Sea Level
Pressure (SLP, unit: hPa) and 850-hPa wind field (unit: m/s) 7 years after the volcanic eruption in the 25Tg volcanic
sensitivity experiments. Figure S3: (a)–(h) The ensemble mean anomalies of the summer (May to September)
Sea Level Pressure (SLP, unit: hPa) and 850-hPa wind field (unit: m/s) 7 years after the volcanic eruption in the
50Tg volcanic sensitivity experiments. Figure S4: (a)–(h) The ensemble mean anomalies of the summer (May
to September) Sea Level Pressure (SLP, unit: hPa) and 850-hPa wind field (unit: m/s) 7 years after the volcanic
eruption in the 100Tg volcanic sensitivity experiments. Figure S5: (a)–(h) The ensemble mean global summer
(May to September) Sea Surface Temperature Anomaly (SSTA) (unit: ◦C) 7 years after the 25Tg volcanic sensitivity
experiments. The dots denote areas with confidence levels exceeding 95%. The yellow arrows are the anomalies of
summer (May to September) 850-hPa wind (unit: m/s). The red lines are the 500-hPa Geopotential Height contour
line (unit: gpm). The blue line is the climatology of the 500-hPa Geopotential Height. Year 0 is the eruption year.
Figure S6: (a)–(h) The ensemble mean global summer (May to September) Sea Surface Temperature Anomaly
(SSTA) (unit: ◦C) 7 years after the 50Tg volcanic sensitivity experiments. The dots denote areas with confidence
levels exceeding 95%. The yellow arrows are the anomalies of summer (May to September) 850-hPa wind (unit:
m/s). The red lines are the 500-hPa Geopotential Height contour line (unit: gpm). The blue line is the climatology
of the 500-hPa Geopotential Height. Figure S7: (a)–(h) The ensemble mean global summer (May to September)
Sea Surface Temperature Anomaly (SSTA) (unit: ◦C) 7 years after the 100Tg volcanic sensitivity experiments.
The dots denote areas with confidence levels exceeding 95%. The yellow arrows are the anomalies of summer
(May to September) 850-hPa wind (unit: m/s). The red lines are the 500-hPa Geopotential Height contour line
(unit: gpm). The blue line is the climatology of the 500-hPa Geopotential Height. Figure S8: The correlation
coefficients between the summer (MJJAS) precipitation over the Eastern China and SST in the control experiment.

http://www.mdpi.com/2073-4433/11/2/210/s1
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The stippling indicate the correlation coefficients are significant at 95% level. The region in black rectangle is 123◦
E–150◦ E, 15◦ N–30◦ N.
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