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ABSTRACT

The influence and mechanism of volcanic eruptions on decadal megadroughts over eastern China during

the last millennium were investigated using a control (CTRL) and five volcanic eruption sensitivity experi-

ments (VOLC) from the Community Earth System Model (CESM) Last Millennium Ensemble (LME) ar-

chive. The decadal megadroughts associated with the failures of the East Asian summer monsoon (EASM)

are associated with a meridional tripole of sea surface temperature anomalies (SSTAs) in the western Pacific

from the equator to high latitudes, suggestive of a decadal-scale internalmode of variability that emerges from

empirical orthogonal function (EOF) analysis. Composite analyses further showed that, on interannual time

scales, within a decade after an eruption the megadrought was first enhanced but then weakened, due to the

change from an El Niño state to a La Niña state. The impacts of volcanic eruptions on the magnitudes of

megadroughts are superposed on internal variability. Therefore, the evolution of decadal megadroughts

coinciding with strong volcanic eruptions demonstrate that the impacts of internal variability and external

forcing can combine to influence hydroclimate.

1. Introduction

Megadroughts have profound impacts on agriculture,

water resources, ecosystems, and the societal develop-

ment due to their long persistence and severe magnitudes

(Zheng et al. 2006; Cook et al. 2016; Yang et al. 2017a).

Much of our knowledge of megadroughts in the last

millennium comes from tree-ring-based reconstructions

of summer wetness and dryness, including the North

American Drought Atlas (NADA) (Cook et al. 2004),

Monsoon Asia Drought Atlas (MADA) (Cook et al.

2010), Old World Drought Atlas (OWDA) (E. R. Cook

et al. 2015), Mexican Drought Atlas (Stahle et al. 2016),

and Australia–New Zealand Drought Atlas (ANZDA)

(Palmer et al. 2015).

Due to increasing temperature, the occurrence risk of

megadroughts and other extreme events over some re-

gions is predicted to increase (Ning and Bradley 2015;

Ault et al. 2016; Stevenson et al. 2018). For example,

based on an empirical drought reconstruction and general

circulation models, B. I. Cook et al. (2015) indicated that

the American Southwest and Central Plains are expected

to experience increased drought severity in the coming

decades in response to future warming. Ault et al. (2014,

2016) also draw similar conclusions frommodel simulations

Denotes content that is immediately available upon publica-

tion as open access.

Supplemental information related to this paper is available at

the Journals Online website: https://doi.org/10.1175/JCLI-D-19-

0394.s1.

Corresponding author: Jian Liu, jliu@njnu.edu.cn

1 OCTOBER 2020 N I NG ET AL . 8195

DOI: 10.1175/JCLI-D-19-0394.1

� 2020 American Meteorological Society. For information regarding reuse of this content and general copyright information, consult the AMS Copyright
Policy (www.ametsoc.org/PUBSReuseLicenses).

Unauthenticated | Downloaded 08/28/22 02:52 AM UTC

https://doi.org/10.1175/JCLI-D-19-0394.s1
https://doi.org/10.1175/JCLI-D-19-0394.s1
mailto:jliu@njnu.edu.cn
http://www.ametsoc.org/PUBSReuseLicenses
http://www.ametsoc.org/PUBSReuseLicenses
http://www.ametsoc.org/PUBSReuseLicenses


and paleoclimate data. They suggest that the risk of mega-

drought over the United States will increase in the future,

bringing severe challenges to regional water resources.

For a more accurate assessment of the likelihood of

megadrought occurrence in the future, it is critical to

improve our understanding of the mechanisms that

trigger and maintain megadroughts. In general, mega-

droughts can be caused by internal climate variability in

the absence of external forcings. This can be seen in the

analysis of a 1000-sample linear inverse model based on

global sea surface temperature anomalies (SSTAs) and

self-calibrated Palmer index data over North America

(Ault et al. 2018). In comparison of a fully coupled

control run with an atmosphere-only run forced by the

SST climatology from the control, Stevenson et al.

(2015) also found that many decadal megadroughts over

the United States are caused by a combination of in-

ternal atmospheric variability and couplingwith the land

surface. In comparison of transient simulations forced

by external forcings and preindustrial control runs,

Coats et al. (2015) also suggested that the simulated

megadroughts are not forced by changes in the external

forcings.

Over eastern China, previous studies based on paleo-

proxy records (e.g., Yancheva et al. 2007; Zhang et al.

2008; D. Zheng et al. 2010) found that megadroughts

were associated with the weakening of the East Asian

summer monsoon (EASM). This mechanism is consis-

tent with the work of Cook et al. (2010), which further

finds that the weakening EASM is closely associated

with large-scale patterns of tropical Indo-Pacific SSTAs.

Yang et al. (2017a,b) also found that the PDO-like

SSTA pattern is important in modulating the decadal

variability of a north–south dipole pattern of precipita-

tion anomaly over eastern China, and this influence is

achieved through a large-scale cyclonic circulation pat-

tern in the lower troposphere over the entire northern

part of the North Pacific. Zhang and Zhou (2015) also

found that droughts in the recent decades over northern

China result from a weakening tendency of the EASM,

which is mainly induced by the PDO phase transition.

On the other hand, external forcings (e.g., volcanic

eruptions) can also influence the risk and persistence of

megadroughts over eastern China through alterations of

large-scale teleconnections (Ning et al. 2018; Stevenson

et al. 2018). For example, it has been suggested that

three exceptional drought events over eastern China

during the last five centuries might be triggered by large

volcanic eruptions, and then further amplified by El

Niño events (Shen et al. 2007). By comparing proxy data

and model simulations, Peng et al. (2014) indicated that

solar activitymay be the primary driver of the occurrences

of several megadroughts during the last millennium over

eastern China. Stevenson et al. (2016) found that the

Asian monsoon can be suppressed by both volcanic

eruptions and El Niño, which induce northeasterly wind

anomalies along the southeastern coast of China and

suppress convection over the equatorial western Pacific

due to a weaker Walker circulation, consistent with the

simulations fromMan et al. (2014). Ning et al. (2017) also

found that continuous volcanic eruptions can cause de-

cadal decreases of Asian summer monsoon precipitation

by inducing a negative AMO-like SSTA pattern and a

decadal El Niño–like SSTA pattern. Stevenson et al.

(2018) also indicate that volcanic influences droughts, in

part, by enhancing the AMO amplitude as well as

changing the teleconnections associated with both AMO

and ENSO.

Previous studies in both proxy reconstructions and

model simulations show that strong volcanic eruptions

can force significant El Niño events in the tropical

Pacific (e.g., Adams et al. 2003; Mann et al. 2005;

Stevenson et al. 2016; Lu et al. 2018). A recent study on

both proxy data and model simulations further suggests

that a significant La Niña state emerges in the second

year after strong tropical volcanic eruptions following

the El Niño conditions (Sun et al. 2019). Moreover,

volcanic eruptions play a key role in not only the phasing

and magnitude of AMO (e.g., Otterå et al. 2010;

Swingedouw et al. 2015; Stevenson et al. 2018), but also

the phasing of PDO, with the North Pacific entering the

negative PDO phase after an eruption and persisting for

several years (Wang et al. 2012). These previous studies

have focused on the response of the coupled atmosphere–

ocean system to volcanic eruptions across a range of time

scales over the Pacific. However, it has remained little

studied how the response in the Pacific further influences

megadroughts in eastern China.

In this study, we will focus on how volcanic eruptions

impact megadroughts in eastern China, in combination

with internal climate variability. We will study the fea-

tures at both decadal and interannual time scales (i.e.,

occurrence and evolution) for decadal megadroughts in

eastern China in response to strong volcanic eruptions,

and the associated mechanisms. In particular, we will

focus on the evolution of decadal megadroughts that

concur with strong volcanic eruptions. Our results

show that the megadrought can be caused by the

combined influences of both internal variability and

external forcings. The paper is arranged as follows.

Section 2 describes the data and methodology. The

influences of volcanic eruptions on megadroughts

over eastern China and corresponding mechanisms

are examined in section 3. Potential reasons for the

discrepancies between reconstructions and modeling

on monsoon responses to volcanic eruptions are
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discussed in section 4. Finally, a summary is given in

section 5.

2. Data and methodology

a. Reconstructed and model data

In this study, eastern China is defined as the area of

258–418N, 1058–1228E. This region is chosen to be con-

sistent with the reconstruction data, that is, the 10-yr

running mean regionally averaged dry–wet index of

Zheng et al. (2006). The dry–wet index was developed

from the annual drought/flood grade series of 48 sites

over eastern China that were reconstructed originally

based on climatic information from Chinese historical

documents and instrumental measurements (Zheng

et al. 2006). The dry–wet index is a normalized time

series of annual resolution in the period 501–2000,

and can be used to infer long-term changes in annual

precipitation (Zheng et al. 2006). During the over-

lapping coverage periods, the dry–wet index data were

compared with the following independent data: 1) in-

strumental observations of precipitation in Beijing

(1870–1950), Nanjing (1905–36), and Shanghai (1873–

1950), and reconstructed precipitation (1736–1950) in

the middle and lower reaches of the Yellow River de-

rived from snow and rainfall records in the archives of

the Qing Dynasty (Zheng et al. 2005); and 2) re-

constructed annual precipitation series at Nanjing,

Suzhou, and Hangzhou (Zhang and Wang 1989; Zhang

et al. 2005), as well as the precipitation series in the

mei-yu season over the lower reach of the Yangtze

River (Zhang and Wang 1991). Similar variability is

observed in the reconstruction as compared to each of

the independent datasets during the period of overlap.

This dry–wet index dataset has been widely used in

previous studies with the focus on the precipitation

changes in China during the last millennium (e.g., Ge

et al. 2007; Chen et al. 2010; Graham et al. 2011; Chu

et al. 2012; Ren et al. 2012; Chen et al. 2015). Besides

the dry–wet index, the MADA data (Cook et al. 2010)

are also used for verification of the definition of decadal

megadroughts in this study, and for quantification of

the characteristics of observed decadal megadroughts.

The simulations are derived from the CESM-LME

archive generated by the CESM Paleoclimate Working

Group at theNational Center forAtmospheric Research,

with ;28 resolution for the atmosphere and land com-

ponents and ;18 resolution in the ocean and sea ice

components (Otto-Bliesner et al. 2016). Because this

study mainly focuses on the influences from volcanic

eruptions, one control experiment (CTRL) and five vol-

canic eruption sensitivity experiments (VOLC) from the

CESM-LMEarchive extending from 850 to 1850 are used

herein. The VOLC experiments are forced by the same

volcanic forcing only. The volcanic forcing is based on the

transient time series of the volcanic sulfate aerosol re-

constructed from ice cores (Gao et al. 2008). The simu-

lated monthly sea level pressure (SLP) and u- and

y-component winds from both experiments are used to

represent the synoptic climate circulation patterns that

directly influence the decadal megadroughts over eastern

China, while the SSTs are used to examine the thermal

anomalies inducing the circulation patterns.

Through the comparisons with various observations

and reconstructions (e.g., coral proxy data, NADA,

MADA), previous studies (e.g., Otto-Bliesner et al.

2016; Stevenson et al. 2016, 2017, 2018) have shown that

the CESM model is able to reproduce reasonably well

ENSO and AMO variability during the last millennium

in their power spectra and patterns, the El Niño–like

response to large volcanic eruptions, and ENSO- and

AMO-associated teleconnections on global droughts.

CESM has also been widely used in the investigation of

the detailed mechanisms behind the ENSO and AMO

responses to large volcanic eruptions (e.g., Stevenson

et al. 2016; Sun et al. 2019).

b. Definition of decadal megadrought

There is no objective definition for a ‘‘megadrought.’’

Some definitions are based on soil moisture deficits,

while some others are based on precipitation deficits

(Meehl and Hu 2006). Because the reconstructed data

used in this study are precipitation data, we chose a

definition of megadrought based on sustained precipi-

tation deficits. Therefore, in this study, to focus on

decadal-scale megadroughts, the standardized regional

area-averaged precipitation anomalies are first low-pass

filtered with a 11-yr running mean, to be consistent with

the reconstruction data (Zheng et al. 2006). A mega-

drought is defined as a period in which precipitation

anomalies are, first, less than zero for at least 11 con-

secutive years and, second, less than one standard de-

viation for at least one year on the low-pass filtered data.

Similar definitions considering both duration and mag-

nitude thresholds were widely used in previous studies

(e.g., Ault et al. 2018; Stevenson et al. 2018).

3. Results

a. Reconstructed and simulated decadal

megadroughts

Figure 1a shows the time series of the reconstructed

dry–wet index and Palmer drought severity index

(PDSI) from the MADA data over eastern China with

decadal megadroughts marked in gray. During the
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period 850–1850, there are 18 decadal megadroughts

in the reconstructed dry–wet index. During the over-

lap period 1350–1850, there are four megadroughts

based on both dry–wet index and PDSI. The identified

decadal megadroughts from the dry–wet index are

consistent with Zheng et al. (2006), including several

severe droughts that might have influenced the Chinese

history significantly (e.g., the Ming Dynasty drought

around 1640). This indicates that the definition of decadal

megadroughts used in this study is robust.

Using the definition of megadrought established in

section 2b, in the period of 850–1850 the single CTRL

experiment has 18 megadroughts based on precipitation

and 16 megadroughts based on PDSI. These mega-

droughts are caused by internal climate variability, be-

cause there is no external forcing imposed. With the

volcanic forcing, the 5-member VOLC experiments

have 146 2.74megadroughts based on precipitation and

12.46 1.14megadroughts based on PDSI (Table 1). This

seems to suggest that the frequency of megadroughts is

reduced in theVOLC experiments than in CTRL.Given

the small sample size of the experiments and strong in-

ternal climate variability intrinsic to the climate system,

however, the difference of the frequency of the mega-

droughts need to be tested statistically. Here, this is

tested using a Monte Carlo approach with a 2000-

member simulation of red noise. Figures 2a and 2b

show one example of red noise, in both the time series

and power spectrum. Following the method from pre-

vious studies (e.g., Ault et al. 2014), the red noise here is

reconstructed from an autoregression process of the

same autocorrelation coefficient as the reconstructed

PDSI in its original annual resolution (r1 5 0.27). The

probability distribution produced by the 2000 red noise

shows a peak at 16 megadroughts during each period of

1000 years (Fig. 2c). Moreover, the PDF distribution

extends from about 9 to 22 megadroughts, with the 95%

and 90% confidence intervals at (11.43, 19.55) and

(12.07, 18.89), respectively. Therefore, the drought fre-

quencies in the single CTRL experiment, 2 (of 5) VOLC

experiments based on precipitation, and 2 (of 5) VOLC

experiments based on PDSI, are not significantly dif-

ferent from the red noise. However, the frequencies in

the other 3 (of 5) VOLC experiments based on precip-

itation (12 megadroughts), and the other 3 (of 5) VOLC

experiments based on PDSI (11 or 12 megadroughts; see

Fig. S2 in the online supplemental material), as well as

the frequency in the ensemble mean precipitation of all

5 VOLC experiments (12 megadroughts; see Fig. S1a),

are all below the 90% confidence interval based on red

noise Monte Carlo simulations. This suggests that, in

CESM, volcanic forcing alonemay reduce the frequency

of megadrought occurrences to be significantly lower

than the CTRL experiment, at the 90% significance

level. The Monte Carlo method has been widely used in

previous studies (e.g., Delworth and Zeng 2014). The

particular Monte Carlo method based on red noise time

series used in the current study is adapted from Ault

et al. (2014), which used a similar method to investigate

the megadrought occurrences over the U.S. Southwest

during the last millennium. Considering the underlying

continuum of hydroclimate and autocorrelations of the

drought indices due to the memory of surface moisture

(Ault et al. 2014), theMonte Carlo method using red noise

time series provides a more reasonable test of the

TABLE 1. The frequencies of the decadal megadroughts from the

reconstructions, the CTRL experiment, and the five VOLC

experiments.

Frequency

Frequency

based

on PDSI

Reconstruction 18 9 (1360–1850)

CTRL 18 14

VOLC_1 12 14

VOLC_2 17 13

VOLC_3 17 11

VOLC_4 12 12

VOLC_5 12 12

Average of VOLC

(standard deviation)

14 (2.74) 12.4 (1.14)

FIG. 1. The time series of the (a) standardized reconstructed dry–

wet index, (b) PDSI index, and (c) volcanic sulfate aerosol (red

lines; Tg) with decadal megadroughts highlighted in gray. The

black solid lines indicate the mean values. The green dashed lines

indicate 61 and 62 standard deviations.

8198 JOURNAL OF CL IMATE VOLUME 33

Unauthenticated | Downloaded 08/28/22 02:52 AM UTC



characteristics of megadroughts in previous studies (e.g.,

Coats et al. 2013; Stevenson et al. 2015; Ault et al. 2018).1

Detailed analyses on how volcanic eruptions influence

the decadal megadrought frequency and evolution will

be presented in section 3b.

b. Mechanism behind the decadal megadroughts

The composites of SSTA associated with the decadal

megadroughts in the CTRL experiment (Fig. 3a) show a

tripolar pattern with negative SSTA over the north-

western Pacific surrounded by positive SSTA from the

western tropical Pacific to high latitudes, resembling a

positive Pacific decadal oscillation (PDO) pattern with

some differences (e.g., an increase in the tropical zonal

SST gradient). This pattern is also found in a previous

study to be relevant to multidecadal megadroughts over

eastern China (Ning et al. 2019), indicating this SSTA

pattern could be a dominant driver of hydroclimate over

eastern China (Cook et al. 2016; Stevenson et al. 2018).

This is further confirmed by the composites of SSTA of

3-, 2-, and1-yrperiods leading themegadroughts (Figs. S3a–c),

which show that this SSTA pattern emerges before the oc-

currences of megadroughts.

The composite of SLP anomalies relevant to the

SSTA patterns show negative anomalies over the west-

ern tropical Pacific and northeastern Asia and positive

anomalies over eastern China (Fig. 3b). Consistent with

the SSTApattern, this SLP anomaly pattern also emerges

before the occurrences of megadroughts (Figs. S3d–f).

The 700-hPa wind anomalies corresponding to the SLP

anomalies show an anomalous cyclonic circulation over

the northwestern Pacific at about 198N, with northerly

wind anomalies over southeastern China during the

summer monsoon season (May–September) (Fig. 3c).

Following previous studies on the volcanic influence on

precipitation over eastern China (e.g., Anchukaitis et al.

2010; Man et al. 2014), we will here focus the analysis of

the Asian summer monsoon season, since eastern China

is a typical monsoon region. This indicates that a weak-

ening of the western North Pacific subtropical high

(WPSH) and also a failure of the EASM drives mega-

droughts in eastern China, as found in previous studies

(e.g., Cook et al. 2010).

Previous studies (e.g., Coats et al. 2015; Stevenson

et al. 2015) have suggested that the triggering of mega-

droughts can result from internal variability of the cli-

mate system, in addition to a response to external

forcings. This conclusion is confirmed by the EOF ana-

lyses on SSTA from the CTRL experiment with the

second EOF pattern resembling the SSTA patterns

relevant to the decadal megadroughts in Fig. 3a, with

strong loadings over the northwestern Pacific (08–308N,

1058–1308E) and western tropical Pacific (108S–108N,

1408E–1708W), as marked by rectangles in Fig. S4. The

occurrence of this pattern in the CTRL experiment

FIG. 2. (a) The samples of red noise time series used in the 2000-

memberMonteCarlo simulation, (b) spectraof the rednoise time series,

and (c) the corresponding probability distributions structured from red

noise time series (black) with the 90% confidence intervals marked as

yellow shaded area. In (c), the megadrought frequencies based on pre-

cipitationandPDSI inCTRLare shownas avertical green solid line (18)

and vertical orange solid line (14), and the megadrought frequencies

based on precipitation and PDSI in VOLC are shown as vertical red

dashed lines (12–17) and vertical blue dashed lines (11–14).

1We also performed the test with a white noise annual time se-

ries, with similar results. This occurs because the 11-yr running

mean leads to a significant reddening of a time series, even a white

noise (autocorrelation 0.91 on a white noise r1 5 0, compared with

0.95 on our red noise of r1 5 0.27). Therefore, the test results are

not very sensitive to the annual autocorrelation of the time series.
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indicates that the SSTA pattern relevant to the mega-

droughts over eastern China can result from internal

variability of the climate system. Similar patterns can be

found in the EOF analyses of the SSTA from each of the

fiveVOLC experiments, with the variances explained by

this EOF pattern around 11% in all the VOLC experi-

ments, close to the percentage (11.6%) in the CTRL

experiment (Table S1).

These EOF patterns are significantly correlated with

the time series of precipitation anomalies over eastern

China after 11-yr running averaging in both the

CTRL experiment and VOLC_1 experiment (p , 0.01)

(Figs. 4a,b), indicating that the decadal megadroughts

are relevant to the SSTA patterns with positive EOF

principal components (PCs). The results are similar in

all VOLC experiments (Table S1). When compositing

all the decadal megadroughts together, the PCs show

significant positive values during the megadrought pe-

riods in both the CTRL experiment and VOLC_1 ex-

periment (Figs. 4c,d). Moreover, when comparing the

FIG. 3. Composites of simulated ensemble-averaged (a),(d) SSTA (8C), (b),(e) SLP anomalies (hPa), and (c),(f) wind field anomalies at

700 hPa (m s21) of the Asian summer monsoon season associated with the megadroughts from the (left) CTRL and (right) VOLC

experiments. The rectangle in each panel shows the study region. Stippling indicates differences significant at the 95% level based on

Student’s t test.
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timing between reconstructed megadroughts (Fig. 1)

and simulated megadroughts (Figs. 4a,b), there are ob-

vious disagreements between the reconstruction and

each simulation, and between the CTRL experiment

and the VOLC experiments. This disagreement is also

consistent with a dominant internal variability, instead

of external forcings, as the triggering mechanism of the

megadroughts in the climate system (Coats et al. 2013),

unless the volcanic forcing is unrealistically implemented

in CESM, or that CESM unrealistically responds to this

forcing.

c. Influences from strong volcanic eruptions

We further examine how volcanic eruptions modulate

the frequency and evolution of the decadal megadroughts.

In this section, the 10 strongest volcanic eruptions during

the period 850–1850 are first selected, namely, 1167, 1227,

1258, 1275, 1284, 1452, 1600, 1783, 1809, and 1815 (Gao

et al. 2008). Then, the influences on regional precipitation

anomalies from the volcanic eruptions on interannual

scale and decadal scale are investigated through com-

posite analyses.

A composite of the precipitation anomalies after all

strong volcanic eruptions from the VOLC experiments

(Fig. 5a) show significant decreases over eastern China

at the year of eruptions and also the first year after

eruptions, which has been discussed in many previous

studies (e.g., Man et al. 2014). This is also consistent with

the dry conditions over eastern China after strong vol-

canic eruptions found in previous studies based on both

proxy data and model simulations, with smaller re-

sponses in the proxy data (Anchukaitis et al. 2010).

From the second year after the eruptions, negative

precipitation anomalies shift to positive anomalies with

significant anomalies at the third year. Then, the pre-

cipitation anomalies shift to significantly negative at the

FIG. 4. (a),(b) The time series of the simulated standardized precipitation (blue lines), PCs from EOF analyses (brown lines), and

volcanic sulfate aerosol (red lines; Tg) with decadal megadroughts highlighted in gray, and (c),(d) the composites of standardized pre-

cipitation (blue lines) and EOF PCs (brown lines) during the megadrought events, from the (top) CTRL and (bottom) VOLC_1 ex-

periments. In (a) and (b), the black solid lines indicate the mean values. The green dashed lines indicate the 61 and 62 standard

deviations. In (c) and (d), the open circles indicate the anomalies are significant at the 95% level from 0 based on Student’s t test.
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6th year, which ends at the 10th year after volcanic

eruptions.

This oscillation within the precipitation anomalies,

which we refer to hereinafter as a damping process, is

consistent with the evolution of PCs fromEOF analyses,

which show significant positive anomalies during the

first and second year after volcanic eruptions and then

significant negative anomalies during the third and

fourth year. During the 5th and 6th year, the PCs shift to

significant positive anomalies again, and this damping

process also ends around the 10th year after volcanic

eruptions.

To examine this evolution of SSTA and precipitation

anomalies in detail, the SSTA, SLP, and wind anomalies

at the year of eruptions and each year after eruptions are

shown in Figs. S5 and S6. From the evolution of the

SSTA (Fig. S5), we can see that there are negative SSTA

globally with larger anomalies over the northwestern

Pacific and eastern tropical Pacific during the years of

eruptions (Fig. S5b). During the first year after the

eruption, the magnitude of the negative SSTAs over the

northwestern Pacific continues to grow, while a strongEl

Niño appears over the eastern tropical Pacific (Fig. S5c).

The SSTA magnitude of this pattern decreases during the

second year after an eruption (Fig. S5d) and then shifts to a

strong La Niña state persisting from the third year to the

fifth year (Figs. S5e–g), similar tomultiyear LaNiña events

found in previous studies (DiNezio and Deser 2014;

Okumura et al. 2017). This ENSO phase transition is

influenced by the volcanic eruptions, as found in previous

studies based on proxy reconstructions (e.g., Adams et al.

2003; McGregor et al. 2010) and model simulations (e.g.,

McGregor and Timmermann 2011; Maher et al. 2015;

Wang et al. 2018; Sun et al. 2019), which all show a sig-

nificant increase of the probability of La Niña events fol-

lowing El Niño events after strong volcanic eruptions. The

mechanism behind this transition from an El Niño to La

Niña state in response to strong volcanic eruptions has

been investigated in detail in our previous study (Sun et al.

2019). After the fifth year, there is also a similar shift from

El Niño to LaNiña withmuch weaker SSTA (Figs. S5h–l).

The corresponding patterns of SLP anomalies and

700-hPa wind anomalies (Fig. S6) show a weakening

EASM with a negative SLP anomaly over the western

subtropical Pacific during an eruption year and the first

year after eruption (Figs. S6b,c). Then, the EASM is

strengthened with positive SLP anomalies over the

western subtropical Pacific (Figs. S6d–f) due to the

Kelvin wave–like propagation corresponding to the shift

from El Niño to La Niña (Fig. S5), consistent with pos-

itive precipitation anomalies during this period. From

the fifth year (Figs. S6h–l), another shift from weak

EASM to strong EASM appears and results in corre-

sponding changes of the precipitation anomalies.

Now, we discuss the physical mechanisms behind the

two damping processes. During the first damping pro-

cess occurring from year 1 to year 3, there is a strong El

FIG. 5. The changes of standardized precipitation (blue lines)

and PCs from EOF analyses (brown lines) after (a) all volcanic

eruptions and (b) volcanic eruptions coincided that with decadal

megadroughts. The open circles indicate the anomalies are signif-

icant at the 95% level from 0 based on Student’s t test. The solid

circles in (b) indicate the precipitation anomalies are significantly

different from precipitation anomalies during the decadal mega-

droughts at the 95% level based on Student’s t test.
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Niño occurring in the second year (Fig. S5d), inducing

an anomalous western North Pacific anticyclone

(WNPAC) as found in previous studies (Wang et al.

2000), which tends to enhance anomalous southerlies

over southern China and decrease anomalous north-

erlies over northern China (Fig. S6d), weakening the

drought event. In the third year, a LaNiña develops over

the central-eastern equatorial Pacific (Fig. S5e) and the

anomalous WNPAC is enhanced through the wind–

evaporation–SST feedback, which strengthens the

EASM through the anomalous southerlies (Fig. S5e)

(Wang et al. 2000). The second damping process hap-

pens after the sixth year. In this time, the equatorial

Pacific SST anomalies become much weaker than those

during the years 1 to 6 and there is also a similar tran-

sition from weak El Niño to weak La Niña (Figs. S5i–l),

which weakens the drought events after the sixth year.

Within all VOLC experiments, 10 volcanic eruptions

coincide with the megadroughts. The evolution of

precipitation anomalies during megadrought events is

similar to the evolution of ensemble mean precipitation

anomalies after all volcanic eruptions but with more

negative initial precipitation anomalies, indicating that these

features result fromacombinationof internal variability and

external volcanic eruptions. Another difference between

volcanic eruptions with and without megadroughts is that

the variance of the precipitation anomalies with mega-

droughts is larger (ranging from21.4 to 0.4) than for those

without megadroughts (ranging from20.6 to 0.4), which is

consistent with the larger magnitudes of the SSTA during

the eruptions with megadroughts (not shown).

After removing the direct influences of strong volca-

nic eruptions (defined as the global-averaged SSTA),

the structure of the SSTA patterns induced by the strong

volcanic eruptions partially resemble a negative PDO-

like pattern on the decadal time scale with contrasting

SSTA between the western tropical Pacific and north-

western Pacific (Fig. S7). This SSTA pattern favor

above-normal precipitation anomalies as inferred from

the relationships in Fig. 2 and Fig. S4. This is also con-

firmed by the low-pass filtered SSTAdifference between

the two key SST regions (black line in Fig. 6), that is, the

western tropical Pacific and northwestern Pacific, which

show negative values during the decade after volcanic

eruptions with significant values around the fourth year.

This SSTA pattern favors reduced megadrought risks

compared with the SSTA composite (Fig. 3) or EOF

patterns (Fig. S4) associated with the megadroughts.

This also explains why strong volcanic eruptions do not

induce decadal megadroughts, as there are fewer meg-

adroughts in the VOLC experiments than in the CTRL

experiment (Table 1). If the volcanic eruptions occur

during the megadroughts, these features persist despite

the volcanic influence because there are already suffi-

ciently severe drought conditions driven by internal

variability (Fig. 5).

To compare the simulations with the proxy recon-

struction, two strong volcanic eruptions coinciding with

megadroughts from the reconstructed PDSI index were

selected, namely the 1452 volcanic eruption and 1809

volcanic eruption (Fig. 1), and the corresponding evo-

lutions of the megadroughts are shown in Fig. 7. Similar

to the model simulations (Fig. 5b), the reconstructed

PDSI index also shows enhanced drought conditions

immediately after volcanic eruptions, then relief from

drought conditions, and then back to drought conditions

(Figs. 7a,b). Therefore, the megadrought evolutions af-

ter strong volcanic eruptions in the proxy reconstruction

are similar to those in the model simulations.

4. Discussion

Monsoon precipitation responses to volcanic erup-

tions and the underlying mechanism have been studied

through comparisons between proxy data and model

simulations in previous studies (e.g., Anchukaitis et al.

2010; Man and Zhou 2014; Zhuo et al. 2014). Generally,

proxy reconstructions and model simulations tend to agree

on the average sign of the monsoon response to large

eruptions, but discrepancies exist on the magnitudes of re-

sponses and over different regions (Anchukaitis et al. 2010).

One potential reason for these discrepancies is that

the hydroclimate system itself has a high degree of in-

ternal variability in both space and time, so that the

hydroclimate response to volcanic forcing is much more

spatially heterogeneous (Rao et al. 2017). These dis-

crepancies may also result from the inability of a GCM

to capture all of the important ocean–atmosphere dy-

namics responsible for the influences of explosive vol-

canism over monsoonal Asia, such as the transient

response to diffuse light conditions, the response of

monsoon circulation to short-term radiative cooling due

to volcanic aerosols, and the balance of radiative and

dynamical influences on the monsoon (Anchukaitis

et al. 2010). Another potential source of discrepancies

between proxy reconstructions and simulations is that

the implementation of the volcanic forcing in the GCMs

is unable to fully represent the realistic effects of vol-

canic eruptions (Man et al. 2014).

On decadal scales, responses of megadroughts to

volcanic eruptions in our results are consistent with

previous findings of a negative PDO-like pattern after

strong volcanic eruptions (Wang et al. 2012). However,

decadal variability of the EASM under external forcing

is weaker than observed, indicating that internal vari-

ability of the PDO may play a dominant role in decadal
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monsoon variability (Song et al. 2014). These discrep-

ancies, however, provide important and useful clues for

future improvements of the next generation of GCMs

(Anchukaitis et al. 2010).

5. Conclusions

The CTRL and five VOLC experiments from the

CESM-LME archive were used to examine the influ-

ences and mechanisms of volcanic eruptions on decadal

megadroughts over eastern China. The direct mecha-

nism for decadal megadroughts is the weakening of the

EASM, which results from a meridional tripolar SLP

pattern over eastern Asia and a meridional tripolar

SSTA pattern over the western Pacific. The SLP pattern

includes negative SLP anomalies over northeastern and

southeastern Asia, and positive anomalies over eastern

China. The SSTA pattern includes negative SSTA over

the northwestern Pacific stretching to the northern

Indian Ocean, surrounded by a horseshoe pattern of

positive SSTA. This SSTA pattern is an internal mode

of variability on decadal time scales that explains

approximately 11% of the variance in EOF analyses of

the model simulations.

On the interannual scale, the SSTAs show an El Niño

state on the first year after the eruption, shifting to a La

Niña state on the third year after eruption, with a second

oscillation of a weaker amplitude within the following

decade. The corresponding precipitation anomalies show

negative anomalies on the year of eruptions and the fol-

lowing year, but positive anomalies on the third year after

the eruptions. When coinciding with megadroughts, the

volcanic eruptions first exacerbate the megadroughts, but

FIG. 7. The evolutions of PDSI index (blue lines) after (a) the

1452 volcanic eruption and (b) the 1809 volcanic eruption that

coincided with decadal megadroughts. The open circles indicate

the anomalies are significant at the 95% level from 0 based on

Student’s t test. The solid circles in (b) indicate the precipitation

anomalies are significantly different from precipitation anomalies

during the decadal megadroughts at the 95% level based on

Student’s t test.

FIG. 6. The changes of SSTA over the western tropical Pacific

(green line), northwestern Pacific (red line), difference between

western tropical Pacific and northwestern Pacific (blue line), and its

low-pass filtered time series (black line) after all volcanic eruptions.

The open circles indicate the anomalies are significant at the 95%

level from 0 based on Student’s t test.
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then relieve the megadroughts. Therefore, for these fea-

tures to persist internal variability driving precipitation

decreases must be superposed on the volcanic influences.

This is also confirmed by analyses on the decadal

scale, which indicate that the SSTA pattern induced by

the volcanic eruptions does not favor the occurrence of

megadroughts, as the eruptions alter the contrast be-

tween SSTA in the western tropical and northwestern

Pacific. This helps to explain why the decadal mega-

drought frequencies seems to be reduced in three of five

(based on precipitation) and three of five (based on

PDSI) VOLC experiments, at the 90% confidence level

based on the red noise Monte Carlo simulations, while

the frequencies in the reconstruction and the CTRL

experiment are both within the 95% confidence intervals.

This study finds that volcanic eruptions have strong

impacts on the evolutions of decadal megadroughts

through the modulation of SST and circulation patterns.

Our work has important implications for the interpre-

tation of the mechanisms driving decadal megadroughts

over eastern China, and also for the direct and indirect

influences from volcanic eruptions. Meanwhile, notably,

CESM biases could result in some discrepancies when

compared with proxy reconstructions. These discrep-

ancies highlight the complexity of regional hydroclimate

responses to strong volcanic eruptions (Rao et al. 2017),

and also provide important clues for future refinement

of GCMs (Anchukaitis et al. 2010). Therefore, current

results will not only improve our understanding of re-

gional climate and predictability of future megadrought

risks, but also help support strategies for future water

resource management, agriculture planning, and socie-

tal and economic sustainable developments.

It is interesting to consider our study above in the

context of additional experiments. There are 14–19

megadroughts based on precipitation and 13–17 mega-

droughts based on PDSI in the ensemble of the 13 full

forcing experiments during the lastmillennium (Fig. S8),

which are both within the 90% confidence intervals. It is

therefore interesting that the megadrought frequencies

are consistent in the reconstruction, the CTRL experi-

ment, and the ensemble of the 13 full forcing experiments.

To be consistent with the reduction ofmegadroughts in the

VOL experiments, we speculate that the impacts of vol-

canic eruptions on the reduction of megadrought fre-

quency is canceled out by the collective impacts of all other

transient forcings. This speculation, however, remains to

be further studied in the future.
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