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Abstract Major volcanic eruptions (MVEs) have attracted increasing attention from the scientific community. Previous studies
have explored the climatic impact of MVEs over the past two millennia. However, proxy-based reconstructions and climate
model simulations indicate divergent responses of global and China’s regional climates to MVEs. Here, we used multiple data
from observations, reconstructions, simulations, and assimilations to summarize the historical facts of MVEs, the characteristics
and mechanisms of their climatic impact, and directions for future research. We reviewed volcanic datasets and determined
intensive MVE periods; these periods corresponded to the years 530–700, 1200‒1460, and 1600‒1840 CE. After tropical MVEs,
a substantial cooling effect is observed throughout the globe and China on the interannual-interdecadal time scales but an
inconsistent cooling magnitude is detected between reconstructions and simulations. In the first summer after tropical MVEs, a
decrease in global and monsoonal precipitation is observed. In reconstructions and simulations, an increased precipitation is seen
for the Yangtze River Basin, while large uncertainties in precipitation changes are present for other regions of China. Decadal
drought can be induced by frequent eruptions and volcanism superimposed on low solar irradiation and internal variability.
MVEs affect climate directly through the radiative effect and indirectly by modulating internal variability, such as the El Niño‒
Southern Oscillation (ENSO) and Atlantic Multidecadal Oscillation (AMO). However, changes in the phase, amplitude, and
periodicity of ENSO and AMO after MVEs and the associated mechanisms remain controversial, which could account for
model-reconstruction disagreements. Moreover, other internal variability, uncertainties in reconstruction methods and aerosol‒
climate models, and climate background may also induce model-reconstruction disagreements. Knowledge gaps and directions
for future research are also discussed.
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1. Introduction

On January 15, 2022, a violent undersea volcano eruption at
Hunga Tonga-Hunga Ha‘apai (HTHH; 20.57°S, 175.38°W),
an island country in the South Pacific, generated a strong
earthquake and tsunami. A volcanic cloud was formed ap-
proximately 57 km above sea level (Proud et al., 2022),
which discharged approximately 3.6 million tons of volca-
nic mineral particles and other substances into the atmo-
sphere, forming global-scale atmospheric waves (Wright et
al., 2022). In a manner that was distinct from other ex-
plosive eruptions, the HTHH erupted a large amount of
water vapor into the stratosphere (Millán et al., 2022), ac-
celerating the stratospheric aerosol formation (Zhu et al.,
2022) and changing the Antarctic Ozone, consequently af-
fecting Pacific sea surface temperature (SST) remotely
(Hartmann, 2022). This eruption is considered to be the
most violent volcanic eruption of the 21st century. The last
strong volcanic eruption was the Pinatubo eruption on June
15, 1991, with an intensity of 6, as measured using the
Volcanic Exploration Index (VEI). The HTHH had a VEI of
5 and was approximately 5.7% of the size of Pinatubo. In
this study, volcanic eruptions with a VEI >6 are considered
as major volcanic eruptions (MVEs). The climatic impact of
potential MVEs is of great concern to the international
community.
Volcanic eruptions are one of the most important external

forcing factors for the global climate system. An eruption
injects sulfate aerosols into the stratosphere, which are
formed through the reaction between sulfur dioxide (SO2)
and hydroxide (OH) or water vapor (H2O). The sulfate
aerosols decrease with a typical e-folding time of approxi-
mately 12‒14 months. Aerosols can perturb the global cli-
mate by scattering incoming solar radiation, resulting in
global surface cooling that may last for 2‒3 years (Robock,
2000). Recently, considerable progress has been made in
analyzing the radiative effects of volcanic aerosols and de-
termining the physics, microphysics, and chemistry of such
processes (Zanchettin et al., 2016). The Model Inter-com-
parison Project on the climatic response to volcanic forcing
(VolMIP) and the Interactive Stratospheric Aerosol Model
Inter-comparison Project (ISA-MIP) have contributed to the
sixth phase of the Coupled Model Intercomparison Project
(CMIP6) (Zanchettin et al., 2016; Timmreck et al., 2018).
These projects attempt to implement different climate mod-
els to simulate the volcanic impact on climate, constrain
interactive stratospheric aerosol models, and reduce un-
certainty in volcanic aerosol forcings. However, volcanic
forcing and volcanic climate effects simulated by the
CMIP5/6 models remain hindered by several uncertainties in
its implementation (IPCC, 2021).
Instrumental data are available for a limited number of

volcanic eruptions with small magnitudes; hence, the asso-

ciated volcanic climate impact signals are quite noisy
(Zanchettin et al., 2016). This necessitates a comprehensive
review of volcanic activity over a sufficiently historical
period (e.g., the past 2,000 years), ensuring a large sample
size. For example, over the past 2,000 years, 27 MVEs with
intensities exceeding that of the 1991 Pinatubo eruption have
been recorded (Sigl et al., 2015). Meanwhile, because global
warming causes a mean state change, further amplifying the
climatic effect of volcanism, we compared differences in the
impacts of volcanic eruptions on climate under cold and
warm climate backgrounds (Fasullo et al., 2017).
As a core project of the International Geosphere-Biosphere

Program (IGBP), Past Global Changes (PAGES) published
its scientific plan for the next ten years in 2009, proposing to
take the past 2,000 years as the main period to analyze cli-
matic and environmental evolution. Considerable progress
has been made in obtaining both climatic and volcanic re-
construction data, both of which provide opportunities for
analyzing the volcanic climate effect during the past
2,000 years. However, significant differences between un-
certainties associated with different reconstructions have
been detected. A previous study used simulations of the past
millennium in the Paleoclimate Model Intercomparison
Project 3 (PMIP3) and detected an overestimation of global
cooling for several years after MVEs and an underestimation
of centennial-scale variability in the climate models
(Ljungqvist et al., 2019). Moreover, scholars have generated
paleo-assimilation data using an assimilation algorithm that
combines proxy data and climate simulations (Steiger et al.,
2018). Despite the availability of a vast quantity of data, the
similarities and differences of the impacts of MVEs on cli-
mate reflected by different datasets remain unclear, particu-
larly for China’s regional climate and the climate system’s
main internal variability modes.
In the current research landscape, there is a lack of com-

prehensive studies that summarize changes in global and
Chinese climates, as well as the primary internal climate
modes following MVEs during the past 2,000 years. There-
fore, we utilized observation, reconstruction, simulation, and
assimilation data to address the following questions: (1)
What are the methods and data required to accurately re-
construct MVEs over the past two millennia, both globally
and specifically in China? (2) What are the temporal and
spatial characteristics of temperature and precipitation on
interannual-interdecadal time scales following MVEs, and
what are the main differences between different datasets? (3)
How is the response of the main internal climate modes to
MVEs, and what are the associated mechanisms? The in-
sights gained from this study will aid in providing a sys-
tematic assessment of the known effects of volcanic forcing
affecting past, present, and future climates, which is critical
for infrastructure planning, disaster mitigation, food security,
and water resource management.
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2. Historical facts of volcanic eruptions during
the Common Era

2.1 Volcanic forcings and reconstruction methods

The three widely-used volcanic reconstruction datasets dur-
ing the Common Era (CE) are Gao2008, Crowley2013, and
Sigl2015 (Gao et al., 2008; Crowley and Unterman, 2013;
Sigl et al., 2015), which are based on reconstructions from
ice cores obtained in the vicinity of both the North and South
Poles. However, some inconsistencies between the three sets
of volcanic forcing data have been detected. For example,
from Gao2008, the intensity of the Samalas eruption in 1258
CE is found to be approximately 57% and 31% higher than
those from Sigl2015 and Crowley2013, respectively. From
500 to 2000 CE, 132, 301, and 230 volcanic events were
detected in Gao2008, Crowley2013, and Sigl2015, respec-
tively.
These differences primarily originate from the original ice

core data, reconstruction methods, and judgment criteria
(Gao and Gao, 2021). In terms of ice core data, Gao2008
used 36 polar ice core records for reconstruction, with the
period of 500–2000 CE. Crowley2013 used 25 polar ice core
records for reconstruction, with the period of 800–2000 CE,
sharing the same data sources as Gao2008, except for the
Taylor dome. Sigl2015 used 22 ice core records from 15
drilling sites where the time coverage of ice core data is
relatively uniform, with the period of 500 BCE to 2000 CE.
In terms of methodology, Gao2008 identified volcanic sig-
nals based on more than twice the 31-year running median
absolute deviation, Crowley2013 extracted the signals from
each ice core using the point-by-point method, and Sigl2015
identified volcanic signals based on more than three times
the 31-year running median absolute deviation. Furthermore,
the calculation methods of sulfate deposition in these three
datasets were different.
Dating is the fundamental principle of ice core research.

Because some large volcanic events (VEI ≥5) over the past
several hundred years, such as the 1991 Pinatubo, 1963
Agung, 1815 Tambora, and 1257 CE Samalas eruptions
(Cole-Dai et al., 1997; Lavigne et al., 2013; Sigl et al., 2015),
have confirmed occurrence years and geographical locations,
they are widely used as volcanic marker horizons in ice core
chronologies. Given new materials, technologies, and
methods, scholars have recently traced the source of volcanic
signals, including the 431 CE Ilopango, 822 CE Katla, and
946 CE Changbaishan eruptions (Büntgen et al., 2017; Op-
penheimer et al., 2017; Smith et al., 2020). These additional
volcanic markers will further constrain the ice core chron-
ology. However, many “unknown volcanic eruptions” lack
clear geographical locations commonly found in the three
aforementioned datasets and the Global Volcanism Program
(GVP), including the 426 BCE, 536 CE, and 540 CE erup-
tions, as well as many eruptions with relatively weak in-

tensity (Figure 1). Moreover, the chronology and
geographical origins of some sulfur-rich volcanic signals,
such as the 1453/1458 CE Kuwae Volcano, remain disputed
(Gao et al., 2008; Crowley and Unterman, 2013; Sigl et al.,
2015). In the case of volcanic signals without identifiable
origins, all three constructions take the same approach,
which involves denoting them as tropical eruptions if signals
are registered in both poles and mid-to-high latitude erup-
tions over the corresponding hemisphere. For a tropical
eruption, a transfer function value of 1.0×109 km2 is applied
in both Gao2008 and Sigl2015 to convert the ice core vol-
canic deposition over Greenland and Antarctica into strato-
spheric sulfate aerosol loadings (Gao et al., 2008), which are
added together to obtain a global estimate. Similarly, for an
extratropical eruption, the transfer function value is set as
0.57×109 km2.
Given the aforementioned volcanic reconstructions, re-

searchers have further extended the time series of volcanic
reconstructions in time and space to force general circulation
models (GCMs). For example, the volcanic forcing dataset
recommended by PMIP4-CMIP6 for the past
1,000/2,000 years includes latitudinally and monthly re-
solved stratospheric aerosol optical depth, which is obtained
by spatiotemporal expansion of the Sigl2015 dataset using
the easy volcanic aerosol method (Toohey and Sigl, 2017).
The stratospheric transport scheme is calculated by referring
to satellite observations of the 1991 Pinatubo eruption.

2.2 Historical facts of volcanic activity

The Gao2008 and Crowley2013 datasets have been applied
to the last millennium transient simulations in PMIP3,
whereas the Sigl2015 dataset has been recommended for
PMIP4 (Jungclaus et al., 2017). During the past 2,000 years,
the numbers of tropical, Northern Hemisphere (NH), and
Southern Hemisphere (SH) volcanic eruptions were 62, 115,
and 56, respectively, and their intensities accounted for
61.7%, 30.5%, and 7.8% of cumulative volcanic forcing in
terms of radiative forcing from Sigl2015, respectively (Fig-
ure 1). The volcanic reconstructions indicated that intensive
MVEs occurred around the periods of 530–700, 1200–1460,
and 1600–1840 CE, which were cold epochs, i.e., the Dark
Ages Cold Period (DACP, approximately 500–700) and
Little Ice Age (LIA, approximately 1250–1800). The
quiescent periods occurred during the warm epochs, i.e., the
Roman Warm Period (approximately 0–200) and Medieval
Climate Anomaly (MCA, approximately 900–1100). For
example, the Sigl2015 dataset demonstrates that the average
global volcanic intensities are approximately 52.3, 48.5, and
51.9 W m−2 (100 yr)−1 during the periods of 530–700, 1200–
1460, and 1600–1840, respectively, which are remarkably
higher than that observed during the quiescent periods of 0–
200 and 900–1100, which were 18.7 and 27.0 Wm−2(100 yr)−1,
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respectively. The number of MVEs may contribute to the
formation of cold and warm epochs (Miller et al., 2012;
Brönnimann et al., 2019); however, the mechanism remains a
subject of debate.
According to the volcanic reconstructions, the confirmed

volcanic eruptions in China that occurred during the Holo-
cene are shown in Table 1. Six eruptions were observed, each
of which exhibited intensities exceeding a VEI of 2. The
most recent was the eruption of the Kunlun Volcanic Group
on May 27, 1951. The most active volcano in China is the
Changbaishan Volcano, which erupted at least seven times
during the Holocene. The largest eruption in China was the
Changbaishan eruption, which occurred in 946 CE, with a
VEI of 6. This eruption is also referred to as the “Millennium
Eruption” (Iacovino et al., 2016). The Changbaishan Volcano
possesses the greatest disaster potential among all Chinese
volcanoes, given that more than 1.6 million people reside
within 100 km of its vicinity. Moreover, in the global con-
text, countries surrounding China, such as Japan (83 times),
Indonesia (77 times), Russia (57 times), and the Philippines
(20 times), have experienced the most frequent volcanic
eruptions over the past two millennia (Figure 2).

3. Interannual-interdecadal climate response to
MVEs

3.1 Temperature

On the global scale, volcanic eruptions eject sulfate aerosols
into the stratosphere, which influence the energy balance of
the planet, substantially reducing the global mean surface
temperature and affecting large-scale atmospheric circula-
tion (Robock, 2000). For example, observations showed that
the global mean surface temperature decreased by 0.5°C one
year after the largest volcanic eruption of the past century,
the Pinatubo eruption in 1991. All reanalysis datasets
showed a similar spatial pattern of surface air temperature
(SAT) with a peak cooling of 0.1–0.15°C over latitudes of

60°S–60°N after the 1963, 1982, and 1991 eruptions.
However, divergent responses occurred in the polar regions
(Fujiwara et al., 2020).
To investigate the temporal change of global SAT after

MVEs, we used reconstructions and simulations. The global
mean temperature reconstructions were derived using seven
different statistical methods (Neukom et al., 2019). Climate
simulations included transient experiments in the past mil-
lennium using the BCC-CSM1-1, CCSM4, CSIRO-Mk3L-1-
2, FGOALS-s2, GISS-E2-R, HadCM3, IPSL-CM5A-LR,
MPI-ESM-P, MRI-CGCM3, MIROC-ES2L, and MRI-
ESM2-0 from the PMIP3/4 as well as the ensemble mean of
all-forcing experiments from the Community Earth System
Model-Last Millennium Ensemble (CESM-LME) (Jung-
claus et al., 2017; Otto-Bliesner et al., 2016). Reconstruc-
tions showed that extreme global cooling events occurred
after the 11 largest MVEs, particularly for years such as
1601, 1641, 1699, 1815, and 1457 CE. These rank among the
top 30 coldest years from 850 to 2000 (Figure 3b). Some
proxies also indicated that a particularly cold summer oc-
curred in Europe and the Arctic one year after the 1815
Tambora eruption, often referred to as the “year without a
summer”, leading to widespread famine and agricultural
failure in Europe (Luterbacher and Pfister, 2015). Climate
simulations reproduced the extreme cold events of 1601,
1641, 1699, 1815, and 1457 CE, which are attributable to
volcanic eruptions (Figure 3c). However, while simulations
identified 1259 as the coldest year following the Samalas
eruption, reconstructions only revealed moderate cooling.
Over China, many studies have discussed the temperature

changes after volcanic eruptions. We used observation, re-
construction, simulation, and assimilation data to compre-
hensively understand spatiotemporal changes in SAT over
China after MVEs. We used reconstruction data from
Ge2013, Shi2012, Cook2013, Shi2015, and Zhang2018 (Ge
et al., 2013; Shi et al., 2012; Cook et al., 2013; Shi et al.,
2015; Zhang et al., 2018). Ge2013 and Shi2012 are the an-
nual mean temperature reconstructions over China.

Figure 1 Latitude-time plot of stratospheric volcanic sulfur injections (Tg) from the Sigl2015 dataset during the past 2,500 years. Modified from Figure 6
in Sigl et al. (2022).
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Cook2013 and Shi2015 are the Jun‒Aug (JJA) mean tem-
perature reconstructions over East Asia and Asia, respec-
tively, while Zhang2018 denotes the warm season (May‒
Sep) East Asian temperature. Assimilation data included the
Paleo Hydrodynamics Data Assimilation product (PHYDA)
(Steiger et al., 2018).
First, we analyzed temporal variation in average SAT

across East Asia on the interannual time scale. We used
Cook2013 and PHYDA data due to their annual resolution
(Figure 4b). Cook2013 data showed that over the past

1,200 years, the 11 largest MVEs caused six extremely cold
summers, ranking among the top 50 coldest events in history.
In particular, eruptions in years such as 1234, 1819, and 1459
CE ranked as the first, fourth, and sixth coldest events, re-
spectively, which is similar to previous work on NH tem-
perature reconstructions (Schneider et al., 2017). PHYDA
data also showed a similar temperature response to MVEs
after 1600 CE. However, the 946 CE Changbaishan and 1721
CE Wudalianchi eruptions, which occurred in China, had no
significant impact on the temperature in China (Figure 4b). A

Figure 2 Distribution of volcanic events during the past two millennia according to the Global Volcanism Program dataset. The green, blue, orange, and
purple triangles represent the volcanic eruptions over Japan, Indonesia, Russia, and the Philippines, respectively, whereas the red triangles denote other
eruptions.

Table 1 Confirmed Holocene eruptions from volcanoes in China according to the Global Volcanism Program (GVP) dataset

Volcano name Location Population within
100 km Known eruption year VEI References

Arxan–Chaihe 47.45° N
120.8° E >0.1 million 0 ± 150 GVP

Changbaishan 41.98° N
128.08° E >1.6 million

2160 BCE ± 100
180 BCE ± 75

946 Nov
1668 Jun
1702 Jun
1898

1903 Apr

4
4
6
2

Wei et al., 2013; Iacovino et al., 2016;
Oppenheimer et al., 2017

Hainan Volcanic Field 19.905° N
110.229° E >6.2 million 1883

1933 Jun GVP

Jingpohu 44.08° N
128.83° E >2.3 million

3550 BCE
1540 BCE ± 150
520 BCE ± 100

GVP

Kunlun Volcanic Group 35.52° N
80.2° E >22 thousand 1951 May 27 2 GVP

Longgang Group 42.33° N
126.5° E >4.4 million 350 GVP

Tengchong Group 25.23° N
98.5° E >2.9 million 5750 BCE ± 1000 GVP

Wudalianchi 48.722° N
126.15° E >2.1 million 1721 Jun 3 Wei et al., 2013
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muted climatic response to the Changbaishan eruption was
also observed in NH or global temperature reconstructions
(Oppenheimer et al., 2017) (Figure 3b), and Greenland ice
cores only recorded a weak sulfate signal (Iacovino et al.,

2016). This may be related to the latitude and season of the
eruption. Stratospheric volcanic aerosols can be shorter-lived
following an eruption in mid-to-high latitudes (i.e., Chang-
baishan) compared to an eruption in the tropics. The

Figure 3 Time series of global surface air temperature (SAT) over the past millennium. (a) Reconstruction of global volcanic forcing (GVF, W m−2) (Sigl et
al., 2015). The asterisks mark the 11 largest MVEs and the 946 CE Changbaishan eruption. (b) Reconstructed surface temperature anomalies (°C) relative to
1961–1990 (Neukom et al., 2019). The shading indicates the range of seven reconstruction methods. The red circles denote the minimum values of
temperature anomalies within four years after the 11 largest MVEs and the 946 CE Changbaishan eruption. (c) Ensemble mean of annual mean SAT
anomalies (°C) from multi-model simulations (black line). The shading indicates the one standard deviation interval.

Figure 4 Time series of East Asian surface air temperature (SAT) over the past millennium. (a) Reconstruction of global volcanic forcing (GVF, W m−2)
(Sigl et al., 2015). The asterisks mark the 11 largest MVEs and the 946 CE Changbaishan eruption. (b) Reconstructed June to August (JJA) mean surface
temperature anomalies for East Asia (°C), relative to 1961–1990. The black line denotes the reconstruction of Cook2013, whereas the blue line denotes the
assimilation of the Paleo Hydrodynamics Data Assimilation product (PHYDA). The red circles denote the minimum values of temperature anomalies within
four years after the 11 largest MVEs and the 946 CE Changbaishan eruption. (c) Ensemble mean of five temperature reconstructions (°C) from Ge2013,
Shi2012, Cook2013, Shi2015, and Zhang2018. The yellow shading denotes the one standard deviation interval. (d) Ensemble mean of JJA mean temperature
anomalies (°C) over East Asia (20°–55°N, 70°–140°E) from 12 PMIP models. The green shading denotes the one standard deviation interval.
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Changbaishan eruption might erupt during the NH winter of
946 CE (Oppenheimer et al., 2017), when the removal of
stratospheric volcanic aerosols was enhanced in the Arctic
region. This could be attributed to strong subsidence in the
polar vortex during winter (Gao et al., 2008) and a higher
burden and residence time of SO2, causing less efficient
oxidation of SO2 to H2SO4, compared to a summertime
eruption (Schmidt et al., 2010).
To determine spatial variations in temperature after MVEs,

we used SAT data from the Climatic Research Unit (CRU)
(Brohan et al., 2006), Cook2013, climate simulations, and
PHYDA. During the period with instrumental data, large
volcanic eruptions occurred in 1963, 1982, and 1991. In the
first winter after these eruptions, superposed epoch analysis
showed that most parts of China experienced significant
cooling, with a range lower than −1°C (Figure 5a). The
multi-model ensemble results showed a significant decrease
in temperature only over northern China (Figure 5b). PHY-
DA data showed that temperature decreased significantly
over eastern and northwestern China, while anomalous
warming occurred over the Tibetan Plateau (Figure 5c). In
the first summer, CRU instrumental data indicated strong
cooling in central and northeastern China (Figure 5d);
however, modeling data indicated insignificant cooling over
China and PHYDA data showed moderate cooling between
observations and simulations (Figures 5d–5f). In the first
summer after the ten largest tropical MVEs between 850 and
1850 CE, Cook 2013 data showed significant cooling in most
parts of China except for the Yangtze River Basin and
southern China (Figure 5g). However, simulation data
showed consistent cooling across China, particularly on the
Tibetan Plateau (Ning et al., 2019), with a greater cooling
amplitude than that in reconstruction data (Figure 5h).
PHYDA data indicated a similar cooling amplitude to
Cook2013 data but with a cooling center in eastern China
(Figure 5i).
It should be noted that the intensities of the ten largest

tropical MVEs during 850–1850 CE were approximately 4.4
times greater than those of the three volcanic eruptions
during the instrumental period, but Cook2013 and PHYDA
data indicated that the amplitude of anomalous cooling in
China after the ten largest tropical MVEs was nearly iden-
tical to that after the three observed volcanic eruptions
(Figure 5d, 5f, 5g, 5i). Meanwhile, after the largest eruption
of the past 2000 years (i.e., the 1257 CE Samalas eruption),
no significant cooling was indicated in Cook2013 or PHY-
DA data (Figure 4b). For climate simulations, volcano-in-
duced cooling in China exhibited a significant linear
relationship with volcanic intensity (Figures 4d and 5b, 5e,
5h), which was overestimated compared with that in re-
constructions. However, after three observed volcanic
eruptions, the simulated cooling in winter and summer in
China was significantly underestimated compared with in-

strumental data (Figures 5a‒5f).
We inferred that inconsistencies between observed, re-

constructed, and simulated temperature responses to MVEs
may have the following explanations: (1) MVEs do not cause
globally or regionally uniform cooling, and internal varia-
bility may affect the signal and magnitude of temperature
anomalies (Cook et al., 2013). For the regional temperature
response to volcanic forcing on the interannual time scale,
two major delayed climate factors are the El Niño-Southern
Oscillation (ENSO) and the North Atlantic Oscillation
(NAO) (Xing et al., 2020). These two modes can sig-
nificantly modulate temperature in China through atmo-
spheric teleconnection, particularly boreal winter
temperature. Comparison between reconstructions with large
sample sizes and three observed volcanic eruptions should be
done carefully because interannual variability may dominate
for the latter. Numerical models also encounter problems in
simulating these delayed responses (Xing et al., 2020). (2)
There may be some uncertainty in the reconstructed data,
such as reduced sensitivity to cooling in trees that grow near
the tree line (Mann et al., 2012). (3) There is also a large
uncertainty associated with estimated volcanic forcing
(Toohey and Sigl, 2017), climate model stratospheric
chemistry, and microphysical processes (Stoffel et al., 2015;
Zanchettin et al., 2016). (4) The climate background during
850–1850 CE was different from that in the modern warm
period, and volcano-induced cooling effects may be stronger
in a warmer climate (Fasullo et al., 2017).
To detect volcanic impacts on the interdecadal variation of

temperature in China, we used the ensemble mean of five
temperature reconstructions from Ge2013, Shi2012,
Cook2013, Shi2015, and Zhang2018 (Figure 4c). We de-
termined that MVEs induced significant cooling at 1815–
1825, 1645–1655, 1695–1705, and 1455–1465 CE, which
ranked as the first, third, seventh, and ninth coldest decades
over the past 1,200 years, respectively. MVEs frequently
occurred during these four cold decades. Using NH multi-
proxy records, previous studies have also observed similar
trends where the coldest decades follow clusters of MVEs,
particularly for the middle of the fifteenth and seventeenth
centuries and early nineteenth century (Sigl et al., 2015); this
finding is also reflected in modeling results (Figure 4d).
Overall, data showed significant cooling throughout the

globe and China several years after MVEs and interdecadal-
scale cold events in NH and China when major and suc-
cessive moderate volcanoes erupted. However, there is a
large spread of magnitude of cooling between different data.
Reconstructions. The reconstructions and assimilations
showed that the magnitude of cooling is not completely
consistent with the intensity of MVEs, but the magnitude of
cooling simulated by PMIP models has a significant linear
relationship with volcanic intensity, which is overestimated
compared with that in reconstructions. This model-data
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disagreement could be caused by internal variability and
uncertainties in the reconstructed methods and aerosol–cli-
mate model and climate background.

3.2 Precipitation

On a global scale, a decrease in global and monsoonal pre-
cipitation after MVEs was observed (Iles et al., 2013; Liu et
al., 2016). Specifically, using instrumental data and CMIP5
historical runs, several scholars determined that global pre-
cipitation, atmospheric humidity, and monsoonal precipita-
tion were reduced after four large volcanic eruptions from
the 1960s onward (Paik and Min, 2017). Based on re-
constructions and simulations over the past millennium,
volcanic eruptions tend to decrease monsoonal precipitation
in the hemisphere in which they occur while enhancing
monsoonal precipitation in the opposing hemisphere (Liu et
al., 2016; Zuo et al., 2019). Tropical volcanic eruptions re-
duce tropical monsoonal precipitation mainly by reducing
atmospheric humidity and land-sea thermal contrast. How-
ever, modeling results usually underestimate global pre-

cipitation reduction (Tejedor et al., 2021) and have
uncertainties in the spatial distribution of precipitation after
MVEs, which may be related to divergent ENSO responses,
the pre-eruption climate background, and the season of
eruption. (Stevenson et al., 2017; Sun et al., 2019b; Paik et
al., 2020).
The mechanism of the change in precipitation in China

after tropical MVEs is controversial. A popular view is that
tropical MVEs weaken the East Asian summer monsoon
(EASM) and precipitation in eastern China, inducing
droughts (Peng et al., 2010; Man et al., 2014; Chen et al.,
2020). This conclusion is mainly based on model simulations
and reconstructed dry-wet indices in eastern China (Zheng et
al., 2006). The Tree-ring-based Palmer Drought Severity
Index reconstructions also showed that after the 1815 CE
eruption, a drought occurred across most of China, whereas a
wet condition occurred over the Yangtze River Basin (Gao et
al., 2017). Furthermore, the assimilation data indicated that
substantial droughts have occurred in north and northwest
China in 1–4 years after tropical volcanic eruptions during
the past millennium (Tejedor et al., 2021). Previous studies

Figure 5 SAT response after tropical MVEs. ((a)–(c)) Superposed epoch analysis (SEA) of temperature anomalies in the first winter after the 1963, 1982,
and 1991 eruptions based on datasets of the Climatic Research Unit, 12 PMIP models, and PHYDA. ((d)–(f)) Same as ((a)–(c)), but for the first summer. ((g)–
(i)) SEA of temperature anomalies in the first summer after the ten largest tropical MVEs during the period of 850–1850 CE, based on datasets of Cook2013,
12 PMIP models, and PHYDA. The SCS represents the South China Sea. The anomalies are calculated by removing the mean of the five years before the
eruption. The dotted areas exceed 95% confidence levels based on bootstrap resampling (n=10,000).
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showed that volcano-induced cooling led to a weakened
summer land-sea thermal contrast, which in turn weakened
the EASM. Simultaneously, a reduced atmospheric moisture
content and soil moisture feedback further reduced the
EASM precipitation (Chen et al., 2022b).
An alternative explanation is that the EASM precipitation

is enhanced after tropical MVEs, modulated by a volcano-
induced El Niño (Liu et al., 2022a). Using three well-known
precipitation reconstructions (Feng et al., 2013; Shi et al.,
2017, 2018), Liu et al. (2022a) found a marked increase in
precipitation over the Yangtze River Basin and northeast
China, accompanied by decreased precipitation over the
Philippines and Indo-China Peninsula after 22 tropical vol-
canic eruptions during the period of 1470–1999 CE. This
pattern resembles the observed precipitation anomaly pattern
in summer following the mature stage of El Niño (Zhang et
al., 1996; Wang et al., 2000). Several scholars also observed
a meridional dipole pattern with a wetter Yangtze–Huaihe
river valley and drier southern China after 13 large tropical
eruptions over the past 500 years (Gao and Gao, 2018).
To comprehensively understand the response of pre-

cipitation in China to tropical MVEs, we examined the ob-
served precipitation from the Global Precipitation
Climatology Centre (GPCC) (Schneider et al., 2014), re-
constructed precipitation from the Shi2018 reconstruction,
PMIP multi-model simulations, and PHYDA over the past
five centuries. In the first summer after three observed
eruptions (i.e., 1963, 1982, and 1991), precipitation in-

creased in south and northeast China but decreased to the
north of the Great Khingan Mountains and in the south and
southeast Asia (Figure 6a). By contrast, the climate models
reveal a weak dry condition over south China, the southern
Tibetan Plateau, and south Asia (Figure 6b), whereas PHY-
DA shows a strong wet center over northwestern China
(Figure 6c).
In the first summer after the five largest tropical MVEs in

the period of 1470–1850 CE, the reconstructions show wet
conditions over the Yangtze River Basin, northeast China,
and the southern Tibetan Plateau (Figure 6d), which is si-
milar to an enhanced EASM precipitation pattern. The
modeling data indicate a decrease in precipitation over
northern China and the southern Tibetan Plateau and an in-
crease over the Yangtze River Basin (Figure 6e). The pre-
cipitation anomaly pattern in PHYDA is similar to the
modeling results but with stronger magnitude (Figure 6f).
Thus, although the reconstruction, simulation, and assim-
ilation data indicate an increase in precipitation over the
Yangtze River Basin after tropical MVEs, they reveal a di-
vergent response over other regions, such as north and
northeast China and the southern Tibetan Plateau.
Volcanic eruptions can also contribute to decadal droughts.

First, successive volcanic eruptions may induce decadal
droughts. Observations showed that Asian summer monsoon
precipitation was considerably weaker during the periods of
1901–1935 and 1963–1993, when volcanic activity was
more frequent, compared with that during the inactive vol-

Figure 6 Precipitation response after tropical MVEs. ((a)–(c)) SEA of precipitation anomalies in the first summer after the 1963, 1982, and 1991 eruptions,
based on datasets of the Global Precipitation Climatology Center, 12 PMIP models, and PHYDA. ((d)–(f)) SEA of precipitation anomalies in the first summer
after the five largest tropical MVEs during the period of 1470–1850 CE, based on the datasets of Shi2018, 12 PMIP models, and PHYDA. The SCS
represents the South China Sea. The anomalies are calculated by removing the mean of five years before the eruption. The dotted areas exceed 95%
confidence levels based on bootstrap resampling (n=10,000). In PHYDA, the results correspond to the standardized precipitation evapotranspiration index
(SPEI).
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canic period of 1936–1962 (Ning et al., 2017). Proxy data
showed that under the 536, 540, and 547 CE eruptions, the
NH experienced substantial decadal cooling and drought,
which is considered one of the triggers for the DACP
(Büntgen et al., 2016). Similarly, at the end of the LIA (ap-
proximately 1800s–1840s), a sequence of large eruptions
continuously weakened the global monsoon (Brönnimann et
al., 2019). Second, the combination of volcanism and other
external forcings can also cause decadal droughts. Using the
reconstructed dry-wet index of northern China (Zheng et al.,
2006), scholars selected five periods of strongest decadal
megadroughts (i.e., 1146–1155, 1240–1249, 1483–1492,
1578–1587, and 1634–1643 CE) and found similar decadal
dry conditions over North America and Europe (Bai et al.,
2019). Nine PMIP3 past millennium simulations also show
this phenomenon, caused by both strong volcanic eruptions
and weak solar irradiation. Furthermore, the superimposition
of internal variability and volcanism can aggravate decadal
droughts (Ning et al., 2020). The late Ming Dynasty mega-
drought (1637–1643) was probably triggered by internal
variability; meanwhile, the 1641 Parker eruption extended
the drought (Chen et al., 2020; 2022b). Thus, continuous
volcanic eruptions, the combined effect of volcanism and
low solar irradiation, and internal variability superimposed
on volcanism may cause decadal droughts, which may, in
turn, contribute to famine, wars, and social unrest (Büntgen
et al., 2016; Hao et al., 2020; Gao et al., 2021).
In general, in the first summer after tropical MVEs, a de-

crease in global and monsoonal precipitation and an increase
in precipitation over the Yangtze River Basin occurred.
Frequent volcanic eruptions, volcanism superimposed on
low solar irradiation, and internal variability superimposed
on volcanism may cause decadal droughts over NHmonsoon
regions and eastern China. Divergent responses are found
over north and northeast China and the southern Tibetan
Plateau using different data, indicating that the impact of
MVEs on regional precipitation (i.e., China) is complex. In
particular, large uncertainty is a likely consequence of di-
verse internal climate modes’ response and feedback to
MVEs.

4. Main internal climate modes response to
MVEs

4.1 El Niño–Southern Oscillation

The ENSO is one of the most important sources of internal
variability in the climate system on the interannual time
scale. During the twentieth century, instrumental data
showed that although El Niño occurred after the 1982 El
Chichón and the 1991 Pinatubo eruptions, these eruptions
occurred during the ongoing development of El Niño, in-
dicating a more coincidental relationship (McGregor and

Timmermann, 2011). Because of a lack of tropical MVEs
during the instrumental period, the response of ENSO to
volcanic eruptions remains a subject of debate.
One view is that an El Niño event occurs after a large

tropical volcanic eruption. This view has been put forward
on the basis of tree rings and other reconstructed data from
the past millennium (Adams et al., 2003; Li et al., 2013).
Climate models also showed that tropical MVEs con-
siderably increase the probability of an El Niño event
(Emile-Geay et al., 2008; Liu et al., 2018a), and the fol-
lowing potential triggering mechanisms have been proposed:
(1) Tropical MVEs cause the tropical land mass to be colder
than equatorial Pacific SST, leading to a land-sea thermal
contrast over Maritime Continent and anomalous equatorial
westerlies (Ohba et al., 2013). (2) Tropical MVEs induce a
zonal SST gradient over the equatorial Pacific through the
ocean thermostat (Clement et al., 1996). (3) Tropical MVEs
enhance the equatorial westerly anomalies in the western
Pacific by causing land cooling, which weakens the monsoon
(e.g., North African monsoon) and excites the atmospheric
Kelvin wave (Khodri et al., 2017; Liu et al., 2022b). Most
models can simulate monsoon suppression-induced equa-
torial westerly wind anomalies (Chai et al., 2020), which
could result in the development of El Niño (Chen et al.,
2015).
Supported by this view of volcano-induced El Niño events,

some scholars have determined that tropical MVEs affect the
global climate through El Niño-related atmospheric tele-
connection. The decay of a tropical MVE-induced El Niño
event can be stronger than that of a nonvolcanic El Niño
event (Sun et al., 2019a), inducing an anomalous western
North Pacific anticyclone (WNPAC) (Zhang et al., 1996;
Wang et al., 2000), which transports moisture to the Yangtze
River Basin via anomalous southwesterly winds (Liu et al.,
2022a). In the second year following a tropical MVE, a
significant La Niña-like state has been shown to occur (Sun
et al., 2019a), contributing to the enhancement of the East
Asian winter monsoon and cooling over China. Meanwhile,
under tropical MVEs, the enhanced ENSO frequency can
further strengthen the coupling of ENSO and the Indian
monsoon during years +1 to +4 (Singh et al., 2020). The
PHYDA data also reveal significant dry conditions over
Central Asia and tropical Africa after tropical MVEs, which
persist for >4 years (Tejedor et al., 2021). However, GCMs
produce a weak and less persistent regional response, the
origins of which can be traced to divergent ENSO responses,
structural components of models, and inaccurate estimates of
volcanic forcing across different simulations (Tejedor et al.,
2021).
An alternative view is that no clear El Niño event occurred

after tropical MVEs. On the basis of the long and high-
resolution coral δ18O records from Palmyra Island over the
central tropical Pacific, Dee et al. (2020) observed an in-
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significant El-Niño-like response to tropical MVEs over the
past millennium. In particular, the δ18O values of Palmyra
corals were insensitive to the 1257 CE Samalas mega erup-
tion. Furthermore, Zhu et al. (2022) used the data assimila-
tion algorithm of the Last Millennium Reanalysis (LMR) to
assimilate coral records (Dee et al., 2020) and tree rings (Li
et al., 2013), both separately and together, which revealed
only a weak relationship between El Niño and tropical
MVEs. These studies showed that the strong tropical MVE-
ENSO relationship revealed by tree-ring records is not robust
because midlatitude tree-ring data are mixed with ENSO-
teleconnection signals and local changes in temperature and
precipitation. Moreover, some GCMs show no significant
warming over the equatorial eastern Pacific after tropical
MVEs, supporting the view of a weak tropical MVE-ENSO
relationship (McGregor and Timmermann, 2011). However,
this view has been called into question. Robock (2020)
proposed that the coral records in the tropical central Pacific
only reflect the actual local SST and not the SST change
relative to the rest of the tropics (i.e., relative SST) because
the entire tropical SST decreases following tropical MVEs,
which can offset the El Niño warming.
Thus, based on the tree-ring and climate modeling data,

tropical MVEs can induce an El Niño event over the past
millennium. Subsequently, El Niño decays rapidly, which
causes WNPAC and increases the summer precipitation over
the Yangtze River Basin. Alternatively, the coral δ18O re-
cords over the central tropical Pacific indicate no significant
El Niño response to tropical MVEs.

4.2 Atlantic Multidecadal Oscillation

The Atlantic Multidecadal Oscillation (AMO) considerably
impacts interdecadal changes in both global and Chinese
climates (Zhang et al., 2019). Instrumental data revealed the
existence of a negative phase of AMO during the active
volcanic periods of 1901–1935 and 1963–1993, while a
positive phase of AMO existed during the inactive volcanic
period of 1936–1962, which in turn affected the Asian and
global monsoon (Ning et al., 2017). With the climate model
simulations, previous studies proposed that volcanic and
anthropogenic aerosols are the primary reasons for the AMO
phase (Otterå et al., 2010; Booth et al., 2019). However, this
contradicts the conventional view that the AMO is controlled
by internal variability (Clement et al., 2015; Zhang et al.,
2019). Currently, the relative contributions of external for-
cing and internal variability to the AMO remain con-
troversial.
In order to gain a deeper understanding of the influence of

external forcing (volcanic eruption) on the AMO, we focused
on the period spanning the past two millennia, during which
human activities had minimal effects. Some reconstructed
AMO indices indicate negative AMO anomalies during the

decade following MVEs (Wang et al., 2017). Using the re-
construction, assimilation, and simulation data, scholars
found that when the total sulfate aerosol loading of a tropical
volcanic eruption was >30 Tg, a significant negative AMO
phase occurred, regardless of the initial conditions before the
eruption (Chen et al., 2022a). In particular, during the LIA,
the reconstruction data showed an evident quasi-60-year
cycle in the AMO (Mann et al., 2009; Lapointe et al., 2020)
(Figure 7). Meanwhile, the intensity of volcanic activity was
strong and frequent, with a 50‒70-year cycle. By comparing
the assimilation data with the PMIP3/4 all-forcing, control,
and volcanic forcing experiments, the internal mode of the
AMO is determined to be a 40-year cycle, and volcanic ac-
tivity forcing could extend the AMO periodicity to
50–70 years (Mann et al., 2021; Dai et al., 2022) (Figure 7).
However, the common AMO definition (i.e., SST over the
North Atlantic) may include the global cooling background
affected by volcanism, rather than the variability of the
AMO. After removing the global cooling background, the
impact of volcanism on the AMO is significantly weakened
(Michel et al., 2022). This method may also excessively
eliminate the contribution of external forcing, which remains
controversial.
Changes in the phase, intensity, and periodicity of the

AMO under the influence of MVEs may further affect the
climate. Some simulation data have revealed that the re-
lationship between the North Pacific Ocean and the North
Atlantic Ocean is closer after MVEs (Zanchettin et al.,
2012). The comparison of the reconstruction, assimilation,
and simulation data showed that the 50‒70-year AMO
variability may affect the Pacific Ocean through atmospheric
processes, resulting in multi-decadal (i.e., 50–70 years) Pa-
cific Decadal Oscillation (PDO)-like variability during the
LIA (Sun et al., 2022). At the end of the LIA (i.e., the first
half of the 19th century), frequent large volcanic eruptions
may have caused a negative AMO phase (Knudsen et al.,
2014), further weakening the Afro-Asian summer monsoon
and decreasing the East Asian temperature (Brönnimann et
al., 2019). It should be noted that there is also a possibility
that volcanic forcing induces a “resonant” behavior between
the weakened monsoon and the negative AMO phase rather
than affecting the monsoon through the AMO (Stevenson et
al., 2018; Shen et al., 2022). However, the direct volcanic
effect on climate from the indirect effect caused by the
modulation of the AMO is still difficult to distinguish.
Several potential mechanisms by which volcanic forcing

can affect the AMO have been proposed; these include the
following:
(1) MVEs can affect the North Atlantic through sea ice

processes. Large MVEs cause a decadal-scale or centennial-
scale enhancement of the extent of Arctic sea ice, conse-
quently resulting in sea-ice-albedo feedback, reducing the
summer surface net shortwave radiation (Schneider et al.,
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2009; Liu et al., 2018b; Sun et al., 2021; Chen et al., 2022b).
Volcano-induced sea ice expansion also reduces the surface
longwave radiation from the ocean to the atmosphere in
winter, strengthening local cooling (Liu et al., 2020).
Meanwhile, sea ice expansion reduces the convection in-
tensity over the subpolar North Atlantic, freshening the
surface seawater and weakening the subpolar gyre, conse-
quently reducing the transport of heat and salinity to the
Arctic Ocean and decreasing the rate of basal ice melt,
thereby maintaining sea ice (Zhong et al., 2010). Subse-
quently, the melting of expanded sea ice injects freshwater
into southern Greenland, decreasing sea surface salinity,
suppressing ocean convection, and reducing northward
warm water transport (Dai et al., 2022).
(2) MVEs may affect the AMO by modulating the NAO. A

positive NAO phase was formed two years after tropical
MVEs, according to the observed 1991 Pinatubo eruption
and reconstructed NAO index from the past millennium
(Ortega et al., 2015). This finding can be related to the
change in polar temperature gradient caused by aerosols
heating the stratosphere, which enhances the covariability of
NAO-related winds and SST over the North Atlantic (Zan-
chettin et al., 2012). Specifically, the positive NAO phase
strengthens the midlatitude westerlies over the North
Atlantic, which enhances evaporation and latent heat release,
transports cold water eastward, and decreases the subpolar

SST, thereby improving the subtropical high and antic-
yclonic circulation and strengthening the easterly wind over
the tropical North Atlantic, consequently increasing the local
evaporation, shallowing the thermocline, and further redu-
cing the tropical North Atlantic SST. Consequently, a
“horseshoe” cooling pattern is formed over the North
Atlantic.
(3) Long-term changes in the Atlantic meridional over-

turning circulation (AMOC) after MVEs may further affect
the AMO. Many GCMs have simulated a decadal-scale en-
hancement of AMOC after MVEs, followed by a few dec-
ades of reduction in the AMOC (Zanchettin et al., 2012;
Slawinska and Robock, 2018). During the AMOC develop-
ment period, the MVE-induced positive NAO extracts heat
from the Labrador Sea and subpolar gyre, increasing sea
surface salinity and oceanic convection and strengthening
the AMOC as a result. MVEs also suppress the global water
cycle and shift the storm track southward, which decreases
the Arctic precipitation and the associated river runoff,
thereby increasing the near-surface density of the Greenland
Sea and causing an enhanced AMOC and northward heat
transport (Iwi et al., 2012). However, the subpolar sea-ice
cover reduces the surface water temperature and salinity, and
Arctic sea ice reduces ice production and brine rejection in
the Arctic Ocean, decreasing the oceanic convection, which
contributes to AMOC weakening (Zhong et al., 2010). When

Figure 7 Power spectrum analysis of the AMO derived from reconstructed, assimilated, and simulated data during the periods of 850–1249 CE (a) and
1250–1850 CE (b). Lapointe2020 and Mann2009 are the AMO reconstructions (Lapointe et al., 2020; Mann et al., 2009), whereas Last Millennium
Reanalysis (LMR) and PHYDA are the assimilations (Tardif et al., 2019; Steiger et al., 2018). The black vertical dashed lines denote the 50‒70-yr
periodicities. Only the significant power values with confidence levels exceeding 90% are shaded.
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subpolar sea ice melts, it injects freshwater into the ocean
and decreases sea surface salinity (Dai et al., 2022); conse-
quently, northward heat transport in the ocean is reduced.
However, some modeling studies have found that no re-
markable enhancement occurred; rather, a sustained reduc-
tion in northward heat transport in the North Atlantic
occurred after MVEs (Miller et al., 2012). This finding in-
dicates that there is currently no robust understanding of the
volcanic impact on the AMOC; this might be related to
model uncertainty in simulating the AMOC dynamics and
the effects of different initial conditions.
Overall, most studies showed that frequent MVEs con-

tribute to a cold AMO phase and extend the periodicity of the
AMO but the mechanism remains unclear. Several potential
mechanisms have been proposed: Volcanic forcing affects
the AMO by modulating the sea-ice processes, the positive
phase of NAO, and the long-term changes in the AMOC.
However, the common AMO definition (i.e., SST over the
North Atlantic) may include the global cooling background
affected by volcanism rather than the variability of the AMO.
In the future, more research should be conducted to effec-
tively extract the AMO mode and its response to volcanic
forcing.

5. Directions for future research

5.1 Volcanic aerosol evolution and its impact on cli-
mate under different climate backgrounds

Previous studies focused on the initial conditions before a
volcanic eruption, particularly the internal variability (e.g.,
ENSO and AMO). Under global warming, the climate
background changes considerably and rapidly. Notably, the
increase in troposphere height in the future warming scenario
will reduce the amount of stratospheric sulfate aerosols after
moderate volcanic eruptions (VEI of 3–5) and reduce ra-
diative forcing (Aubry et al., 2021). However, the impact of
large volcanic eruptions will be markedly enhanced through
increased Brewer-Dobson circulation and injection height
(Aubry et al., 2021). Other critical mechanisms, such as how
future changes in atmospheric circulation and precipitation
will affect the volcanic cloud life cycle, remain to be ex-
plored (Aubry et al., 2022).
Even if the climatic impact on aerosol diffusion is not

considered and the volcanic aerosol evolution after the 1815
Tambora eruption is used to simulate future scenarios, the
simulated global cooling and precipitation reduction will be
stronger than that in the 1815 climate background affected by
enhanced ocean stratification and near-surface circulation
(Fasullo et al., 2017). Alternatively, Yang et al. (2022) de-
tected no significant post-Tambora global average climate
response between preindustrial and RCP8.5 scenarios be-
cause future warming may enhance the sensitivity of mon-

soon circulation to radiative forcing, causing stronger El
Niño-like responses that masks stratification-enhanced
ocean cooling. Looking back to volcanic eruptions during
both cold and warm periods in paleoclimate records helps us
understand the climatic impact of volcanic eruptions under
future climate backgrounds.
To better simulate the impact of volcanoes in future sce-

narios, the simulation capability of stratospheric chemistry
and aerosol schemes in climate models, particularly for
emission, transport, microphysics, and removal of strato-
spheric volcanic aerosols, needs to be improved (Zanchettin
et al., 2016; Timmreck et al., 2018; Marshall et al., 2022).
However, such work has many challenges and abundant
computing and storage resources are required for full cou-
pling and long-term simulations when considering the
aforementioned processes.

5.2 Changes in daily-intraseasonal variability after
volcanic eruptions

Research on the impact of volcanic eruptions on climate is
relatively weak in the context of short time scales, particu-
larly within synoptic to intraseasonal time scales. For ex-
ample, the Hunga Tonga eruption caused global atmospheric
waves within a few days. However, it is unknown how this
event affected the weather and climate and whether this
event can be successfully simulated by atmospheric models
(Wright et al., 2022; Zuo et al., 2022). A previous study
analyzed the changes in extreme temperature and precipita-
tion after volcanic eruptions using daily data (Zuo et al.,
2019), focusing on the interannual time scale rather than the
daily-intraseasonal time scales. On the intraseasonal time
scale, the Madden-Julian Oscillation (MJO) is a dominant
mode over tropical regions; however, whether changes in the
air-sea interaction under volcanic forcing will affect the MJO
is unclear. Furthermore, local extreme weather events may
be induced at the time of the volcanic eruption. Such events
can be related to the eruption rate and strength, material
proportion, location (i.e., longitude, latitude, and elevation),
and season, which are often overlooked. Hence, additional
work regarding the layout and analysis of local volcanic
monitoring and meteorological observation data is required.
In terms of tropical cyclones (TCs), several scholars have

proposed that tropical MVEs can weaken TC activity. After
the 1982 and 1991 eruptions, the observed Atlantic hurricane
activity was significantly weakened (Evan, 2012). Ob-
servations showed the collapse of Typhoon Yunya on June
16, 1991, as it crossed Mount Pinatubo and the record-
breaking Jianghuai flood from June 29, 1991, to July 15,
1991 (Ding, 1993; Xing and Liu, 2023). In the North
Atlantic, documentary and proxy reconstructions of the past
300 years have shown a weakened frequency of TCs for up
to three years after tropical MVEs (Guevara-Murua et al.,
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2015). Simulations from the CESM-LME indicated similar
results to those of the observation and reconstructions. In
contrast, several scholars have proposed that the observed
weakened TC activity is not caused by volcanic eruptions
(Camargo and Polvani, 2019). The resolution of the current
atmospheric model is too coarse (essentially >1°) to accu-
rately account for complex tropical air-sea interactions and
describe TC dynamics, making it difficult to analyze the true
volcanic impact on TCs. Thus, increasing the model re-
solution and improving the representation of TC dynamics
provide some insights into the potential for future research.

5.3 Volcanic influence on abrupt climate change on a
longer time scale

The ability of volcanic forcing to affect the occurrence of
abrupt paleoclimate events is of considerable research in-
terest. Supervolcanic eruptions (VEI ≥7) are considered to
be a crucial factor that contributes to abrupt changes in
climate. The Toba Volcano erupted at approximately
74 ka BP, with an estimated VEI of 8, approximately two
orders of magnitude greater than that of the 1815 Tambora
eruption, making it one of the largest eruptions of the
Quaternary period. Studies simulating the impact of a Toba-
like eruption on the climate and environment revealed the
high probability of remarkably reduced temperature and
precipitation in Asia and North America (Black et al., 2021).
During 73 ka BP, a millennial-scale cold event was recorded
simultaneously in the Greenland ice core and Asian sta-
lagmite records (i.e., Greenland Stadial-20 (GS-20) and
Chinese Stadial-20 (CS-20)). The CS-20 (74.0–72.5 ka BP)
was the weakest Asian monsoon event during the Last
Glacial period (Du et al., 2019) and might be related to the
Tuba eruption.
The Younger Dryas (YD; approximately 12.8–

11.6 ka BP) event was a global-scale abrupt climate change
event, with substantial cooling in the NH middle and high
latitudes; however, the controlling mechanism of this event
remains uncertain. Previous studies reported that the Laa-
cher See eruption occurred immediately before the YD
event, indicating a potential volcanic eruption trigger (Bal-
dini et al., 2018). However, the latest chronology shows that
the Laacher See eruption occurred at 13.0 ka BP, approxi-
mately two centuries earlier than the YD event, which pre-
cludes a direct link between the two (Reinig et al., 2021).
Abbott et al. (2021) recently highlighted four major bipolar
volcanic events and a series of smaller volcanic events
during the period of 12.98–12.87 ka BP, particularly in NH.
The intensity and duration of these events exceeded the most
active historical volcanic periods (i.e., LIA and DACP).
Such work showed that clusters of volcanic events need to
be considered when exploring the triggering mechanism of
the YD event.

6. Summary

(1) Widely used reconstructions of volcanic activity over the
past two millennia include Gao2008, Crowley2013, and
Sigl2015. The differences in these reconstructions arise from
the original ice core data, reconstruction methods, and
judgment criteria. Frequent MVEs occurred during cold
epochs (i.e., 530–700, 1200–1460, and 1600–1840 CE),
whereas quiescent MVE periods characterized warm epochs
(i.e., 0–200 and 900–1100 CE). The strongest eruption in
China was the Changbaishan eruption in 946 CE; however, it
only exhibited a muted climatic response.
(2) The reconstruction and assimilation data showed con-

siderable cooling throughout the globe and China several
years after MVEs; however, the magnitude of cooling is not
completely consistent with volcanic intensity. In contrast, the
cooling simulated by the PMIP models displays a remarkable
linear relationship with volcanic intensity. All data indicate
the proclivity of interdecadal-scale cold events to occur in
NH and China in the events of major and successive mod-
erate volcano eruptions.
(3) The reconstruction, simulation, and assimilation data

showed a decrease in global and monsoonal precipitation
after MVEs. Over China, increased precipitation occurred
over the Yangtze River Basin in response to tropical MVEs;
however, divergent responses are observed over north and
northeast China and the southern Tibetan Plateau when using
different data. Frequent volcanic eruptions, volcanism su-
perimposed on low solar irradiation, and internal variability
superimposed on volcanism may cause decadal droughts.
(4) Tree-ring and modeling data showed that an El Niño

event occurs after tropical MVEs, which induces the
WNPAC and transports moisture to the Yangtze River Basin;
however, coral δ18O records indicate no significant El Niño
event. MVEs may contribute to a cold AMO and extend the
periodicity of AMO by modulating the sea-ice processes,
NAO, and AMOC. After removing the global cooling signal,
the volcanic impact on the AMO is weakened, increasing the
likelihood of data-model disagreement. Uncertainties in
ENSO and AMO responses to MVEs further influence di-
vergent climatic changes in the globe and China, causing
model-reconstruction disagreements. The impact of MVEs
on other internal variability necessitates further exploration.
(5) Robust understanding of the volcanic impact on re-

gional climate, particularly the modulation role of internal
climate variability on hydroclimate, the daily–intraseasonal
weather responses, or the abrupt climate change during the
Last Glacial period, relies on the dedicated improvement on
volcanic forcing reconstruction, stratospheric chemistry–
aerosol-climate model development, and the physical me-
chanism of MVEs affecting climate.
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