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ABSTRACT
A 600-year integration performed with the Bergen Climate Model and National Centers for Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR) reanalysis data were used to investigate the impact of strong
tropical volcanic eruptions on the East Asian summer monsoon (EASM) and EASM rainfall. Both the simulation and
NCEP/NCAR reanalysis data show a weakening of the EASM in strong eruption years. The model simulation suggests
that North and South China experience droughts and the Yangtze–Huaihe River Valley experiences ﬂoods during eruption
years. In response to strong tropical volcanic eruptions, the meridional air temperature gradient in the upper troposphere is
enhanced, which leads to a southward shift and an increase of the East Asian subtropical westerly jet stream (EASWJ). At
the same time, the land–sea thermal contrast between the Asian land mass and Northwest Paciﬁc Ocean is weakened. The
southward shift and increase of the EASWJ and reduction of the land–sea thermal contrast all contribute to a weakening of
the EASM and EASM rainfall anomaly.
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1. Introduction
Volcanic eruptions are an important external forcing
for climate change on seasonal to multidecadal timescales
(Robock, 2000; Shindell et al., 2004; Emile-Geay et al.,
2008). Strong volcanic eruptions, by increasing aerosol loading in the stratosphere, generally cool the surface through
negative radiative forcing (e.g., Angell and Korshover, 1985;
Robock, 2000; D’Arrigo et al., 2008). Previous studies have
shown that strong volcanic eruptions have impacts on summer precipitation at the global scale (e.g., Mass and Portman,
1989; Yoshimori et al., 2005; Schneider et al., 2009; Cui et
al., 2014). However, early studies have also suggested that
the impact of volcanic eruptions on precipitation is not as obvious as that on temperature (e.g., Gillett et al., 2004; Lambert et al., 2005; Fischer et al., 2007).
The East Asian summer monsoon (EASM) is an important societal inﬂuence for East Asian countries including
∗

Corresponding author: GAO Yongqi
E-mail: gyq@mail.iap.ac.cn

China, Japan and Korea. In fact, the EASM brings 40%–
50% of annual rainfall to the Yangtze–Huaihe River region,
and 60%–70% to North China (Gong and Ho, 2003). In recent decades, EASM rainfall in eastern China has increased
in its southern domain (Yangtze–Huaihe River Valley) and
decreased in its northern domain (Xu, 2001; Gong and Ho,
2002; Wu et al., 2006). Although the cause of this precipitation pattern is still under debate, early studies have suggested
that it could be attributed, or at least partly attributed, to the
climate effects of aerosols (Xu, 2001; Menon et al., 2002;
Wang et al., 2013). Observation- and reconstruction-based
studies, as well as numerical simulations, have indicated that
volcanic eruptions might have an effect on the EASM and
summer rainfall over eastern China. For example, by analyzing data from meteorological stations, Xu (1986) described
wet conditions in the Yangtze–Huaihe River Valley region,
and drought conditions in North China, after three strong volcanic eruptions. Liu et al. (1993), by analyzing reconstructed
drought/ﬂood index in China for the past 500 years, found
substantial differences in the spatial and temporal evolution
of the drought/ﬂood pattern in response to volcanic eruptions
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at low and mid-high latitudes. They showed that there are
more frequent drought events in North and South China in
response to low-latitude volcanic eruptions, whereas signiﬁcant positive rainfall anomalies can occur over the Yangtze–
Huaihe River Valley region in the following years. Jiang et
al. (2005) showed that frequent strong ﬂuctuations of wet and
drought conditions occurred in the Yangtze–Huaihe River
Valley after the eruption of Tambora in 1815. Some studies
have suggested strong low-latitude volcanic eruptions could
cause coherent drought over the whole of eastern China, but
that mid–high-latitude volcanic eruptions have no signiﬁcant
effect on precipitation over the region in the eruption year,
and the following year, based on reconstructed drought/ﬂood
data (Shen et al., 2008; Schneider et al., 2009; Zhang et al.,
2013). Peng et al. (2009) and Zhang et al. (2013), using climate model simulations, also found a reduction in summer
rainfall over the whole of eastern China in response to strong
volcanic eruptions, and suggested this rainfall anomaly may
be caused by a weakening of the EASM. However, there are
studies that have analyzed the last 500 years of large volcanic activities and corresponding drought/ﬂood conditions
in summer in China, and these have suggested a wide range
in the positive rainfall anomaly response over eastern China
(Zhang and Zhang, 1985; Zhang and Zhang, 1994). In brief,
the response of summer rainfall over eastern China to strong
volcanic eruptions is not yet clear.
Possible mechanisms through which volcanic eruptions
impact upon the EASM and EASM rainfall have been proposed. Liu et al. (1993) suggested volcanic eruptions increase the SST in the equatorial eastern Paciﬁc (Handler,
1986; Handler and Andsager, 1990). The SST in the equatorial eastern Paciﬁc plays an important role in regulating
drought/wet conditions in eastern China (e.g., Chang et al.,
2000; Yu et al., 2009). Shen et al. (2007) suggested volcanic
eruptions could cause increased winter snow cover over the
Eurasian continent and the following cool summers, leading
to a weakened EASM through a reduction of the land–sea
thermal contrast. Besides, lower temperatures in summer
may enhance the high ridge or blocking situation over East
Siberia, making the subtropical high shift farther south and
cause droughts over North China and wetter conditions in the
Yangtze–Huaihe River Valley. Peng et al. (2009) indicated
volcanic eruptions decrease the thermal contrast between the
Asian land mass and surrounding oceans, meanwhile leading to a weakened water vapor source for eastern China due
to a decline in evaporation over the tropical oceans. However, these early proposed mechanisms focus mainly on the
response of lower-tropospheric circulation to volcanic eruptions. Due to massive amounts of dust and gases being injected into the stratosphere after volcanic eruptions, climate
anomalies in the stratosphere and upper troposphere may play
an important role in modulating the EASM and EASM rainfall.
In this study, we examine the response of the EASM and
summer (June–August, JJA) rainfall over eastern China to
strong volcanic eruptions by using observed data and a 600year integration of the Bergen Climate Model (BCM; Otterå
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et al., 2009), and explore changes in both high- and low-level
atmospheric circulation.

2. Model simulation and methods
The BCM is a fully coupled atmosphere–ocean–sea ice
climate model. The atmospheric component is the spectral general circulation model, Action de Recherche Petite
Echelle Grande Echelle (ARPEGE; Déqué et al., 1994). In
this study, ARPEGE is run at T63 horizontal resolution (∼
2.8◦ in latitude and longitude), and a time step of 1800 seconds. A total of 31 vertical levels are employed, ranging from
the surface to 0.01 hPa (20 levels in the troposphere). The
oceanic component is the Miami Isopycnic Coordinate Ocean
Model (MICOM), with a total of 34 vertical layers (Bleck
et al., 1992). With the exception of the equatorial region,
the ocean model has an almost regular horizontal grid spacing of approximately 2.4◦ × 2.4◦ . The horizontal spacing in
the meridional direction is gradually decreased to 0.8◦ along
the equator to better resolve the dynamics near the equator.
The sea ice model is Global Experimental Leads and sea ice
model for ATmosphere and Ocean (GELATO), which is described in detail in Salas-Melia (2002). The Ocean Atmosphere Sea Ice Soil (OASIS, version 2) coupler is used to
couple the various model components. The model can run
stably for many centuries without any form of ﬂux adjustments. For more details, please refer to Cui et al. (2013).
The multiple century simulation used is a 600-year integration (Otterå et al., 2009), which includes external forcings due to the variation in total solar irradiance (TSI) and the
changes in the amount of stratospheric aerosols following explosive volcanic eruptions for the last 600 years (1400–1999).
The other forcings are kept constant. The TSI forcing ﬁeld is
from Crowley et al. (2003), and is based on a reconstruction
(Lean et al., 1995) after 1610. The forcing ﬁeld is provided
as variations in the effective solar constant. This will in turn
modify the top of the atmosphere shortwave ﬂux. The volcanic aerosol forcing time series (Crowley et al., 2003) are
supplied as monthly optical depths at 0.55 μm in the middle
of the visible spectrum, and applied to the model in the form
of monthly quarter-spherical means in four bands (30◦ –90◦ N,
0◦ –30◦ N, 0◦ –30◦ S, 30◦ –90◦ S). Beginning in the 1960s, modern observations are used instead of reconstructed data. The
aerosol loading is distributed through each model level in the
stratosphere using a weighting function (Otterå, 2008). The
volcanic mass of the stratospheric aerosols are then calculated at each grid point and model level in the stratosphere by
dividing the total aerosol concentration by the total air mass
of all stratospheric levels at that grid point. Only the direct effect of stratospheric aerosol has been taken into account. The
original aerosol loading values have been converted to radiative forcing according to Sato et al. (1993). The variations in
TSI and radiative forcing from volcanic eruptions are shown
in Fig. 1.
In this study, 18 strong volcanic events during the last 600
years are chosen with an anomalous negative radiative forc-
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Fig. 1. Time series of the total solar irradiance forcing (red) and the radiative forcing from
volcanic eruptions (black).
Table 1. Strong tropical volcanic eruption years based on Crowley et al. (2003) and the ﬁrst summer times after eruptions for the SEA and
composite analysis. VEI is the Volcanic Explosivity Index.
Eruption description
Year

Name

Latitude

Radiative forcing

VEI

1453
1460
1586
1600
1620
1641
1674
1680
1693
1809
1815
1831
1835
1883
1902
1963
1982
1991

Kuwae
Unknown
Kelut
Huaynaputina
Unknown
Parker
Gamnokara
Unknown
Serusa
Unknown
Tambora
Babuyan Claro
Cosiguina
Krakatau
Santa Maria
Agung
El Chicon
Pinatubo

16.8◦ S

−4.2
−1.3
−1.3
−1.9
−1.1
−1.7
−1.5
−1.1
−1.1
−2.9
−5.6
−1.3
−1.4
−2.6
−1.3
−1.9
−2.1
−3.3

6

7.9◦ S
16.6◦ S
6.1◦ N
1.4◦ N
6.3◦ S
8.3◦ S
19.5◦ N
13.0◦ N
6.1◦ S
14.8◦ N
8.3◦ S
17.4◦ N
15.1◦ N

ing larger than 1 W m−2 (Table 1). In addition to the model
data, the National Centers for Environmental Prediction/
National Center for Atmospheric Research (NCEP/NCAR)
reanalysis data (Kalnay et al., 1996) and monthly rainfall
from the Climate Research Unit (CRU) (New et al., 1999)
are used to examine the inﬂuence of strong volcanic eruptions on the EASM and EASM rainfall over eastern China.
A superposed epoch analysis (SEA; Haurwitz and Brier,
1981), which is a statistical method used to resolve significant signal-to-noise ratios is employed. The mean values
of climate variables from summer in year −8 to summer in
year 8, with year 0 being the ﬁrst summer after an eruption,
are used as the reference climatology. The bootstrap method
(Efron and Tibshirani, 1986) is used to test the statistical signiﬁcance of the SEA. We reshufﬂe with replacement the elements from the available time span to generate a new random
sample and average the sample into a new epoch composite.
Then, the above process is repeated 10 000 times and conﬁdence intervals are evaluated by the 95% and 99% spread of

5
6
5
5
4
7
4
5
6
6
4
5
6

First summer after the eruptions
(June–July–August, JJA)
JJA (1453)
JJA (1460)
JJA (1587)
JJA (1600)
JJA (1620)
JJA (1642)
JJA (1674)
JJA (1680)
JJA (1694)
JJA (1809)
JJA (1816)
JJA (1831)
JJA (1835)
JJA (1884)
JJA (1903)
JJA (1964)
JJA (1982)
JJA (1992)

the composite results.

3. Results
3.1.

Performance of the BCM’s representation of the
EASM

Summer rainfall, low-level winds and the 200 hPa jet
stream are generally used to describe variations in the EASM
(e.g., Wang, 2001; Zhang et al., 2006). The BCM has been
evaluated to be capable of reproducing the distribution and
intensity of observed summer precipitation (Cui et al., 2013).
Figure 2 shows the climatological JJA mean ﬁelds of 850
hPa and 200 hPa horizontal winds in the NCEP/NCAR reanalysis and model. The model captures the main feature
of lower-tropospheric circulation (spatial correlation coefﬁcient of 0.86 for the area shown in the ﬁgure). For example, the model successfully reproduces the spatial patterns of
cross-equatorial ﬂow over South Asia and anticyclonic cir-
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Fig. 2. Spatial distributions of JJA mean (a, b) 850 hPa and (c, d) 200 hPa horizontal wind vectors. Panels (a)
and (c) are based on NCEP/NCAR reanalysis data, while panels (b) and (d) are from the BCM. Red contours
indicate the mean zonal wind at 200 hPa. Units: m s−1 .

culation over the western Paciﬁc subtropical high (WPSH)
region. The model also reproduces the location and characteristics of the summer East Asian subtropical westerly jet
stream (EASWJ). The EASWJs in the NCEP/NCAR reanalysis and model are both located at approximately 35◦ –45◦ N
and have maximum centers over the Eurasian continent and
eastern Asia. However, the simulated EASWJ is weaker and
inclines towards the northeast.
3.2.

The effects of volcanic eruptions in the BCM

We use the EASM index deﬁned by Wang (2000) as
the area-mean (20◦ –40◦ N, 110◦ –125◦ E) velocity at 850 hPa
(represented by its anomaly to the climatology). When the
EASM is stronger, the stronger low-level ﬂow carries more
water vapor toward the north, inducing a positive summer
rainfall anomaly over North China and a negative one over
the Yangtze–Huaihe Valley. Figure 3a shows the change
in EASM index before and after 18 strong volcanic eruption cases during the last 600 years. During strong volcanic
eruption years, the occurrence probability of a weak summer
monsoon is signiﬁcantly higher than the mean at the 95%
conﬁdence level, showing a signiﬁcant subsequent anomalous northerly over eastern China (Fig. 3b). The summer
rainfall response during the ﬁrst summer after eruptions is illustrated in Fig. 4. It shows negative rainfall anomalies over
North and South China, whereas positive anomalies are found
over the Yangtze–Huaihe Valley and south of Japan, which
is consistent with the results from instrumental and reconstructed data (Xu, 1986; Liu et al., 1993). This spatial pattern
of anomalous rainfall is similar to the “wet in the south–

Fig. 3. (a) Superposed epoch analysis for the simulated EASM
index. Dashed lines indicate the 95% conﬁdence level. Units:
m s−1 . (b) Composite anomaly of simulated summer horizontal
wind at 850 hPa during the ﬁrst summer after eruptions; areas with anomalies signiﬁcant at the 95% conﬁdence level are
shaded. Units: m s−1 .
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drought in the north” pattern seen over eastern China in recent decades, indicating the rainfall anomaly in our model is
associated with a weakening of the EASM. Due to the reduction in southerly winds in eastern China during the weakened
EASM period, less moisture is carried from the ocean to
eastern China, and enhanced moisture convergence takes
°
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Fig. 4. Composite anomaly of simulated summer precipitation
(units: mm d−1 ) during the ﬁrst summer after eruptions; areas
marked by black dots indicate the 95% conﬁdence level.

(a)

place over the Yangtze–Huaihe Valley (Fig. 5).
In order to understand the mechanisms underlying the
response of the EASM and EASM rainfall to strong volcanic
eruptions, we examine the anomalies of associated oceanic
and atmospheric variables during the ﬁrst post-eruption summer for the 18 strong volcanic eruption cases during the
last 600 years. Figure 6a shows the composite of summer
zonally averaged air temperature anomalies. Because large
amounts of volcanic aerosols are injected into the atmosphere
in tropical regions, the largest increase in air temperature appears at the bottom of the low-latitude stratosphere, where
anomalies reach up to 2 K. In addition, a signiﬁcant cooling
signal is found in the troposphere due to the scattering of
incoming shortwave radiation. However, the tropospheric
cooling is stronger in the high latitudes, producing an enhanced meridional temperature gradient. This may be caused
by the positive feedback of sea ice (Robock, 1983; Robock,
2000) and has also been discussed by Wang et al. (2012).
Figure 6b shows the composite of the summer mean temperature averaged in the upper troposphere between 200 hPa and
500 hPa. The region of signiﬁcant cooling covers a large area
in the mid- and high-latitudes (north of about 38◦ N), which
contributes to a positive meridional air temperature gradient
in the upper troposphere. Previous studies have noted that
the upper-tropospheric meridional temperature gradient is responsible for the location and strength of the EASWJ (e.g.,
Wallace and Hobbs, 1977; Zhang et al., 2006; Zhang and
Huang, 2011). According to the principle of thermal wind,
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Fig. 5. Composite anomaly of (a) simulated summer vertical integrated moisture ﬂux (units: 40 kg m−1 s−1 ) and (b) its divergence (units: mm d−1 ) during the ﬁrst summer after eruptions.
For moisture ﬂux, areas with anomalies signiﬁcant at the 95%
conﬁdence level are shaded. For divergence, areas marked by
black dots indicate the 95% conﬁdence level.
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Fig. 6. Composite anomaly of simulated summer (a) zonal
mean air temperature and (b) mean upper-tropospheric (500–
200 hPa) air temperature during the ﬁrst summer after eruptions.
Areas marked by black dots indicate the 95% conﬁdence level.
Units: ◦ C.
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westerly anomalous winds are found over the mid-latitude regions of East Asia and the Northwest Paciﬁc in the upper troposphere during the eruption years (Fig. 7a). The pattern of
anomalous winds results in the EASWJ over East Asia shifting southward and gaining in strength. From the results of
the SEA on the simulated EASWJ index, which is deﬁned by
the summer zonal wind at 200 hPa averaged over the region
where the climatological zonal wind speed is greater than 15
m s−1 , we ﬁnd that the EASWJ is signiﬁcantly enhanced during the eruption years (Fig. 7b). Owing to the coupling of
upper- and lower-tropospheric jet streams, these anomalies
of the EASWJ produce a secondary circulation (Uccellini and
Johnson, 1979; Lu et al., 2011). In the upper levels, anomalous cyclonic circulation is generated to the left side of the
upper jet stream’s core, and anomalous anticyclonic circulation to the right side of its core. The upper-tropospheric
wind response during the volcanic eruption years reveals the
presence of anticyclonic anomalies in the subtropical western
North Paciﬁc and cyclonic anomalies in northeastern China
(Fig. 7a). In the lower levels, the south side of the upper jet
stream’s core generates convergence and ascending ﬂow. In
contrast, on the north side, divergence and descending ﬂow
are generated. Obvious anomalous cyclonic winds at lower
levels are found in Fig. 5a. Due to the secondary circulation, the EASM circulation is therefore weakened and summer rainfall is suppressed along the Yangtze–Huaihe Valley. Previous other studies have also shown that the intensiﬁed and southward-shifted EASWJ induces a weakening of
the EASM and leads to more precipitation occurring along
the Yangtze–Huaihe Valley, and less over South and North
China (e.g., Liang and Wang, 1998; Yu et al., 2004; Yang and
Zhang, 2007).
The response of summer SST in the ﬁrst post-eruption
summer is weak. The model does not show any statistically
signiﬁcant negative SST anomaly in the Paciﬁc Ocean (Fig.
8a). Instead, signiﬁcant surface temperature cooling occurs
over the Asian continent (Fig. 8b), leading to a decrease in
the land–sea temperature gradient. It should be noted here
that negative anomalies in SST are found in most Paciﬁc
regions in the following eruption years (ﬁgure not shown).
The EASM is part of the Hadley circulation, which is related to both hemispheres. The EASM circulation is usually
considered as a reversed Hadley cell since its direction is opposite to that of the northern Hadley cell (Riehl et al., 1950;
Zhou and Li, 2002; Chen et al., 2010). The local Hadley
circulation in the EASM region (105◦ –130◦ E) is described
by regional meridional mass streamfunction and displayed in
Fig. 9a. The JJA mean Hadley circulation is characterized
by rising motion near the equator, upper-level poleward ﬂow,
sinking motion in the subtropics, and lower-level equatorward ﬂow, resulting in an enclosed cell, which is similar to
the observation (ﬁgure not shown). Due to the decrease in
the land–sea thermal contrast between the tropical ocean and
the Asian continent, signiﬁcant positive mass streamfunction
anomalies are present at 20◦ –40◦ N (Fig. 9b) during the ﬁrst
post-eruption summer, indicating a weakening of the reversed
Hadley circulation. The anomalous Hadley circulation is
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Fig. 7. (a) Composite anomaly of simulated summer horizontal
wind at 200 hPa during the ﬁrst summer after eruptions. Areas with anomalies signiﬁcant at the 95% conﬁdence level are
shaded. Units: mm d−1 . (b) Superposed epoch analysis for the
simulated EASWJ index. Dashed lines indicate the 95% conﬁdence level. Units: m s−1 .

60° N

(a)

40° N
20° N
0° °
80 E
60° N

120° E

160° E

160° W

120° W

(b)

40° N
20° N
0°

1.2
0.8
0.4
0
−0.4
−0.8
−1.2

80 ° E

120° E

160° E

160° W

120° W

1.2
0.8
0.4
0
−0.4
−0.8
−1.2
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Fig. 9. (a) Mean state of the simulated regional meridional mass
streamfunction (105◦ –140◦ E; units: 1010 kg s−1 ) for JJA. (b)
Cross sections of the composite meridional mass streamfuction anomalies during the ﬁrst summer after eruptions. Areas
marked by black dots indicate 95% conﬁdence level.

associated with a weakened EASM (Sun and Zhou, 2014)
The above analysis illustrates that strong volcanic eruptions could lead to a weakened EASM and increased rainfall
in the Yangtze–Huaihe Valley, whereas decreased rainfall in
North and South China, in the ﬁrst summer after eruptions.
Our results indicate that strong volcanic eruptions can lead
to an intensiﬁed and southward-shifted EASWJ by inducing a positive meridional air temperature gradient in the upper troposphere, and can also lead to reduced land–sea thermal contrast between the Asian continent and the surrounding oceans, mainly due to lowered air temperature over land.
These changes all result in EASM rainfall anomalies and a
weakening of the EASM.
3.3.

The effects of volcanic eruptions in the NCEP/NCAR
reanalysis

Similar effects of strong volcanic eruptions on the EASM
can also be found in the NCEP/NCAR reanalysis during the
past decades. There are four strong tropical volcanos that
erupted after the year 1948: Agung (1963), Fuego (1974),
EL Chichón (1982) and Pinatubo (1991). After these strong
volcanic eruptions, a weakening trend is found in the EASM
(Fig. 10a). From the results of the SEA on the detrended
EASM index for these four cases during the last 60 years
(Fig. 10b), a signiﬁcant weakening is found in the EASM. Besides, anomalous southerly winds across eastern China after
the strong volcanic eruptions are shown in Fig. 10c. Note that
the weakened EASM happens in the same year if the volcanic
eruption is before the summer, whereas is happens in the

50° N

(d)

40° N
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Fig. 10. (a) Temporal variation of East Asian summer monsoon
index (units: m s−1 ) from the NCEP/NCAR reanalysis. Vertical lines represent the strong volcanic eruptions in the tropics. (b) Superposed epoch analysis for the detrended EASM index. Dashed lines indicate the 95% conﬁdence level. (c) Composite anomaly of horizontal wind (units: m s−1 ) at 850 hPa
during the volcanic eruption summer. (d) Composite anomaly
of observed summer precipitation from the CRU (units:
mm d−1 ) during the volcanic eruption year. Areas shaded and
marked by dots in Figs.10 c and d indicate the 95% conﬁdence
level.
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following year if the volcanic eruption happens after summer. Meanwhile, increased summer rainfall in the Yangtze–
Huaihe Valley, and decreased summer rainfall over North
China is found in the CRU rainfall data (Fig. 10d). A similar
pattern in rainfall anomalies was also reported by Xu (1986).
Similarly, stronger tropical heating in the lower stratosphere can also be found in the NCEP/NCAR reanalysis in
the volcanic eruption years. In addition, the troposphere
cools following volcanic eruptions, with the cooling being
stronger at high latitudes (Fig. 11a). A strong decrease in
summer temperature in the upper troposphere is evident at the
mid and high latitudes north of about 32◦ N (Fig. 11b), which
produces an enhanced equator-to-pole temperature gradient
in the upper troposphere. As a result, the EASWJ over East
Asia shifts southward and is intensiﬁed (Fig. 11c), which corresponds to a weakening of the EASM via the physical process described in section 3.2. However, there is no signiﬁcant thermal contrast between the Asian land mass and surrounding oceans following the strong volcanic eruptions in
the NCEP/NCAR reanalysis. Therefore, the effects of strong
volcanic eruptions on the EASM in the NCEP/NCAR reanalysis are mainly manifested through the interactions between upper- and lower-tropospheric circulations. It should
be mentioned that the response of the equator-to-pole temperature gradient and winds in the upper troposphere in the
NCEP/NCAR is stronger than the results from the BCM.
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4. Discussion and conclusion
Our analysis indicates that the EASM weakened after the
four strong volcanic eruptions covered by NCEP/NCAR reanalysis data. Meanwhile, many studies have revealed that
the EASM experienced a distinct weakening during the past
50 years, with a transition occurring from the mid-1960s to
the end of the 1970s (Wang, 2000, 2001; Xue, 2001), and
being characterized by a pronounced increase in rainfall over
the Yangtze–Huaihe River Valley and a decrease in its ﬂank
(Gong and Ho, 2002; Zhang et al., 2004; Liu et al., 2011).
Early studies suggested that the weakening of the EASM can
be attributed to human-induced activities (Chang et al., 2009;
Mahmood and Li, 2011; Wang and Fan, 2013). Besides,
there is another transition of precipitation pattern between
the 1980s–1990s in which the rainfall is reduced in central China and increased in northern, western, and southern
China, which is more related to increased loading of anthropogenic aerosols, such as black carbon (Gu et al., 2010).
There were two strong volcanos (Agung and Fuego in the
years 1963 and 1975, respectively) that erupted during the
period of this EASM weakening. It is difﬁcult to draw a certain conclusion on the relationship between the EASM weakening and strong volcanic eruptions during the NCEP/NCAR
period. The weakening of the EASM and the eruption of
strong volcanos may be unrelated, or just a coincidence in
time. What we have shown is that strong volcanic eruptions
could lead to a weakening of the EASM in the eruption year.
Furthermore, using the 600-yr BCM simulation to investigate

Fig. 11. Composite anomaly of (a) zonal mean air temperature, (b) mean upper-tropospheric (500–200 hPa) air temperature, and (c) horizontal wind at 200 hPa during the second posteruption summer. Areas marked by black dots indicate the 95%
conﬁdence level.

the effect of strong volcanos on the EASM and EASM rainfall, we found that—similar to the results from the NCEP/
NCAR reanalysis—volcanic eruptions led to a weakening of
the EASM and associated EASM rainfall anomalies over the
past 600 years. Therefore, our results are consistent with Liu
et al. (1993), but differ from Shen et al. (2008), Schneider et
al. (2009) and Zhang et al. (2013), who suggested drought
over eastern China following strong volcanic eruptions.
Compared to previous studies (Peng et al., 2009), the
time series of volcanic forcing used in our simulation provides information about monthly and latitudinal distributions
of the volcanic aerosols. We focused on the climate response
to strong high-latitude and low-latitude volcanic eruptions.
However, a deﬁciency in terms of the spatial distribution of
volcanic aerosol is imposed in only four latitude bands, and
questions over the suitability of this representation of aerosol
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have been raised before (Otterå, 2008; Marshall et al., 2009).
The impact of volcanic eruptions on climate is the closest
natural analogue to sulfate aerosol geoengineering, the implementation of which, in simple terms, targets a reduction of
global solar irradiance. However, in reality, the climatic processes related to volcanic eruptions are much more complicated. For example, the chemical effects of enhanced stratospheric aerosol abundance from volcanic eruptions need to be
considered (McKeen et al., 1984; Eyring et al., 2006).
In this research, we used a fully coupled climate model,
the BCM, and NCEP/NCAR reanalysis data, to investigate
the response of the EASM and EASM rainfall to strong tropical volcanic eruptions. Our results can be summarized as
follows:
In the model, and in the NCEP/NCAR reanalysis, a
weakening of the EASM can be found after strong tropical volcanic eruptions. Besides, increased rainfall in the
Yangtze–Huaihe Valley and decreased rainfall in North and
South China during eruption years can also be found in the
model. The possible mechanism underlying the response of
the EASM to strong volcanic eruptions was investigated and
discussed. It is suggested that, ﬁrstly, strong volcanic eruptions induce a positive meridional air temperature gradient
in the upper troposphere, which leads to a southward-shifted
and intensiﬁed EASWJ. Secondly, strong volcanic eruptions
weaken the land–sea thermal contrast between the Asian land
mass and surrounding oceans. The changes in the EASWJ
and the land–sea thermal contrast result in a weakening of
the EASM and EASM rainfall anomalies.
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