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Abstract. Explosive volcanic eruptions influence near-
surface temperature and precipitation especially in the mon-
soon regions, but the impact varies with different eruption
seasons and latitudes. To study this variability, two groups
of ensemble simulations are performed with volcanic erup-
tions in June and December at 0◦ representing an equatorial
eruption (EQ) and at 30◦ N and 30◦ S representing North-
ern and Southern Hemisphere eruptions (NH and SH). Re-
sults show significant cooling especially in areas with en-
hanced volcanic aerosol content. Compared to the EQ erup-
tion, stronger cooling emerges in the Northern Hemisphere
after the NH eruption and in the Southern Hemisphere af-
ter the SH eruption. Stronger precipitation variations occur
in the tropics than in the high latitudes. Summer and winter
eruptions lead to similar hydrological impacts. The NH and
the SH eruptions have reversed climate impacts, especially
in the regions of the South Asian summer monsoon (SASM).
After the NH eruption, direct radiative effects of volcanic
aerosols induce changes in the interhemispheric and land–sea
thermal contrasts, which move the intertropical convergence
zone (ITCZ) southward and weaken the SASM. This reduces
the moisture transport from the ocean and reduces cloud for-
mation and precipitation in India. The subsequent radiative
feedbacks due to regional cloud cover lead to warming in In-
dia. After the SH eruption, vice versa, a northward move-
ment of the ITCZ and strengthening of the SASM, along
with enhanced cloud formation, lead to enhanced precipi-
tation and cooling in India. This emphasizes the sensitivity
of regional climate impacts of volcanic eruptions to eruption
latitude, which relates to the dynamical response of the cli-
mate system to radiative effects of volcanic aerosols and the
subsequent regional physical feedbacks. Our results indicate

the importance of considering dynamical and physical feed-
backs to understand the mechanism behind regional climate
responses to volcanic eruptions and may also shed light on
the climate impact and potential mechanisms of stratospheric
aerosol engineering.

1 Introduction

Sulfate aerosols in the stratosphere from explosive volcanic
eruptions significantly cool the surface by reflecting incom-
ing solar radiation (Robock, 2000; Timmreck, 2012). This
further affects the Earth’s hydrological cycle. Both observa-
tions and model simulations indicate a reduction of global
precipitation after volcanic eruptions (Gillett et al., 2004;
Iles and Hegerl, 2014; Iles et al., 2013; Paik and Min, 2016;
Robock and Liu, 1994; Trenberth and Dai, 2007). Precipita-
tion was found to largely decrease in tropical areas (Colose et
al., 2016; Iles and Hegerl, 2014), and also notably in summer
monsoon regions (Liu et al., 2016; Man et al., 2014; Oman et
al., 2006; Schneider et al., 2009; Zambri and Robock, 2016;
Zhuo et al., 2020). However, the spatial distribution of vol-
canic aerosols and associated radiative forcing affects the
climate impact of volcanic eruptions (Robock, 2000; Timm-
reck, 2012; Toohey et al., 2019; Yang et al., 2019). The pre-
cipitation response varies with changing distributions of vol-
canic aerosols between the hemispheres. Inverse effects of in-
terhemispherically asymmetric volcanic aerosols were found
in Sahelian precipitation (Haywood et al., 2013; Jacobson et
al., 2020), monsoon climates (Iles and Hegerl, 2014; Liu et
al., 2016; Zhuo et al., 2014) and tropical hydroclimates in
general (Colose et al., 2016; Zuo et al., 2018). Furthermore,
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the climate impact of volcanic eruptions is affected by erup-
tion latitude (Marshall et al., 2020; Yang et al., 2019; Zuo et
al., 2019) and eruption season (Aquila et al., 2012; Steven-
son et al., 2016; Toohey et al., 2011, 2013). Based on vol-
canic forcing reconstruction indices, most of these previous
studies separated historical eruptions into volcanic classifica-
tions with different numbers of events, eruption seasons and
unequally distributed aerosol magnitudes in different hemi-
spheres. In order to study the sensitivity of the climate im-
pact of volcanic eruptions to season and location (tropical
vs. Northern or Southern Hemisphere) in a systematic way,
in this study we thus perform model experiments with artifi-
cial volcanic eruptions.

Tropical eruptions are considered to have larger climate
impacts than extratropical eruptions (Myhre et al., 2013;
Schneider et al., 2009). The volcanic aerosols injected into
the stratosphere from a tropical eruption can be transported
to both hemispheres and finally reach both poles (Robock,
2000; Aquila et al., 2012). This generates larger areas be-
ing affected by aerosols with long lifetimes in the strato-
sphere, thus causing larger and longer-lasting climate effects
(Schneider et al., 2009). Based on this hypothesis, previous
reconstructions of volcanic forcing assumed a longer lifetime
of aerosols injected by tropical volcanic eruptions than by
extratropical eruptions (Ammann and Naveau, 2003; Gao et
al., 2008). Thus, compared to tropical eruptions, model re-
sults suggested shorter cooling periods and less severe re-
duction of tropical precipitation after high-latitude eruptions
(Schneider et al., 2009). On the contrary, using both ice-core
and tree-ring-based proxy reconstruction and model simula-
tions, Toohey et al. (2019) found larger climate impacts after
extratropical eruptions than tropical eruptions. They pointed
out that the overestimated volcanic forcing from tropical
eruptions results in an overestimation of their climate im-
pacts. Thus, previous studies came to different conclusions
on whether tropical or extratropical volcanic eruptions have
larger climate impacts.

Only a few studies investigated the mechanism behind the
precipitation response to volcanic eruptions (Man and Zhou,
2014; Man et al., 2012, 2014; Oman et al., 2006; Paik and
Min, 2016). Paik and Min (2016) argued that a reduced ver-
tical motion after volcanic eruption induces the reduction of
global precipitation. The reduction of the summer monsoon
precipitation was suggested to be due to a decreased land–
sea thermal contrast and the subsequent weakening of the
summer monsoon (Man and Zhou, 2014; Man et al., 2012,
2014; Oman et al., 2006). Conclusions in these studies did
not consider regional differences and feedback processes in
the Indian monsoon region (Oman et al., 2006; Paik and
Min, 2016). The inversed climate impact after interhemi-
spherically asymmetric volcanic aerosol injections was sug-
gested to result from a displacement of the ITCZ towards
the warmer hemisphere with less volcanic aerosol loading
(Colose et al., 2016; Haywood et al., 2013; Iles and Hegerl,
2014; Zuo et al., 2018). Here, we study the mechanisms be-

hind the regional climate response to volcanic eruptions at
different latitudes and in different seasons, focusing on the
Indian monsoon region, with the help of a series of model
simulations. This study aims to answer the following ques-
tions: how are global and regional climate impacts of vol-
canic eruptions affected by the eruption season and latitude?
Do tropical eruptions have larger climate impacts than ex-
tratropical eruptions? What is the mechanism behind the In-
dian monsoon response to volcanic eruptions at different lat-
itudes?

After this introduction, we describe the methods, including
the model description and experimental setup, in Sect. 2. In
Sect. 3, we present our results and discussion. We first show
the global forcing and climate responses to volcanic erup-
tions in Sect. 3.1 to 3.4 and then focus on the mechanism of
the precipitation response in India in Sect. 3.5. Summary and
conclusions are given in Sect. 4.

2 Methods

2.1 Model description

We perform simulations with the Max Planck Institute Earth
System Model (MPI-ESM) (Giorgetta et al., 2013). The
MPI-ESM is a fully coupled general circulation model with
ECHAM6 as atmosphere component (Stevens et al., 2013),
MPIOM as ocean component (Jungclaus et al., 2013), JS-
BACH for simulating the terrestrial biosphere (Reick et al.,
2013; Schneck et al., 2013) and HAMOCC5 for the biogeo-
chemistry of the ocean (Ilyina et al., 2013). The components
are coupled through the exchange of energy, momentum, wa-
ter and carbon dioxide using the OASIS3 coupler (Valcke,
2013). In this study, we use the low-resolution (LR) config-
uration of the model. In the atmospheric component, it has a
horizontal resolution of T63 with 47 vertical levels extend-
ing to 0.01 hPa, thus including the stratosphere. The oceanic
component has a resolution of 1.5◦ (near the Equator) with
40 vertical levels.

Also because of its high simulation efficiency (Roeckner
et al., 2006), the older MPI-ESM version with ECHAM5
as its atmospheric component has been extensively used to
study the Asian summer monsoon (Guo et al., 2016; Man
et al., 2012) and the climate response to volcanic eruptions
(Man et al., 2014; Zhang et al., 2012). Studies on the im-
pact of volcanic eruptions have also been performed with the
newest model version that is also applied here (Timmreck et
al., 2016; Toohey et al., 2016a).

We use the same configuration of the MPI-ESM model as
used for the historical simulation of CMIP6. Chemical pro-
cesses are not explicitly simulated, and background tropo-
spheric and stratospheric aerosols, as part of the forcing data,
are represented by their aerosol optical properties (Giorgetta
et al., 2013). The volcanic forcing used in this study is pro-
duced by the easy volcanic aerosol (EVA) module (Toohey
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et al., 2016b). Through setting the eruption year, month,
sulfate injection magnitude and hemispheric ratio in EVA,
stratospheric sulfate mass injected by the volcanic eruption
is transferred to mid-visible (550 nm) aerosol optical depth
(AOD) and effective radius as volcanic forcing input for
model simulations. Pinatubo-like eruptions are simulated be-
cause the construction of EVA relies extensively on obser-
vational constraints, especially the observational records of
the 1991 Pinatubo eruption. Other external forcings for MPI-
ESM are the same as in the CMIP6 historical experiment,
except that the anthropogenic emissions are fixed at the 1900
level.

2.2 Experimental setup

In order to study the climate impacts of volcanic eruptions
at different eruption latitudes and in different seasons, two
groups of three different latitudinal volcanic eruptions in
summer and winter are simulated (here summer and winter
refer to the boreal seasons). Table 1 shows the summary of
model experiments. Following Toohey et al. (2016b), 9 Tg
of total sulfur injection magnitude is prescribed. The erup-
tion latitudes are set to be 0◦ for the equatorial eruption
(EQ case) and 30◦ N and 30◦ S for the northern and south-
ern hemispheric eruptions (NH and SH cases), respectively.
For the summer eruptions, the date is set to be the same as
the 1991 Pinatubo eruption on 15 June 1991; for the winter
eruptions, the date is set to be 15 December 1991. We per-
form 10-member simulations for each eruption case.

An initial run is performed for the period of 1966–2012,
and then we perform 23 control runs (CTR) for the period
of 1986–1995 without any volcanic eruption. For these 23
members, we calculate the Oceanic Niño Index (ONI) to
quantify El Niño–Southern Oscillation (ENSO) variability.
ONI values between −1 and 1 represent neutral or weak
ENSO conditions. The 1991 Pinatubo eruption was accom-
panied by a strong El Niño event in 1991–1994. The response
of ENSO to volcanic eruptions has been widely investigated
(Adams et al., 2003; Khodri et al., 2017; Stevenson et al.,
2016) but remains an unsolved question. To rule out the con-
current effect of ENSO, we pick out 10 control runs with
neutral or weak ENSO in the period of 1990–1992 as a ba-
sis for our experiments. Restart files from these 10 control
runs are used to initialize six 10-member ensemble simula-
tions of EQ, NH and SH eruptions in summer and winter for
the period of 1991–1996 and 1990–1996, respectively. Note
that the simulated years do not correspond to the real years
because of the free-running spin-up simulations.

2.3 Analysis methods

The position of the ITCZ is indicated by the latitude of
the maximum zonal mean precipitation between 20◦ N and
20◦ S. To quantify the Indian summer monsoon response, we
calculate the South Asian summer monsoon index (SASMI),

which is defined as the difference between the zonal wind at
850 hPa over the region 0–20◦ N, 40–110◦ E and the zonal
wind at 200 hPa over the region 0–20◦ N, 40–110◦ E (Web-
ster and Yang, 1992).

To study horizontal moisture transport, we calculate the
vertically integrated moisture transport (IVT) and its diver-
gence (IVTD). The IVT is calculated using the following
equation:

IVT= (1/g)

∫ model top

surface
qvdp, (1)

where g is the acceleration due to gravity, q is specific hu-
midity, v is the horizontal wind vector, and p is pressure.
The vertical integration of the equation is performed from
the surface to the model top.

We calculate the multi-member mean (MEM) of adopted
variables and the indices defined above to study the hydro-
logical effect of the summer and winter volcanic eruptions
at different latitudes. Both temporal and spatial analyses are
performed to investigate the climate effects. Anomalies with
respect to the MEM of the control runs without any volcanic
eruption are presented. The standard deviation (SD) of the
control runs is calculated to indicate the significance of the
temporal analysis results. Two-tailed Student’s t tests at the
95 % and 99 % confidence levels are performed for testing
the significance of the spatial results.

3 Results and discussion

3.1 Volcanic forcing from EVA

The generated volcanic forcing is indicated by the aerosol
optical depth at 550 nm (AOD550). Figure 1a and b show
the temporal variation of global mean AOD550 in 1991–1996
and 1990–1996 for the summer and winter eruptions, respec-
tively. All three eruption cases in each season lead to identi-
cal time series of global mean AOD550, with a steep increase
in the beginning due to the formation of sulfate aerosols after
the volcanic eruptions. The highest global mean AOD550 of
0.12 is identical in all the cases and is reached after 6 months,
i.e., in December 1991 and June 1991 for the summer and
winter eruptions, respectively. Figure 1c and d show the spa-
tiotemporal structure of the volcanic forcing. The formation
and distribution of volcanic aerosols take several months. For
the EQ eruption cases, the AOD550 indicates that volcanic
aerosols are transported to both hemispheres, associated with
a stronger dispersion than in the NH and SH cases, and more
aerosols are transported to the Northern Hemisphere in the
winter case and to the Southern Hemisphere in the summer
case. This indicates that the transport of volcanic aerosols
from equatorial eruptions to high latitudes depends on the
eruption season, which is related to the large-scale transport
of the Brewer–Dobson circulation (Hamill et al., 1997). For
the NH and SH eruption cases, volcanic aerosols are mostly
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Table 1. Summary of model experiments.

Ensemble Eruption Eruption date Eruption Sulfur injection Run period Number of
name season latitude (Tg S) (CE) ensemble members

CTR – – – – 1986–1996 23

NH 30◦ N
EQ summer 15 June 0◦ 9 1991–1996 10
SH 30◦ S

NH 30◦ N
EQ winter 15 December 0◦ 9 1990–1996 10
SH 30◦ S

confined to the specific hemisphere, with large AOD550 in
the subtropical areas between 30 and 60◦ latitude.

3.2 Solar radiation response

To show the primary radiative effects of the volcanic
aerosols, we present the net outgoing shortwave radiation
(OSR) at the top of the atmosphere (TOA) in clear-sky condi-
tions. Figure 2 shows the time series of the global mean OSR
anomaly and its zonal mean distribution. The OSR value in
the MPI-ESM is negative, indicating an increased OSR after
the volcanic eruptions. For all three cases of summer erup-
tions (Fig. 2a), the increased OSR lasts for 3 years until 1994.
Although the global mean AOD550 is identical among the
three cases (Fig. 1a), the OSR increases continuously after
the SH and the EQ eruptions, but after the NH eruption, there
is a slight decrease in OSR in the boreal winter of 1991. Sim-
ilar response patterns are found for the winter eruption cases
(Fig. 2b), except that the slight decrease in OSR occurs after
the SH eruption case in the boreal summer of 1992, which
is the austral winter of the Southern Hemisphere. This re-
lates to the seasonal change of the incoming solar radiation
in the different hemispheres. The zonal mean distribution of
the OSR anomaly in all summer cases (Fig. 2c) and winter
cases (Fig. 2d) indicates a simultaneous increase in OSR in
the areas with high AOD after the eruption. This indicates
that more solar radiation is reflected in regions with more
volcanic aerosols. For the summer eruption cases (Fig. 2c),
the shape of the OSR zonal mean distribution is similar to
that of AOD550 in the EQ and SH cases, while OSR is re-
duced in the NH case in the boreal winter of 1991, resulting
from the reduced incoming radiation in winter. For the win-
ter eruption cases (Fig. 2d), similar shapes between OSR and
AOD550 are shown in the EQ and NH cases, while a reduced
OSR in the austral winter of 1991 is found in the SH case.
This reflects the role of the seasonal change of the incoming
solar radiation in the two hemispheres.

3.3 Temperature response

SR is reflected by the volcanic aerosols in the stratosphere.
This decreases the SR reaching the surface and results in sur-

face cooling. Figure 3 shows the time series of the global
mean surface temperature (T ) anomaly and its zonal mean
distribution. Significant cooling occurs after the volcanic
eruptions. For the summer eruption cases, it takes 15, 12 and
15 months to reach the maximum cooling after the NH, the
EQ and the SH eruption, respectively; thus stronger cooling
emerges after the NH eruption than the SH and EQ erup-
tions, and the coolest boreal summer among all the cases oc-
curs in 1992 (Fig. 3a). Most significant cooling emerges in
the Northern Hemisphere midlatitudes in the NH case, in the
tropics in the EQ case and in the Southern Hemisphere mid-
latitude areas in the SH case, as indicated by the stippling
in Fig. 3c. For the winter eruption cases, a significant and
strong cooling is visible in the boreal summer of 1991; the
maximum cooling shows 11 months after the NH eruption
(Fig. 3b) and emerges in the Northern Hemisphere midlati-
tude areas (Fig. 4d). The maximum cooling occurs 16 months
after the EQ eruption in the boreal spring of 1992 (Fig. 3b),
and the abnormal cooling is pronounced in the tropics as indi-
cated by the stippling in Fig. 3d. A similar cooling trend with
a smaller magnitude is shown 16 months after the SH erup-
tion (Fig. 3b), but the cooling is significant in the Southern
Hemisphere midlatitudes (Fig. 3d). For both the summer and
winter eruptions, the largest cooling occurs several months
later than the solar radiation variation but in the correspond-
ing areas with more SR reflected by volcanic aerosols, and
the response is faster in the NH cases than in the SH and
EQ cases. These different responses originate from the de-
layed response in the ocean compared to the land, because
the ocean has a larger heat capacity and content compared to
the land and the NH has a larger landmass compared to the
SH.

We further analyze the spatial distribution of the temper-
ature response. The time series and zonal mean distribution
have shown that the strongest cooling occurs in summer 1992
for the summer eruptions and in summer 1991 for the winter
NH eruption and in spring 1992 for the winter EQ and SH
eruptions. Since we want to discuss more about the summer
climate response, especially in the Northern Hemisphere,
for the spatial distribution of temperature, we focus on the
JJA mean of 1992 for the summer eruptions and 1991 for
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Figure 1. Global mean aerosol optical depth anomaly at 550 nm for the summer (a) and winter (b) volcanic eruption cases and their zonal
mean distributions (c, d).

the winter eruptions (Fig. 4). For the NH summer eruption
case (Fig. 4a), significant cooling (99 % confidence level)
is found for most of the land areas in the Northern Hemi-
sphere, except for India and the Sahel, where positive tem-
perature anomalies prevail. Stronger cooling occurs in the
Northern Hemisphere than in the Southern Hemisphere. Over
the ocean, most of the areas experience cooling in the North-
ern Hemisphere but warming in the Southern Hemisphere.

While similar patterns with stronger magnitude are found es-
pecially in the Northern Hemisphere for the NH winter erup-
tion case (Fig. 4b), different responses are shown over the
southern hemispheric ocean and Antarctica. For the SH sum-
mer eruption case (Fig. 4e), significant cooling (99 % con-
fidence level) is found in the southern hemispheric land ar-
eas, but warming emerges in part of the northern hemispheric
land areas. Opposite to the NH eruption case, cooling oc-
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Figure 2. Global mean net outgoing solar radiation (W m−2) anomaly at the top of the atmosphere in clear-sky conditions for the summer (a)
and winter (b) volcanic eruption cases and their zonal mean distributions (c, d). The grey shading in (a) and (b) indicates 2 standard deviation
of the control runs without any volcanic eruption. Dark grey and light grey stippling in (c) and (d) indicate the grid points with significant
differences based on the two-tailed Student’s t test at the 95 % and 99 % confidence level, respectively.

curs in India and the Sahel. Over the ocean, cooling prevails
in the low-latitude areas while different warming and cool-
ing emerges in different areas in middle and high latitudes.
Similar response patterns are found in most of the southern
hemispheric land areas in the SH winter eruption case, but
warming prevails in most of the northern hemispheric land

areas except for the cooling in India and the Sahel (Fig. 4f).
For the EQ cases (Fig. 4c and d), cooling occurs in most of
the land areas but is weaker in magnitude in the Northern
and Southern Hemisphere compared to the NH and SH erup-
tion cases, respectively. This indicates that, compared to trop-
ical eruptions, extratropical volcanic eruptions have stronger
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Figure 3. Global mean surface temperature (◦C) anomaly for the summer (a) and winter (b) volcanic eruption cases and their zonal mean
distributions (c, d). The grey shading in (a) and (b) indicates 2 standard deviations around the mean of the control runs without any volcanic
eruption. Dark grey and light grey stippling in (c) and (d) indicate the grid points with significant differences based on the two-tailed Student’s
t test at the 95 % and 99 % confidence level, respectively.

cooling effects in the hemisphere where the eruption occurs
due to concentration of volcanic aerosols. Furthermore, the
responses in the low-latitudinal land areas in the EQ summer
and winter eruption case (Fig. 4c and d) are similar to those
in the SH summer and winter eruption case (Fig. 4e and f).

3.4 Precipitation response

The radiative effect of volcanic aerosols, in addition to tem-
perature variations, also leads to changes in the hydrological
cycle. Time series of global mean precipitation from our ex-
periments do not show significant changes (not shown), but
there are precipitation responses on a regional level. Figure 5
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Figure 4. Spatial distribution of JJA mean temperature (◦C) anomaly in 1992 for the summer NH (a), EQ (c) and SH (e) eruption cases
and in 1991 for the winter NH (b), EQ (d) and SH (f) eruptions cases. The cross signs and slashes indicate the grid points with significant
differences based on the two-tailed Student’s t test at the 95 % and 99 % confidence level, respectively.

shows the spatial distribution of the precipitation response to
the volcanic eruption cases. Generally, stronger absolute pre-
cipitation responses occur in the tropics than in the extratrop-
ics as well as over the ocean compared to over land. For each
eruption latitude, the precipitation response patterns are sim-
ilar between the summer eruptions (Fig. 5a, c and e) and the
winter eruptions (Fig. 5b, d and f). In many tropical regions,
the NH (Fig. 5a and b) and SH (Fig. 5e and f) volcanic erup-
tions lead to reversed precipitation responses, i.e., opposite
decrease and increase in precipitation up to over 3 mm d−1 in
some areas. Precipitation response patterns in the EQ erup-
tion cases (Fig. 5c and d) are close to those in the SH eruption
cases (Fig. 5e and f). The most pronounced changes over land
are found in India, which is one of the most typical monsoon
regions. Precipitation decreased in India after the NH erup-
tions (Fig. 5a and b) but strongly increased after the EQ and
SH volcanic eruptions (Fig. 5c to f).

3.5 Mechanism of precipitation response in India

The temperature and precipitation response patterns clearly
indicate a tendency towards inverse climate responses to
the NH and SH volcanic eruptions, which are particularly
strong in India. The following section thus aims to explain
the mechanism behind the different climate effects of asym-
metrically distributed volcanic aerosols in India.

3.5.1 The direct radiative effect and dynamical
response

Sulfate aerosols in the stratosphere from explosive volcanic
eruptions reflect solar radiation at the top of the atmosphere
(Fig. 2), thus leading to significant surface cooling (Fig. 3).
These cooling effects are more pronounced in the areas
with more aerosols. Volcanic aerosols are asymmetrically
distributed after the different latitudinal volcanic eruptions
(Fig. 1). This causes asymmetric cooling effects between the
two hemispheres. Figure 6a shows the difference of the bo-
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Figure 5. Spatial distribution of JJA mean precipitation (mm d−1) anomaly in 1992 for the summer NH (a), EQ (c) and SH (e) eruption cases
and in 1991 for the winter NH (b), EQ (e) and SH (f) eruption cases. The cross signs and slashes indicate the grid points with significant
differences based on the two-tailed Student’s t tests at the 95 % and 99 % confidence level, respectively.

real summer JJA mean temperature anomaly between the
Northern and the Southern Hemisphere in the three summer
eruption cases. It decreases largely in 1992 after the NH vol-
canic eruption and decreases slightly after the EQ eruption,
while it keeps close to zero after the SH volcanic eruption.
This indicates a larger cooling in the Northern Hemisphere
than in the southern hemisphere after the NH and the EQ
volcanic eruption, while only a slight difference is shown be-
tween the two hemispheres after the SH volcanic eruption.
Similar results are found in the winter NH and EQ eruption
cases, while the temperature difference between the hemi-
spheres increases slightly in the SH case, indicating a larger
cooling in the Southern Hemisphere than in the Northern
Hemisphere after the winter SH volcanic eruption (Fig. 6b).

The thermal contrast between the two hemispheres moves
the ITCZ away from the cooler hemisphere (Broccoli et al.,
2006). As shown by the yellow line in Fig. 6c and d, in
JJA, large amounts of precipitation are concentrated around
10◦ N, which is the mean latitude of the ITCZ. After the NH
summer volcanic eruption (Fig. 6c), the zonal mean precipi-

tation decreases around 10◦ N but increases around 0◦. This
indicates that the ITCZ moves southward toward the Equa-
tor. The zonal mean precipitation increases north of 10◦ N
but decreases around the Equator after the SH summer erup-
tion, which indicates a northward movement of the ITCZ. For
the EQ summer eruption case, because the aerosols are trans-
ported to both hemispheres, there is no simple displacement
of the ITCZ, but a more complex change with a precipitation
decrease around 10◦ N but increases to the north and south of
10◦ N. Similarly, a southward shift of the ITCZ is found after
the NH winter eruption while a northward shift is found after
the SH winter eruption (Fig. 6d). For the EQ winter eruption
case (Fig. 6d), the zonal mean precipitation slightly increases
around 10◦ N, indicating a slight northward movement of the
ITCZ. The movement of the ITCZ particularly affects the cli-
mate in India.

Due to the large heat content of the ocean, the tempera-
ture response over the ocean is attenuated compared to the
response over land. This leads to a stronger cooling of the
land compared to the ocean, which decreases the land–ocean
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Figure 6. Difference of JJA mean temperature (◦C) anomaly between the Northern and the Southern Hemisphere after the summer eruptions
(a) and the winter eruptions (b), and the position of the ITCZ in 1992 (c) and 1991 (d) indicated by the JJA mean zonal mean precipitation
(mm d−1) anomaly between 20◦ N and 20◦ S. The yellow line (right axis) in (c) and (d) indicates the position of the ITCZ for the control
runs, which is calculated with raw precipitation data. The grey bar in (a) and (b) indicates the 2 standard deviation of the control runs.

thermal gradient in JJA and leads to a weakening of the sum-
mer monsoons (Dogar and Sato, 2019; Iles and Hegerl, 2014;
Man and Zhou, 2014; Zuo et al., 2019). Here, we quantify the
Indian summer monsoon response to volcanic eruptions with
the SASMI (Webster and Yang, 1992). As shown in Fig. 7a,
the SASMI decreases continuously until 1994 after the NH
summer eruption, while it increases strongly in 1992 after
the SH summer eruption and increases slightly after the EQ
summer eruption. Similarly, in Fig. 7b, a significant decrease
in the SASMI is found in 1991 after the NH winter eruption,
while a slight increase in the SASMI occurs in 1991 after the
SH and EQ winter eruptions. The SASMI keeps increasing
in 1992 after the SH winter eruption. This indicates oppo-
site weakening and strengthening effects of the different NH
and SH volcanic eruptions on the South Asian summer mon-
soon: NH eruptions preferentially cool the NH land regions
and tend to weaken the Indian monsoon, while SH cooling
following SH eruptions leads to a stronger monsoon circula-
tion.

The altered land–ocean thermal contrast and monsoon
circulation largely change the moisture transport from the
ocean to India. Because the temperature and precipitation re-
sponses, the ITCZ movement and the SASMI all show simi-
lar patterns between the summer eruption cases and the win-
ter eruption cases, we only use the summer eruption cases
to explain the response mechanism in India in the following.
Figure 8 shows the vertically integrated moisture transport

(IVT, vector) and its divergence (IVTD, shaded) over India.
In the control runs without any volcanic eruption, as shown in
Fig. 8a, in the western part of India, winds from the Arabian
Sea bring large amounts of moisture to the land. This results
in strong precipitation along the west coast of India. In the
eastern and northern parts of India, the precipitation results
from the convergence of southeasterly moisture transported
from the Bay of Bengal vortex as shown by the IVTD (green
shading). After the NH volcanic eruption, the moisture trans-
ported from the Bay of Bengal to the northern part of India is
largely reduced, associated with reduced convection and up-
ward motion, as shown by the reduced convergence (brown
shading in Fig. 8b). On the contrary, after the EQ and the SH
volcanic eruptions (Fig. 8c and d), more moisture is trans-
ported to the land from both the Arabian Sea and the Bay
of Bengal. Moisture convergence is reduced in the northern
part of India (brown shading), while it is strengthened in the
southwest and southeast coast of India (green shading). The
altered horizontal and vertical motion of the atmospheric cir-
culation thus change the amount and distribution of atmo-
spheric moisture as well as the precipitation patterns over In-
dia.

These results show a dynamical response of the climate
system to the radiative effect of volcanic aerosols. Changes
in the available energy and thermal gradients between the
hemispheres move the ITCZ southward after the NH vol-
canic eruption but northward after the SH and EQ eruptions
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Figure 7. South Asian summer monsoon index (m s−1) anomaly for the summer eruption cases (a) and the winter eruption cases (b). The
grey bar indicates 1 standard deviation of the control runs.

Figure 8. JJA mean vertically integrated moisture transport (IVT, vector, kg m−1 s−1) and its divergence (IVTD, shaded, kg m−2 s−1) for
the control runs without any volcanic eruption (a), and their anomalies after the NH (b), EQ (c) and SH (d) volcanic eruptions in 1992.

(Fig. 6b), which largely affects regional precipitation in the
areas along the ITCZ. After the NH volcanic eruption, the al-
tered land–ocean thermal gradients reduce the monsoon cir-
culation and thus the moisture transport and convection over
the western coast of India and central India, which, in con-

trast, is strengthened after the SH and EQ eruptions. These
dynamical responses influence the regional climate in India
and lead to a precipitation decrease after NH eruptions, but
an increase following SH eruptions (see again Fig. 5).
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Figure 9. Spatial distribution of JJA mean net surface solar radiation (kg m−2 ) anomaly in clear-sky (a) and all-sky conditions (b) after the
NH (left), EQ (middle) and SH (right) volcanic eruptions in 1992. The vertical bars and plus signs indicate the grid points with significant
differences based on the two-tailed Student’s t test at the 95 % and 99 % confidence level, respectively.

3.5.2 Radiative feedbacks due to changes in cloud cover

In the following, physical feedback mechanisms associated
with changes in cloud cover and the corresponding radia-
tive effects are discussed, which additionally influence the
regional temperature and precipitation variations. Figure 9
shows the net surface solar radiation distribution in clear-
sky and all-sky conditions. In clear-sky conditions without
taking clouds into consideration (Fig. 9a), the surface solar
radiation is generally reduced with a zonally rather symmet-
ric distribution. The decrease in the surface solar radiation is
larger in the northern and southern part of the area after the
NH and the SH volcanic eruption respectively, while it de-
creases more uniformly after the EQ eruption. This is due to
the reflection of solar radiation by the asymmetric distribu-
tion of volcanic aerosols in the two hemispheres after the NH
and the SH volcanic eruptions, while being approximately
balanced between the two hemispheres after the EQ erup-
tion. However, there are some stronger and opposite regional
changes in the all-sky net surface solar radiation (Fig. 9b).
Specifically, in India, the net surface solar radiation increases
after the NH volcanic eruption but decreases after the SH and
the EQ volcanic eruptions. This indicates that in the regional
climate responses to volcanic eruptions, the change of the
regional cloud cover plays an important role, leading to a

temperature increase in India after the NH volcanic eruption
but a temperature decrease after the SH and the EQ erup-
tions (Fig. 4), which is opposite to the temperature changes
in most other northern hemispheric land regions. As shown
in Fig. 10, cloud cover decreases significantly after the NH
volcanic eruption (Fig. 10a), while it increases after the SH
and the EQ volcanic eruptions (Fig. 10c and b). Less SR is
reflected with less clouds, thus leading to the increase in net
surface solar radiation and temperature after the NH volcanic
eruptions. Vice versa, more SR is reflected with more clouds,
decreasing net surface solar radiation and temperature after
the SH and the EQ eruption.

The dynamical response described in the previous section
leads to a reduced moisture transport from the ocean to the
land, and the corresponding decrease in the atmospheric wa-
ter vapor content (Fig. 11) together with the reduced vertical
motion reduces cloud formation and precipitation in India af-
ter the NH volcanic eruption. However, after the SH and the
EQ eruptions, the dynamical response leads to an increased
moisture transport and thus increased water vapor content,
together with a strengthened vertical motion, enhanced cloud
formation and precipitation in India.
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Figure 10. Spatial distribution of JJA mean total cloud cover (%) anomaly after the NH (a), EQ (b) and SH (c) volcanic eruptions in 1992.
The vertical bars and plus signs indicate the grid points with significant differences based on the two-tailed Student’s t tests at the 95 % and
99 % confidence level, respectively.

Figure 11. Spatial distribution of JJA mean vertical integrated water vapor (kg m−2) anomaly after the NH (a), EQ (b) and SH (c) summer
volcanic eruptions in 1992. The vertical bars and plus signs indicate the grid points with significant differences based on two-tailed Student’s
t tests at the 95 % and 99 % confidence level, respectively.

3.5.3 Summary of the response mechanism

Based on the above analyses, the mechanisms behind the dif-
ferent climate effects in India after volcanic eruptions at dif-
ferent latitudes are summarized. The stratospheric aerosols
injected by volcanic eruptions directly reflect a large amount
of solar radiation, which decreases the net surface solar radi-
ation. This leads to cooling in the latitude bands covered by
volcanic aerosols. It alters the thermal gradient between the
Northern and the Southern Hemisphere and between land and
ocean. These changed gradients of available energy and tem-
perature cause subsequent dynamical responses. Specifically,
the altered thermal contrast between the two hemispheres
moves the ITCZ towards the warmer hemisphere, and the al-
tered land–ocean thermal contrast changes the strength of the
South Asian summer monsoon and the associated horizontal
and vertical motion of the air. This influences the regional
water vapor content and the subsequent formation of clouds.
Regional temperature and precipitation are further affected
by this change in moisture content and by radiative feedback
processes due to the altered cloud cover.

After the NH volcanic eruption, the altered hemispheric
thermal contrast leads to a southward movement of ITCZ; the
decreased land–ocean thermal contrast weakens the SASM
and reduces the horizontal and vertical motion of the air in
India. This reduces the atmospheric moisture content and de-
creases cloud cover, which results in a decrease in the re-
gional precipitation. The reduced cloud cover counteracts
the cooling effect of volcanic aerosols. This negative feed-
back leads to the increase in the regional temperature. Oppo-
sitely, after the SH eruption, a northward movement of ITCZ
and strengthened SASM strengthen the horizontal and ver-
tical motion. This increases the atmospheric moisture con-
tent and cloud cover, thus increasing regional precipitation.
The increased cloud cover enhances the cooling of volcanic
aerosols, which forms a positive feedback that decreases re-
gional temperature. For the EQ eruption, evenly distributed
volcanic aerosols in the two hemispheres cause a relatively
symmetric radiative effect in India. However, because the
subsequent dynamical response is similar to that after the SH
volcanic eruption, the temperature and precipitation patterns
are also similar to those after the SH eruption. This illustrates
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the important roles that dynamical responses and subsequent
physical feedbacks play for the regional climate response to
volcanic eruptions.

3.6 Discussion

Our model results indicate significant cooling and precipi-
tation variations especially in the tropical and monsoon re-
gions after volcanic eruptions, in agreement with previous
studies (Iles and Hegerl, 2014; Iles et al., 2013). With CESM
model simulations, Stevenson et al. (2017) showed different
soil moisture responses to volcanic eruptions in April and
July. However, temperature and precipitation responses in
this study do not show large difference between the summer
and winter eruptions. A different model is used, and differ-
ent eruption seasons as well as different volcanic forcing with
much smaller eruption magnitudes are simulated in our study
compared to Stevenson et al. (2017). Toohey et al. (2011), us-
ing the MAECHAM5-HAM model, simulated volcanic erup-
tions with 17 and 700 Tg of SO2 injection in different seasons
and found that the change of all-sky SR is sensitive to erup-
tion season for the 700 Tg of SO2 injection but is insensi-
tive to eruption season for the Pinatubo-magnitude eruption.
The latter is also used in our study. Hence, the sensitivity
of the climate response to volcanic eruption season may be
related to the magnitude of the volcanic eruption. Future sim-
ulations with different magnitudes and different models will
contribute to better understanding this question.

Tropical eruptions were widely assumed to have stronger
climate impact than extratropical eruptions (Schneider et
al., 2009), until Toohey et al. (2019) pointed out that this
might not be the case. Based on the atmosphere–chemistry
model MAECHAM5-HAM with fixed sea surface temper-
ature, Toohey et al. (2019) showed a stronger hemispheric
cooling after extratropical explosive volcanic eruptions than
after tropical eruptions. Results in this study, based on a fully
coupled atmosphere–ocean model, show stronger cooling in
the relative hemisphere after the NH and SH eruptions than
for the EQ eruptions, supporting the conclusion of Toohey et
al. (2019).

Results in this study agree with previous investigations re-
garding the different climate impacts that interhemispheri-
cally asymmetric volcanic aerosol distributions may have in
the tropics (Colose et al., 2016; Zuo et al., 2018), the mon-
soon regions (Liu et al., 2016; Zhuo et al., 2014; Zuo et
al., 2019) and the Atlantic (Yang et al., 2019). These differ-
ences are likely caused by the movement of the ITCZ towards
the warmer hemisphere with less volcanic aerosol loading
(Colose et al., 2016; Haywood et al., 2013; Iles and Hegerl,
2014) and the weakening of monsoonal circulations (Liu et
al., 2016; Zuo et al., 2018). Our study confirms these gen-
eral conclusions in a quantitative way and provides detailed
insights into the underlying mechanisms based on model ex-
periments that have been specifically designed to distinguish
between NH and SH eruptions. For the mechanism of the

monsoon response to asymmetric volcanic aerosols, Zuo et
al. (2019) suggested that the change of the atmospheric cir-
culation plays a dominant role in the change of precipitation,
which is related to the changes of the monsoon circulation
and the cross-Equator flow. Earlier, using the GISS model,
Oman et al. (2005) simulated the climate effects of high-
latitude eruptions and found that the radiative effect is larger
than the dynamical effect, and the dynamical effect mainly
affects the Asian summer, as the strong cooling in North-
ern Hemisphere landmass leads to the reduction of the Asian
summer monsoon circulation. This study confirms that the at-
mospheric circulation change after volcanic eruptions plays
an important role in precipitation changes in India, because it
changes the water vapor transport and the resultant formation
or depletion of clouds in different areas. In addition, regional
temperature and precipitation variations are also affected by
radiative cloud feedbacks. This is in agreement with Dogar
and Sato (2019), who suggested that the direct radiative ef-
fect of tropical volcanic eruption and the associated land–sea
thermal contrast result in warming and drying in the Middle
Eastern, African and South Asian monsoon regions, which is
related to the reduction of clouds over the monsoon region.
However, the indirect circulation change was summarized to
be connected with the volcanically induced ENSO forcing in
Dogar and Sato (2019). This conclusion might be affected
by large uncertainties, as only three ensemble members were
used in their study, and the simulations were conducted with
an atmospheric circulation model with prescribed oceanic
boundary conditions. Our results, based on a fully coupled
atmosphere–ocean model and specifically designed to be not
affected by ENSO anomalies at the time of the eruption,
show that both the NH and the EQ volcanic eruptions favor
an El Niño tendency in the summer of 1992, while a La Niña
tendency is found after the SH volcanic eruption (Fig. 12).
However, after EQ volcanic eruptions, the climate response
in India is similar to that after SH eruptions (Figs. 4 and 5).
This suggests that it is the direct circulation change and the
subsequent physical feedback, not so much the influence of
ENSO, that dominates the regional climate impact in India.

In this study, we simulate volcanic eruptions at different
latitudes and in different seasons with the EVA module and
MPI-ESM. Limitations exist due to this model setup. EVA is
a simplified module that neglects vertical variations of strato-
spheric dynamics and the impact of the polar vortex, which
affects aerosol formation, distribution and aerosol loss es-
pecially in a seasonal manner (Toohey et al., 2016b). This
results in the totally identical AOD550 among all the cases
(Fig. 1), which are used as idealized volcanic forcing for our
MPI-ESM experiments. This is different from other model
simulations with an interactive aerosol module that can take
aerosol microphysical processes and their interaction with
cloud processes into account. Aerosols in the stratosphere
have a radiative heating effect which can modify the strato-
spheric dynamics (Niemeier and Schmidt, 2017). This is not
considered in this study as the LR version of MPI-ESM has
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Figure 12. Time series of Oceanic Niño Index (◦C) anomaly for the
NH (a), EQ (b) and SH (c) volcanic eruption cases. The black and
relative solid color lines are the ensemble member means of the con-
trol run and the eruption cases. The dark and light grey and relative
heavy and light color shades represent 1 and 2 standard deviation of
the control runs and the eruption cases.

a limited vertical resolution in the stratosphere and cannot
resolve stratospheric dynamics well. These may be the po-
tential reason that the climate response is not sensitive to the
eruption season in our study, as the aerosol distribution in the
stratosphere depends on the injection season (Aquila et al.,
2012; Tilmes et al., 2017; Visioni et al., 2019). We also do not
consider the influence of injection height on the forcing and
related climate impact as EVA does not take injection height
into consideration. EVA and MPI-ESM model simulations of
volcanic eruptions were tuned and validated largely based on
observations of the Pinatubo eruption in June 1991. Simu-
lated winter eruptions may thus not be comparably realistic
as summer eruptions. However, as pointed out, simulations
in this study do not correspond to real volcanic eruptions,

and the climate responses cannot be compared with reality.
The focus of this study is the intercomparison of different
eruption cases, for which the eruption season and eruption
latitude are the only control variables.

4 Summary and conclusions

In order to explore how eruption latitude and eruption season
affect the climate impact of volcanic eruptions, model simu-
lations with two groups of Pinatubo-like summer and winter
volcanic eruptions at 0◦ (EQ), 30◦ N (NH) and 30◦ S (SH)
are performed based on the EVA volcanic forcing generator
and the fully coupled general circulation model MPI-ESM.
For each experiment case, an ensemble of 10 simulations is
performed. Based on the experimental design, results in this
study avoid the uncertainties from unequal aerosol magni-
tudes among different volcanic events and the impact of con-
current ENSO events.

Stratospheric volcanic aerosols reflect incoming solar ra-
diation and reduce the net surface solar radiation. This leads
to significant surface cooling, especially in the areas covered
by volcanic aerosols. Comparing to equatorial eruptions, vol-
canic aerosols injected by extratropical eruptions are more
concentrated in the specific hemisphere. Because of this, ex-
tratropical eruptions in the Northern Hemisphere (NH cases)
cause larger cooling over the Northern Hemisphere conti-
nents, while SH cases cause larger cooling over the South-
ern Hemisphere continents, compared to the equatorial erup-
tions (EQ cases). The precipitation response varies region-
ally, with stronger responses in the tropics than in the extra-
tropics. Summer eruptions and winter eruptions lead to sim-
ilar precipitation response patterns, especially in the tropics
and monsoon regions, which indicates that the eruption sea-
son plays a minor role in the hydrological responses to vol-
canic eruptions. The largest precipitation change over land
occurs in India, one of the most typical monsoon regions.
Precipitation decreases in the Indian monsoon region after
the NH volcanic eruptions but increases after the SH erup-
tions. The response patterns after the EQ eruptions are sim-
ilar to those after the SH eruptions, which is likely related
to the similar dynamical responses to EQ and SH volcanic
eruptions.

Stratospheric volcanic aerosols directly influence the ra-
diative budget of the climate system. This causes dynam-
ical responses due to changes in the available energy and
thermal gradients between the Northern and the Southern
Hemisphere as well as between land and ocean, associated
with interhemispherically asymmetric distributions of vol-
canic aerosols as well as the different heat capacity of land
and ocean.

In India, the NH volcanic eruption leads to warming and
drying. This is caused by the decreased water vapor ad-
vection and cloud cover over India, which is related to re-
duced monsoon circulation and convection after the volcanic
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eruption. The ITCZ moves southward due to the altered in-
terhemispheric thermal contrast. The South Asian summer
monsoon weakens due to the decreased land–ocean ther-
mal contrast. After the SH and EQ volcanic eruptions, cool-
ing and wetting result from the increase in water vapor and
clouds over India, connected to strengthened horizontal and
vertical motions. This is associated with the northward move-
ment of ITCZ and the strengthened South Asian summer
monsoon after the volcanic eruptions.

Compared to previous studies, which are usually based on
different classifications of historical volcanic eruptions with
different numbers of volcanic events, aerosol magnitudes,
eruption latitudes and eruption seasons, this study largely re-
duces these uncertainties by using an idealized model setup.
In this setup, the eruption latitude is the only difference be-
tween the three eruption cases, and the eruption season is
the only difference between the winter and the summer erup-
tions. In this way, and by performing 10-member ensemble
simulations, we provide robust model results on the sensi-
tivity of the climate effect of volcanic eruptions to eruption
latitude and eruption season. These results may also support
the interpretation of climate impacts of different choices of
stratospheric aerosol injection in geoengineering approaches
(Simpson et al., 2019). In contrast to the previous assump-
tion that tropical eruptions have stronger climate effects than
extratropical eruptions, this study suggests the opposite. Fur-
ther research needs to be performed to understand whether
tropical or extratropical eruptions have stronger climate im-
pact using different models and experimental setups. In par-
ticular, with interactive aerosol modules coupled to higher-
resolution models, more processes, like longwave radiation
heating due to aerosols and their interaction with cloud cover
and stratospheric dynamics, can be investigated. Future sim-
ulations can also be performed to investigate whether the sen-
sitivity of the climate response to eruption season depends
on the magnitude of volcanic eruptions. The simulations in
this study avoid the concurrent effect of volcanic eruptions
and ENSO through controlling the initial state of ENSO. Re-
sults do not show any significant impact of the eruptions on
ENSO variations. The impact of volcanic eruptions on ENSO
and their concurrent or different impacts on climate are still
unsolved questions, which deserve to be further studied.

Code availability. Post-processing and visualization of data was
performed with CDO and batch scripts. The scripts are available
on request from the corresponding author.

Data availability. All data required to reproduce our key results are
published by Zhuo et al. (2021) (http://doi.org/10.26050/WDCC/
LAT-SEASON-VOLCANIC_MPI-ESM-LR) at the World Data
Center for Climate (WDCC) at Deutsche Klimarechenzentrum
(DKRZ).

Author contributions. ZZ designed the study, ran the MPI-ESM ex-
periments, analyzed the results and wrote the paper. IK and UC su-
pervised and provided support for designing the study. IK provided
support for running the experiments. IK and SP provided support
for the analysis. All authors contributed to revising the paper.

Competing interests. The authors declare that they have no conflict
of interest.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Special issue statement. This article is part of the special issue
“The Model Intercomparison Project on the climatic response to
Volcanic forcing (VolMIP) (ESD/GMD/ACP/CP inter-journal SI)”.
It does not belong to a conference.

Acknowledgements. This work is supported by China Scholarship
Council (CSC). We thank Matthew Toohey for his help on the EVA
module. The authors acknowledge the Deutsche Klimarechenzen-
trum (DKRZ, https://www.dkrz.de/, last access: 5 July 2021) for
the computational resources and computing facilities.

Financial support. This research has been supported by the Open
Access Publication Initiative of Freie Universität Berlin.

Review statement. This paper was edited by Ben Kravitz and re-
viewed by Daniele Visioni and one anonymous referee.

References

Adams, J. B., Mann, M. E., and Ammann, C. M.: Proxy evidence
for an El Niño-like response to volcanic forcing, Nature, 426,
274–278, https://doi.org/10.1038/nature02101, 2003.

Ammann, C. M. and Naveau, P.: Statistical analysis of tropical ex-
plosive volcanism occurrences over the last 6 centuries, Geophys.
Res. Lett., 30, 1210, https://doi.org/10.1029/2002gl016388,
2003.

Aquila, V., Oman, L. D., Stolarski, R. S., Colarco, P. R., and New-
man, P. A.: Dispersion of the volcanic sulfate cloud from a Mount
Pinatubo-like eruption, J. Geophys. Res.-Atmos., 117, D06216,
https://doi.org/10.1029/2011JD016968, 2012.

Broccoli, A. J., Dahl, K. A., and Stouffer, R. J.: Response of the
ITCZ to Northern Hemisphere cooling, Geophys. Res. Lett., 33,
L01702, https://doi.org/10.1029/2005gl024546, 2006.

Colose, C. M., LeGrande, A. N., and Vuille, M.: Hemispher-
ically asymmetric volcanic forcing of tropical hydroclimate
during the last millennium, Earth Syst. Dynam., 7, 681–696,
https://doi.org/10.5194/esd-7-681-2016, 2016.

Atmos. Chem. Phys., 21, 13425–13442, 2021 https://doi.org/10.5194/acp-21-13425-2021

http://doi.org/10.26050/WDCC/LAT-SEASON-VOLCANIC_MPI-ESM-LR
http://doi.org/10.26050/WDCC/LAT-SEASON-VOLCANIC_MPI-ESM-LR
https://www.dkrz.de/
https://doi.org/10.1038/nature02101
https://doi.org/10.1029/2002gl016388
https://doi.org/10.1029/2011JD016968
https://doi.org/10.1029/2005gl024546
https://doi.org/10.5194/esd-7-681-2016


Z. Zhuo et al.: Climate impact of volcanoes: sensitivity to eruption season and latitude 13441

Dogar, M. M. and Sato, T.: Regional climate response of middle
eastern, African, and South Asian monsoon regions to explosive
volcanism and ENSO forcing, J. Geophys. Res.-Atmos., 124,
7580–7598, https://doi.org/10.1029/2019JD030358, 2019.

Gao, C., Robock, A., and Ammann, C.: Volcanic forcing of cli-
mate over the past 1500 years: An improved ice core-based
index for climate models, J. Geophys. Res., 113, D23111,
https://doi.org/10.1029/2008jd010239, 2008.

Gillett, N. P., Weaver, A. J., Zwiers, F. W., and Wehner, M. F.: De-
tection of volcanic influence on global precipitation, Geophys.
Res. Lett., 31, L12217, https://doi.org/10.1029/2004gl020044,
2004.

Giorgetta, M. A., Jungclaus, J., Reick, C. H., Legutke, S., Bader,
J., Böttinger, M., Brovkin, V., Crueger, T., Esch, M., Fieg, K.,
Glushak, K., Gayler, V., Haak, H., Hollweg, H.-D., Ilyina, T.,
Kinne, S., Kornblueh, L., Matei, D., Mauritsen, T., Mikolajew-
icz, U., Mueller, W., Notz, D., Pithan, F., Raddatz, T., Rast, S.,
Redler, R., Roeckner, E., Schmidt, H., Schnur, R., Segschnei-
der, J., Six, K. D., Stockhause, M., Timmreck, C., Wegner, J.,
Widmann, H., Wieners, K.-H., Claussen, M., Marotzke, J., and
Stevens, B.: Climate and carbon cycle changes from 1850 to
2100 in MPI-ESM simulations for the Coupled Model Intercom-
parison Project phase 5, J. Adv. Model. Earth Syst., 5, 572–597,
https://doi.org/10.1002/jame.20038, 2013.

Guo, Y., Cao, J., Li, H., Wang, J., and Ding, Y.: Simulation
of the interface between the Indian summer monsoon and the
East Asian summer monsoon: Intercomparison between MPI-
ESM and ECHAM5/MPI-OM, Adv. Atmos. Sci., 33, 294–308,
https://doi.org/10.1007/s00376-015-5073-z, 2016.

Haywood, J. M., Jones, A., Bellouin, N., and Stephenson,
D.: Asymmetric forcing from stratospheric aerosols im-
pacts Sahelian rainfall, Nat. Clim. Change, 3, 660–665,
https://doi.org/10.1038/nclimate1857, 2013.

Hamill, P., Jensen, E. J., Russell, P. B., and Bauman, J. J.:
The Life Cycle of Stratospheric Aerosol Particles, B. Am.
Meteorol. Soc., 78, 1395–1410, https://doi.org/10.1175/1520-
0477(1997)078<1395:TLCOSA>2.0.CO;2, 1997.

Iles, C. E. and Hegerl, G. C.: The global precipitation response to
volcanic eruptions in the CMIP5 models, Environ. Res. Lett., 9,
104012, https://doi.org/10.1088/1748-9326/9/10/104012, 2014.

Iles, C. E., Hegerl, G. C., Schurer, A. P., and Zhang, X.: The effect
of volcanic eruptions on global precipitation, J. Geophys. Res.,
118, 8770–8786, https://doi.org/10.1002/jgrd.50678, 2013.

Ilyina, T., Six, K. D., Segschneider, J., Maier-Reimer, E., Li,
H., and Núñez-Riboni, I.: Global ocean biogeochemistry model
HAMOCC: Model architecture and performance as compo-
nent of the MPI-Earth system model in different CMIP5 ex-
perimental realizations, J. Adv. Model Earth Sy., 5, 287–315,
https://doi.org/10.1029/2012ms000178, 2013.

Jacobson, T. W. P., Yang, W., Vecchi, G. A., and Horowitz,
L. W.: Impact of volcanic aerosol hemispheric sym-
metry on Sahel rainfall, Clim. Dynam., 55, 1733–1758,
https://doi.org/10.1007/s00382-020-05347-7, 2020.

Jungclaus, J. H., Fischer, N., Haak, H., Lohmann, K., Marotzke,
J., Matei, D., Mikolajewicz, U., Notz, D., and von Storch, J.
S.: Characteristics of the ocean simulations in the Max Planck
Institute Ocean Model (MPIOM) the ocean component of the
MPI-Earth system model, J. Adv. Model Earth Sy., 5, 422–446,
https://doi.org/10.1002/jame.20023, 2013.

Khodri, M., Izumo, T., Vialard, J., Janicot, S., Cassou, C.,
Lengaigne, M., Mignot, J., Gastineau, G., Guilyardi, E., Lebas,
N., Robock, A., and McPhaden, M. J.: Tropical explosive
volcanic eruptions can trigger El Nino by cooling tropical
Africa, Nat. Commun., 8, 778, https://doi.org/10.1038/s41467-
017-00755-6, 2017.

Liu, F., Chai, J., Wang, B., Liu, J., Zhang, X., and Wang, Z.: Global
monsoon precipitation responses to large volcanic eruptions, Sci.
Rep., 6, 24331, https://doi.org/10.1038/srep24331, 2016.

Man, W. and Zhou, T.: Response of the East Asian summer mon-
soon to large volcanic eruptions during the last millennium, Chin.
Sci. Bull., 59, 4123–4129, https://doi.org/10.1007/s11434-014-
0404-5, 2014.

Man, W., Zhou, T., and Jungclaus, J. H.: Simulation of the
East Asian summer monsoon during the last millennium with
the MPI Earth System Model, J. Climate, 25, 7852–7866,
https://doi.org/10.1175/jcli-d-11-00462.1, 2012.

Man, W., Zhou, T., and Jungclaus, J. H.: Effects of large volcanic
eruptions on global summer climate and East Asian monsoon
changes during the last millennium: Analysis of MPI-ESM sim-
ulations, J. Climate, 27, 7394–7409, https://doi.org/10.1175/jcli-
d-13-00739.1, 2014.

Myhre, G., Shindell, D., Bréon, F.-M., Collins, W., Fuglestvedt,
J., Huang, J., Koch, D., Lamarque, J.-F., Lee, D., Men-
doza, B., Nakajima, T., Robock, A., Stephens, G., Takemura,
T., and Zhang, H.: Anthropogenic and natural radiative forc-
ing, in: Climate Change 2013: The Physical Science Basis.
Contribution of Working Group I to the Fifth Assessment
Report of the Intergovernmental Panel on Climate Change,
edited by: Stocker, T. F., Qin, D., Plattner, G.-K., Tignor,
M., Allen, S. K., Boschung, J., Nauels, A., Xia, Y., Bex,
V., and Midgley, P. M., Cambridge University Press, Cam-
bridge, United Kingdom and New York, NY, USA, 659–740,
https://doi.org/10.1017/CBO9781107415324.018, 2013.

Niemeier, U. and Schmidt, H.: Changing transport processes in
the stratosphere by radiative heating of sulfate aerosols, Atmos.
Chem. Phys., 17, 14871–14886, https://doi.org/10.5194/acp-17-
14871-2017, 2017.

Oman, L., Robock, A., and Stenchikov, G. L.: Climatic response to
high-latitude volcanic eruptions, J. Geophys. Res., 110, D13103,
https://doi.org/10.1029/2004jd005487, 2005.

Oman, L., Robock, A., Stenchikov, G. L., and Thordarson, T.:
High-latitude eruptions cast shadow over the African monsoon
and the flow of the Nile, Geophys. Res. Lett., 33, L18711,
https://doi.org/10.1029/2006gl027665, 2006.

Paik, S. and Min, S.-K.: Climate responses to volcanic eruptions
assessed from observations and CMIP5 multi-models, Clim. Dy-
nam., 48, 1017–1030, https://doi.org/10.1007/s00382-016-3125-
4, 2016.

Reick, C. H., Raddatz, T., Brovkin, V., and Gayler, V.:
Representation of natural and anthropogenic land cover
change in MPI-ESM, J. Adv. Model Earth Sy., 5, 459–482,
https://doi.org/10.1002/jame.20022, 2013.

Robock, A.: Volcanic eruptions and climate, Rev. Geophys, 38,
191–219, https://doi.org/10.1029/1998RG000054, 2000.

Robock, A. and Liu, Y.: The volcanic signal in Goddard
Institute for Space Studies three-dimensional model simu-
lations, J. Climate, 7, 44–55, https://doi.org/10.1175/1520-
0442(1994)007<0044:TVSIGI>2.0.CO;2, 1994.

https://doi.org/10.5194/acp-21-13425-2021 Atmos. Chem. Phys., 21, 13425–13442, 2021

https://doi.org/10.1029/2019JD030358
https://doi.org/10.1029/2008jd010239
https://doi.org/10.1029/2004gl020044
https://doi.org/10.1002/jame.20038
https://doi.org/10.1007/s00376-015-5073-z
https://doi.org/10.1038/nclimate1857
https://doi.org/10.1175/1520-0477(1997)078<1395:TLCOSA>2.0.CO;2
https://doi.org/10.1175/1520-0477(1997)078<1395:TLCOSA>2.0.CO;2
https://doi.org/10.1088/1748-9326/9/10/104012
https://doi.org/10.1002/jgrd.50678
https://doi.org/10.1029/2012ms000178
https://doi.org/10.1007/s00382-020-05347-7
https://doi.org/10.1002/jame.20023
https://doi.org/10.1038/s41467-017-00755-6
https://doi.org/10.1038/s41467-017-00755-6
https://doi.org/10.1038/srep24331
https://doi.org/10.1007/s11434-014-0404-5
https://doi.org/10.1007/s11434-014-0404-5
https://doi.org/10.1175/jcli-d-11-00462.1
https://doi.org/10.1175/jcli-d-13-00739.1
https://doi.org/10.1175/jcli-d-13-00739.1
https://doi.org/10.1017/CBO9781107415324.018
https://doi.org/10.5194/acp-17-14871-2017
https://doi.org/10.5194/acp-17-14871-2017
https://doi.org/10.1029/2004jd005487
https://doi.org/10.1029/2006gl027665
https://doi.org/10.1007/s00382-016-3125-4
https://doi.org/10.1007/s00382-016-3125-4
https://doi.org/10.1002/jame.20022
https://doi.org/10.1029/1998RG000054
https://doi.org/10.1175/1520-0442(1994)007<0044:TVSIGI>2.0.CO;2
https://doi.org/10.1175/1520-0442(1994)007<0044:TVSIGI>2.0.CO;2


13442 Z. Zhuo et al.: Climate impact of volcanoes: sensitivity to eruption season and latitude

Roeckner, E., Brokopf, R., Esch, M., Giorgetta, M., Hagemann, S.,
Kornblueh, L., Manzini, E., Schlese, U., and Schulzweida, U.:
Sensitivity of simulated climate to horizontal and vertical reso-
lution in the ECHAM5 atmosphere model, J. Climate, 19, 3771–
3791, https://doi.org/10.1175/JCLI3824.1, 2006.

Schneck, R., Reick, C. H., and Raddatz, T.: Land contribution to
natural CO2 variability on time scales of centuries, J. Adv. Model
Earth Sy., 5, 354–365, https://doi.org/10.1002/jame.20029, 2013.

Schneider, D. P., Ammann, C. M., Otto-Bliesner, B. L.,
and Kaufman, D. S.: Climate response to large, high-
latitude and low-latitude volcanic eruptions in the Commu-
nity Climate System Model, J. Geophys. Res., 114, D15101
https://doi.org/10.1029/2008jd011222, 2009.

Simpson, I. R., Tilmes, S., Richter, J. H., Kravitz, B., Mac-
Martin, D. G., Mills, M. J., Fasullo, J. T., and Pen-
dergrass, A. G.: The regional hydroclimate response to
stratospheric sulfate geoengineering and the role of strato-
spheric heating, J. Geophys. Res.-Atmos., 124, 12587–12616,
https://doi.org/10.1029/2019JD031093, 2019.

Stevens, B., Giorgetta, M., Esch, M., Mauritsen, T., Crueger, T.,
Rast, S., Salzmann, M., Schmidt, H., Bader, J., Block, K.,
Brokopf, R., Fast, I., Kinne, S., Kornblueh, L., Lohmann, U., Pin-
cus, R., Reichler, T., and Roeckner, E.: Atmospheric component
of the MPI-M Earth System Model: ECHAM6, J. Adv. Model
Earth Sy., 5, 146–172, https://doi.org/10.1002/jame.20015, 2013.

Stevenson, S., Otto-Bliesner, B., Fasullo, J., and Brady, E.: “El Niño
like” hydroclimate responses to last millennium volcanic erup-
tions, J. Climate, 29, 2907–2921, https://doi.org/10.1175/jcli-d-
15-0239.1, 2016.

Stevenson, S., Fasullo, J. T., Otto-Bliesner, B. L., Tomas, R. A., and
Gao, C.: Role of eruption season in reconciling model and proxy
responses to tropical volcanism, P. Natl. Acad. Sci. USA, 114,
1822–1826, https://doi.org/10.1073/pnas.1612505114, 2017.

Tilmes S., Richter J. H., Mills M. J., Kravitz B., MacMartin D.
G., Vitt F., Tribbia J. J., and Lamarque J. F.: Sensitivity of
aerosol distribution and climate response to stratospheric SO2
injection locations, J. Geophys. Res.-Atmos., 122, 12591–12615,
https://doi.org/10.1002/2017JD026888, 2017.

Timmreck, C.: Modeling the climatic effects of large explo-
sive volcanic eruptions, WIREs Clim. Change, 3, 545–564,
https://doi.org/10.1002/wcc.192, 2012.

Timmreck, C., Pohlmann, H., Illing, S., and Kadow, C.:
The impact of stratospheric volcanic aerosol on decadal-
scale climate predictions, Geophys. Res. Lett., 43, 834–842,
https://doi.org/10.1002/2015gl067431, 2016.

Toohey, M., Krüger, K., Niemeier, U., and Timmreck, C.: The in-
fluence of eruption season on the global aerosol evolution and
radiative impact of tropical volcanic eruptions, Atmos. Chem.
Phys., 11, 12351–12367, https://doi.org/10.5194/acp-11-12351-
2011, 2011.

Toohey, M., Kruger, K., and Timmreck, C.: Volcanic sulfate
deposition to Greenland and Antarctica: A modeling sen-
sitivity study, J. Geophys. Res.-Atmos., 118, 4788–4800,
https://doi.org/10.1002/jgrd.50428, 2013.

Toohey, M., Krüger, K., Sigl, M., Stordal, F., and Svensen, H.:
Climatic and societal impacts of a volcanic double event at
the dawn of the Middle Ages, Climatic Change, 136, 401–412,
https://doi.org/10.1007/s10584-016-1648-7, 2016a.

Toohey, M., Stevens, B., Schmidt, H., and Timmreck, C.: Easy
Volcanic Aerosol (EVA v1.0): an idealized forcing generator
for climate simulations, Geosci. Model Dev., 9, 4049–4070,
https://doi.org/10.5194/gmd-9-4049-2016, 2016b.

Toohey, M., Krüger, K., Schmidt, H., Timmreck, C., Sigl, M., Stof-
fel, M., and Wilson, R.: Disproportionately strong climate forc-
ing from extratropical explosive volcanic eruptions, Nat. Geosci.,
12, 100–107, https://doi.org/10.1038/s41561-018-0286-2, 2019.

Trenberth, K. E. and Dai, A.: Effects of Mount Pinatubo
volcanic eruption on the hydrological cycle as an ana-
log of geoengineering, Geophys. Res. Lett., 34, L15702,
https://doi.org/10.1029/2007gl030524, 2007.

Valcke, S.: The OASIS3 coupler: a European climate mod-
elling community software, Geosci. Model Dev., 6, 373–388,
https://doi.org/10.5194/gmd-6-373-2013, 2013.

Visioni, D., MacMartin, D. G., Kravitz, B., Tilmes, S., Mills, M. J.,
Richter, J. H., and Boudreau, M. P.: Seasonal injection strategies
for stratospheric aerosol geoengineering, Geophys. Res. Lett.,
46, 7790–7799, https://doi.org/10.1029/2019GL083680, 2019.

Webster, P. J. and Yang, S.: Monsoon and ENSO: Selectively
interactive systems, Q. J. Roy. Meteor. Soc., 118, 877–926,
https://doi.org/10.1002/qj.49711850705, 1992.

Yang, W., Vecchi, G., Fueglistaler, S., Horowitz, L. W., Luet, D.
J., Muñoz, Á. G., Paynter, D., and Underwood, S.: Climate im-
pacts from large volcanic eruptions in a high-resolution climate
model: The importance of forcing structure, Geophys. Res. Lett.,
46, 7690–7699, https://doi.org/10.1029/2019GL082367, 2019.

Zambri, B. and Robock, A.: Winter warming and summer monsoon
reduction after volcanic eruptions in Coupled Model Intercom-
parison Project 5 (CMIP5) simulation, Geophys. Res. Lett., 43,
10920–10928, https://doi.org/10.1002/2016GL070460, 2016.

Zhang, D., Blender, R., and Fraedrich, K.: Volcanoes and ENSO
in millennium simulations: global impacts and regional recon-
structions in East Asia, Theor. Appl. Climatol., 111, 437–454,
https://doi.org/10.1007/s00704-012-0670-6, 2012.

Zhuo, Z., Gao, C., and Pan, Y.: Proxy evidence for China’s mon-
soon precipitation response to volcanic aerosols over the past
seven centuries, J. Geophys. Res.-Atmos., 119, 6638–6652,
https://doi.org/10.1002/2013JD021061, 2014.

Zhuo, Z., Gao, C., Kirchner, I., and Cubasch, U.: Impact of volcanic
aerosols on the hydrology of the Asian monsoon and westerlies-
dominated subregions: Comparison of proxy and multimodel en-
semble means, J. Geophys. Res.-Atmos., 125, e2020JD032831,
https://doi.org/10.1029/2020jd032831, 2020.

Zhuo, Z., Kirchner, I., and Cubasch, U.: Different latitu-
dinal volcanic eruption simulations in different seasons
met.fu-berlin MPI-ESM-LR echam monthly, World Data
Center for Climate (WDCC) at Deutsche Klimarechenzen-
trum (DKRZ) [data set], https://doi.org/10.26050/WDCC/LAT-
SEASON-VOLCANIC_MPI-ESM-LR, 2021.

Zuo, M., Man, W. M., Zhou, T. J., and Guo, Z.: Different impacts of
northern, tropical, and southern volcanic eruptions on the tropical
pacific SST in the last millennium, J. Climate, 31, 6729–6744,
https://doi.org/10.1175/Jcli-D-17-0571.1, 2018.

Zuo, M., Zhou, T., and Man, W.: Hydroclimate responses over
global monsoon regions following volcanic eruptions at different
latitudes, J. Climate, 32, 4367–4385, https://doi.org/10.1175/jcli-
d-18-0707.1, 2019.

Atmos. Chem. Phys., 21, 13425–13442, 2021 https://doi.org/10.5194/acp-21-13425-2021

https://doi.org/10.1175/JCLI3824.1
https://doi.org/10.1002/jame.20029
https://doi.org/10.1029/2008jd011222
https://doi.org/10.1029/2019JD031093
https://doi.org/10.1002/jame.20015
https://doi.org/10.1175/jcli-d-15-0239.1
https://doi.org/10.1175/jcli-d-15-0239.1
https://doi.org/10.1073/pnas.1612505114
https://doi.org/10.1002/2017JD026888
https://doi.org/10.1002/wcc.192
https://doi.org/10.1002/2015gl067431
https://doi.org/10.5194/acp-11-12351-2011
https://doi.org/10.5194/acp-11-12351-2011
https://doi.org/10.1002/jgrd.50428
https://doi.org/10.1007/s10584-016-1648-7
https://doi.org/10.5194/gmd-9-4049-2016
https://doi.org/10.1038/s41561-018-0286-2
https://doi.org/10.1029/2007gl030524
https://doi.org/10.5194/gmd-6-373-2013
https://doi.org/10.1029/2019GL083680
https://doi.org/10.1002/qj.49711850705
https://doi.org/10.1029/2019GL082367
https://doi.org/10.1002/2016GL070460
https://doi.org/10.1007/s00704-012-0670-6
https://doi.org/10.1002/2013JD021061
https://doi.org/10.1029/2020jd032831
https://doi.org/10.26050/WDCC/LAT-SEASON-VOLCANIC_MPI-ESM-LR
https://doi.org/10.26050/WDCC/LAT-SEASON-VOLCANIC_MPI-ESM-LR
https://doi.org/10.1175/Jcli-D-17-0571.1
https://doi.org/10.1175/jcli-d-18-0707.1
https://doi.org/10.1175/jcli-d-18-0707.1

	Abstract
	Introduction
	Methods
	Model description
	Experimental setup
	Analysis methods

	Results and discussion
	Volcanic forcing from EVA
	Solar radiation response
	Temperature response
	Precipitation response
	Mechanism of precipitation response in India
	The direct radiative effect and dynamical response
	Radiative feedbacks due to changes in cloud cover
	Summary of the response mechanism

	Discussion

	Summary and conclusions
	Code availability
	Data availability
	Author contributions
	Competing interests
	Disclaimer
	Special issue statement
	Acknowledgements
	Financial support
	Review statement
	References

