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Abstract
The impact of volcanic forcing on tropical precipitation is investigated in a new set of sensitivity
experiments within the Max Planck Institute Grand Ensemble framework. Five ensembles are
created, each containing 100 realizations for an idealized ‘Pinatubo-like’ equatorial volcanic
eruption with emissions covering a range of 2.5-40 Tg sulfur (S). The ensembles provide an
excellent database to disentangle the influence of volcanic forcing on monsoons and tropical
hydroclimate over the wide spectrum of the climate’s internal variability. Monsoons are generally
weaker for two years after volcanic eruption and their weakening is a function of emissions.
However, only a stronger than Pinatubo-like eruption (⩾10 Tg S) leads to significant and
substantial monsoon changes, and some regions (such as North and South Africa, South America
and South Asia) are much more sensitive to this kind of forcing than the others. The decreased
monsoon precipitation is strongly tied to the weakening of the regional tropical overturning. The
reduced atmospheric net energy input and increased gross moist stability at the Hadley circulation
updraft due to the equatorial volcanic eruption, require a slowdown of the circulation as a
consequence of less moist static energy exported away from the intertropical convergence zone.

1. Introduction

Volcanic eruptions are one of themost important nat-
ural drivers of climate variability and can significantly
impact global and regional hydroclimate from several
years up to decades (e.g. [1, 2]). Sulfur gases injec-
ted into the stratosphere by large explosive eruptions
form sulfate aerosol particles which reflect the incom-
ing shortwave solar radiation resulting in cooling of
Earth’s surface. In addition, they absorb solar near-
infrared and terrestrial infrared radiation, leading to
a warming of the lower-to-mid stratosphere. Hence,
large explosive volcanic eruptions impact the atmo-
spheric energy budget, and consequently the hydro-
logical cycle: the atmospheric circulation responds to
volcanic-induced energy budget changes [3] follow-
ing the ‘wet-gets-wetter, dry-gets-drier’ paradigm,
but with reversed signs than usually seen under global
warming [4–6].

Monsoon systems are particularly sensitive to
this kind of forcing because the atmospheric cir-
culation and moisture convergence are constrained

by energy budget changes and net energy input
(NEI) zonal asymmetries [7, 8]: in fact, the short-
wave reflection and the consequent radiative cool-
ing suppress clouds and weakens the deep tropical
convection and the rising branch of the Hadley cir-
culation [9–13]. Furthermore, the atmospheric cir-
culation shifts meridionally depending on the lat-
itude of the eruptions, so that monsoons and the
intertropical convergence zone (ITCZ) have an inter-
hemispherically asymmetric response: for a North-
ern Hemisphere (NH) volcanic eruption, the ITCZ
shifts southward [10, 14, 15] and monsoons weaken
in the NH, but enhance in the Southern Hemisphere
(SH [3]). This could lead to strong regional hydro-
climate impacts: For example, the inter-hemispheric
asymmetric precipitation response to volcanic forcing
in the 20th century has been ascribed as one of the
potential causes of the Sahel drought and the weak
West African monsoon of the 1970s–1990s [10, 16].

However, Sahelian rainfall and, more in general,
tropical precipitation are strongly tied to sea surface
temperature (SST [17, 18]). Year-to-year monsoon
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variability depends in fact on diverse drivers, mainly
related to large-scale patterns of SST and sea level
pressure of adjacent oceans: the AtlanticMultidecadal
Variability, Indian Ocean Dipole and Indo-Pacific
Warm Pool have been teleconnected with Indian,
African and Australian monsoons (e.g. [19]), the
Pacific Decadal Oscillation impacts more the North
American sector, while El-Niño Southern Oscillation
(ENSO) affects preferentially Indian, Australian and
South Americanmonsoons [20–24]. All these observ-
able patterns or modes of climate variability result
from heat and moisture exchanges within the climate
system, and are often identified as internal climate
variability.

Given the superposition of the volcanic for-
cing and internal climate variability on monsoon
dynamics at interannual time scale, disentangling the
effect of two sources of natural forcing for attribu-
tion studies is difficult and deserves a well-designed
climate model experiment. For this purpose, large
ensembles that facilitate separation of the volcanic
forced response from internal variability are needed,
as well as sophisticated statistical analysis meth-
ods [25, 26]. Earth System Model Large Ensembles
provides an excellent database to understand the
interactions between forced and unforced variability
[27–29]. The advantage is to explore the sensitivity
of global and regional monsoons to volcanic erup-
tions beyond the range of the internal climate vari-
ability. This approach has important implications for
the predictability of monsoons. Zuo et al [3] attrib-
uted the response of global and regional monsoons to
volcanic eruption within the Large Ensemble frame-
work, by using the CESM-LM ensemble [30]. This
dataset covers the last millennium (850-2005 CE)
and the forcing to drive the model uses version 1
of the Gao et al reconstructions based on volcanic
deposition signals from Arctic and Antarctic ice-core
records [31]. However, one difficulty in evaluating the
historical and last millennium ensembles is that the
volcanic eruptions differ not only in their strength
but also in the geographical latitude and season of the
eruption, which means that it is not possible to draw
direct conclusions about the dependence of mon-
soons on the emission strength of the eruption.

Our approach is different from previous stud-
ies, as it is based on an experiment encompassing
100-member ensembles for five idealized equatorial
volcanic eruptions of different strengths [32], which
are branched off in January 1991 from the histor-
ical Max Planck Institute Earth System Model Grand
Ensemble (MPI-GE [27]) and ran for a 3-year period.
This experiment allows us to explore the full range of
monsoon sensitivity to ‘Pinatubo-like’ volcanic erup-
tions of different strengths and to pose new ques-
tions: is the monsoonal precipitation response lin-
ear to the strength of the eruption? Does an emission

threshold exist for getting a robust response? Are
regional monsoons equally vulnerable to equatorial
volcanic eruptions?

2. Data andmethods

2.1. TheMPI-GE EVA ensemble
The climate system is modulated by internal vari-
ability and external forcing [33]. However, the cli-
mate response to external forcing can be separated
from internal climate variability with large ensembles
[29]. In this study we use the historical simula-
tions of one of the largest ensembles currently avail-
able: the Max Planck Institute Earth System Model
Grand Ensemble (MPI-GE [27]), which encompasses
a 100-members ensemble of several CMIP5 experi-
ments. The MPI-GE is based on the low-resolution
version of the Max-Planck-Institute Earth-System-
Model (MPI-ESM1.1-LR), a further developed ver-
sion of the MPI-ESM CMIP5 version [34], which
couples the atmospheric general circulation model
ECHAM6.3 in its T63 configuration and 47 vertical
levels up to 0.01 hPa [35], with the ocean-sea ice
modelMPIOM in its GR15 configurationwith 64 ver-
tical levels [36]. JSBACH3.0 [37] represents the land,
and HAMOCC5.2 [38] the ocean biogeochemistry
component of the MPI-ESM. Further details on the
model and the MPI-GE are given in Maher et al [27].

The volcanic aerosol forcing in MPI-ESM is pre-
scribed by monthly zonal mean wavelength depend-
ent optical properties which are interpolated linearly
in time for the radiative transfer calculations. In the
MPI-GE historical simulations an extended version of
the Pinatubo aerosol dataset was used, as for CMIP5
historical simulations [39, 40]. The historical MPI-
GE experiment is able to capture the co-occurrence
of El-Niño events and major volcanic eruptions, as
well as the co-variance between Northern/SH vol-
canic forcing and El-Niño/La Niña phases [41].

Within the MPI-GE historical framework, we use
an additional set of sensitivity experiments designed
for disentangling the impact of volcanic forcing from
the internal variability, the Easy Volcanic Aerosol
ensemble (EVA ensemble) [32]. In EVA ensemble, the
Mt. Pinatubo volcanic forcing in the MPI-GE histor-
ical simulations has been replaced by monthly and
zonal mean forcing fields of idealized tropical erup-
tions which have been compiled with the EVA forcing
generator [42]. All other forcings remained fixed. EVA
provides a simplified representation of volcanic stra-
tospheric aerosol forcing, prescribing aerosol extinc-
tion, single scattering albedo and asymmetry factor
and their space-time structure as a function of sulfur
emission strength, eruption location and season and
wavelength.

We consider five idealized Pinatubo-like equat-
orial June eruptionswith different eruption strengths:
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2.5, 5, 10, 20 and 40×1012 g of sulfur (Tg S). The
estimated June 1991 Pinatubo eruption sulfur emis-
sion is within 5–10 Tg S range [32]. In addition, a run
without volcanic forcing has been performed (EVA0,
0 Tg S).

All of the different EVA ensembles contain 100
ensemble members and have been initialized from
one of the 100 members of the MPI-GE historical
ensemble in January 1991. Figure SI1 (available
online at stacks.iop.org/ERL/17/054001/mmedia)
shows the prescribed stratospheric aerosol optical
depth (SAOD) at 0.55 µm for the five idealized equat-
orial eruptions and the corresponding CMIP5 forcing
for the Pinatubo episode originally used in the his-
torical MPI-GE. In general, all the EVA ensembles’
forcing data show a similar SAOD pattern, albeit of
different magnitude with a tropical maximum for
the 1st months after the eruption and a transport to
NHmid-to-high latitude with the seasonal change to
NH winter circulation. In comparison to the CMIP5
dataset, the EVA ensemble show less aerosol in the
extratropics compared to the tropics. In the ideal-
ized simulations the aerosol moves faster to the NH
extratropics and also disappears faster. In the SH
extratropics the CMIP5 historical Pinatubo dataset
showsmore aerosol, as it is based on satellite observa-
tions and therefore also includes the historic eruption
of Cerro Hudson (45◦ S) in August 1991.

In the following we will use the term EVA X
to characterize the MPI-ESM 100-member ensemble
of an idealized volcanic eruption with an emission
strength of X Tg S.

We compare our EVA ensemble results with
monthly ERA-20C reanalysis and Global Pre-
cipitation Climatology Project (GPCP) for years
1988–1992, before and after the Pinatubo eruption.
ERA-20C is a deterministic reanalysis [43] meant
to reproduce the actual weather evolution and the
observed occurrence of synoptic systems, the low
frequency variability and mean state of the atmo-
sphere in the 20th century. The atmospheric model
is the IFS at the T163 spectral horizontal resolu-
tion forced with CMIP5 prescription of the histor-
ical simulation. Moreover, the atmospheric model
of ERA-20C uses prescribed HadISST2.1 and assim-
ilates marine surface winds and surface and mean
sea level pressure. Given its configuration, ERA-20C
describes realistic long-term evolution of the 20th
century climate, including the occurrence of major
events, such as ENSO and major volcanic eruptions,
being therefore perfectly suited for comparing MPI-
GE model results. GPCP dataset results from rain
gauge stations, satellites, and sounding observations
merged on a 2.5-degree global grid from 1979 to the
present [44]. The careful combination of satellite-
based rainfall estimates provides the most complete
analysis of rainfall available to date over the global
oceans, and adds necessary spatial detail to the rainfall
analyses over land. The dataset is commonly used for

climate model validation of global precipitation, as
they use comparable grids. The current version is
GPCPv2.3, which does not include the precipitation
estimates from TRMM, GPM, or Cloudsat, there-
fore the global-mean precipitation amount is under-
estimated, possibly due to missing light rain over
ocean and orographic precipitation over land.

2.2. Analysis tools
2.2.1. Monsoon statistics
Global monsoon area and intensity are assessed using
the definition of global monsoon by Wang et al [45],
i.e. where local summer-minus-winter precipitation
rate exceeds 2mmd−1 and the local summer precipit-
ation exceeds 55% of the annual total. Local summer
is May through September (MJJAS) for the NH and
November through March (NDJFM) for the SH. The
selected threshold allows us to distinguish the mon-
soon regime area from the adjacent dry regions where
the local summer precipitation is less than 1mmd−1,
and equatorial climate region. Once the global mon-
soon domain has been identified for each year of
the simulation, we have computed its size (monsoon
area). The monsoon intensity is the area-average pre-
cipitation in JJA for NH and in DJF for SH within the
global monsoon, its ocean and land parts, and of each
continental sub-region: North America, North Africa
and South East Asia (NAM, NAF, SAS) in the NH,
South America, South Africa and Australia (SAM,
SAF, AUS) in the SH. It is worth noting that for the
SH monsoons, December 1991 belongs to ‘First Year’
andDecember 1992 to ‘SecondYear’ after the volcanic
eruption of that year’s DJF season.

2.2.2. Local Hadley and Walker circulations
The tropical atmospheric vertical flow in pres-
sure coordinates has been decomposed following
Schwendike et al [46] andNguyen et al [47] into zonal
and meridional overturning, defining theWalker and
local-Hadley circulations, respectively. D’Agostino
et al [8] showed that for each monsoon domain it
is possible to identify a regional meridional over-
turning, given the strong relationship between the
cross-equatorial Hadley circulation and monsoons
[48]. Horizontal winds are first decomposed into
rotational and divergent components in spherical
coordinates, where only the latter part contributes
to the vertical motion. Then, the divergent compon-
ent of the meridional flow, related to Hadley circula-
tion and the divergent component of the zonal flow
between 5◦ S and 5◦ N, related to Walker circulation
have been vertically integrated in the tropospheric
layer (see local stream function in [49] and appendix
in D’Agostino et al [8]). This mass-conserving
method ensures the decomposition of the divergent
motion into two unique orthogonal overturning cir-
culations that are the sum of the total divergent
flow.
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Figure 1. Time-latitude plots of zonal mean precipitation (panel (a), mmd−1) and stream function at 500 hPa (panel (c),
Sverdrups [Sv]= 109 kg s−1) difference between EVA40 and EVA0 ensemble means (shaded colors). Grey contour lines are EVA0.
Note that in panels (c) and (d) the stream function is defined positive for both, Northern and SH, so that the anomalies relative to
the control have unambiguous signs (see panel (d)). Annual (December 1991–November 1992) and zonal mean precipitation
(panel (b)) and stream function at 500 hPa (panel (d)) for EVA40 (black line) and EVA0 (grey lines) for the year 1992. Horizontal
dashed lines in panels (b) and (d) indicate the width of the ITCZ aka the rain belt, i.e. the latitudinal distance between the
minimum and maximum of the stream function in the Southern and NH, respectively [51].

3. Results

3.1. Zonal mean tropical precipitation and
atmospheric overturning
The effect of equatorial volcanic eruptions on trop-
ical hydroclimate lasts for some years after the event,
regardless of the strength of forcing (figures 1, SI2
and SI3). In particular, the strongest impact takes
place from a couple of months after the eruption
(June 1991) until the end of 1992 boreal summer,
a period that encloses the summer monsoon season
in the SH (December 1991–February 1992) and in
the NH (June–August 1992). The difference between
the experiment with the strongest forcing (40 Tg S,
EVA40) and EVA0 supports decreased overall tropical
precipitation, especially at the southern flank of the
rain belt, which leads to a narrower ITCZ (figure 1).
Precipitation anomalies are particularly strong in the
summer months of the respective hemisphere (DJF
for SH and JJA for NH). Figure 1(c) shows the time
evolution of 500 hPa anomalous zonal mean meridi-
onal mass streamfunction (color shades) against the
control (contours). For simplicity, the stream func-
tion has been kept positive at each latitude (y-axis,
figures 1(c) and (d)), so the colored anomalies are
easier to interpret. The decreased tropical precipit-
ation shown in figure 1(a) is supported by the cor-
respondent weakening of the cross-equatorial Hadley
circulation (i.e. the one in the opposite hemisphere)
and narrowing of its upward branch between 1991
and 1992 (figures 1(c) and (d)).

3.2. Global and regional monsoons
Considering the time period of the strongest
impact (December 1991–August 1992), the summer

precipitation in the global monsoon domain declines
in both hemispheres with increasing emissions
(figures 2 and SI2), especially over land (figures 2
and 3). In particular, only a stronger than Pinatubo-
like eruption (Tg S ⩾ 10) significantly affects the
monsoon intensity, with boxes of figure 3 being out-
side the range of EVA0 without volcanic forcing (rep-
resenting the internal variability in the model). Con-
versely, the area of the global monsoon is less affected:
it is narrower for EVA40 but the change is generally
within the range of the internal variability for every
experiment (figure 3).

As the stratospheric volcanic aerosols reflect sun-
light, the evaporation is reduced, whilst surface
cooling stabilizes the atmosphere and reduces its
water-holding capacity. This leads to pronounced cir-
culation changes, which modulate the global precip-
itation reduction on regional scales, with altered dry-
wet patterns (figure 2): dry regions become wetter
while wet regions become drier. The deviation from
the global drying pattern suggests a modification of
the overturning circulation in the meridional sense
(Hadley-Ferrel circulations), with important regional
hydroclimate impacts.

In fact, volcanic eruptions have a strong regional
fingerprint (figure 2). Precipitation anomalies are
largely zonally asymmetric despite the equatorial
zonally-symmetric volcanic forcing. NAF, SAS,
SAF and SAM precipitation are the most sensitive
to equatorial volcanic forcing (figure 3). In these
regions, the precipitation declines for emissions
ranging the full spectrum of the experiments. On
the other hand, the regional monsoon area does
not change significantly for most of the considered
domains, except a slight contraction for the ocean
part and for SAF and NAM in the case of EVA40.
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Figure 2. Composite summer precipitation difference (mmd−1) between EVA2.5, EVA10, EVA40 and EVA0. The panels show at
the same time the NH summer (0–45◦ N, JJA 1992) and SH summer (0–45◦ S, DJF 1991/1992) of the first year after the volcanic
eruption. Dots represent 95% confidence level. The blue contour is the global monsoon domain in EVA40.

3.3. Atmospheric overturning changes: Hadley and
Walker circulations
The Hadley circulation is usually described by
the stream function in the meridional plane, with
upwelling at the deep tropics (where the moist air
converges in the low levels and uplifts generating
the ITCZ) and downwelling at subtropics. The effect
of volcanic forcing has important implications on
the overall structure of the zonal mean overturn-
ing (figure 1, and ZM in figures 4 and 5): the cross-
equatorial zonal mean Hadley circulation (i.e. the
one associated with monsoons in the opposite hemi-
sphere) weakens and shrinks immediately after the
eruption and for the successive years (1991/1992,
figures 1, SI3). Additionally, the position of the
upwelling shifts towards the equator, the ITCZ is
narrower (figure 1, panels (b) and (d)) and the circu-
lation is shallower (as shown by stronger anomalies
on the top levels of the stream function associated
with a tropopause height decrease, figures 4 and 5).

Regionally, in the NH, SAS and NAF are the two
sectors showing the largest anomalies (figure 4). In
the SH, SAF and SAM are the sectors more affected
than the others by the volcanic forcing with the
respective cross-equatorial Hadley circulation being
weaker (figure 5). The sole exception to the over-
all weakening of tropical circulation is represented
by the stronger Hadley circulation in the Australian-
Maritime Continent sector. Overall, the weakening

and shrinking of the local Hadley circulation is con-
sistent with the simulated rainfall decline in the
respective monsoon regions (figure SI3), global dry-
wet patterns (figure 2) and with decreased NEI at the
ITCZ (figure SI4). Also the Walker circulation (sim-
ilarly described by the stream function in the zonal
plane) is weaker and shifted eastward in the DJF 1992
(figure 5).

3.4. The relative influence between net energy
input and gross moist stability on tropical
overturning weakening
Can we relate the weakening of overturning under
volcanic forcing and the decreased precipitation just
to changes in the atmospheric net energy input
(NEI)?

Following the energetic framework, in a steady
state and assuming that eddy fluxes are small, the
export ofmoist static energy (MSE) by theHadley cir-
culation is balanced by the NEI at the ascent. Neelin
and Held, [50] showed that, to first order, the export
of MSE by the Hadley circulation is given by the
product of the gross moist stability (GMS, a measure
of the tropospheric MSE stratification at ITCZ) and
the strength of the Hadley circulation’s ascent.

Under climate change (for whatever the reason,
e.g. CO2, aerosols, volcanic forcing, etc), a change in
NEI must be associated with a change in MSE export,
which is itself achieved by changes in GMS and/or in
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Figure 3. Global monsoon intensity (left, mmd−1) and area (right, 106 km2) computed for the first year after the volcanic
eruption (1992). Global monsoon (top row, GLB, panel (a) and (d)) is computed according to the definition by Wang et al [45],
for different volcanic eruption strengths (x-axis, colored box-and-whiskers, 2.5, 5, 10, 20, 40 Tg (S). Land and ocean parts (a),
(d) are computed by applying the land/ocean mask to the global monsoon precipitation. On the other hand, regional monsoons
are selected values of land monsoons in their respective domains: North America (NAM: [ 0, 30◦ N; 120◦ W, 40◦ W ]), North
Africa (NAF: [ 0, 30◦ N; 20◦ W, 40◦ E ]), South Asia (SAS: [0, 30◦ N; 70◦ E, 120◦ E]), South America (SAM: [ 0, 30◦ S; 90◦ W,
30◦ W ]), South Africa (SAF: [ 0, 30◦ S; 0, 60◦ E ]), Australia (AUS: [ 0, 30◦ S; 90◦ E, 170◦ E ]). Grey dashed lines indicate the
mean±2 standard deviation of EVA0. Boxes-and-whiskers show the mean, the 95% confidence interval, the 25th and 75th
percentiles, and extremes. Red asterisks indicate substantial changes, when the ensemble mean of (EVA X—EVA0)/EVA0 exceeds
5%. Substantial and statistically significant results are shown by a black asterisk.

the strength of the Hadley circulation upwelling: for
a negative NEI anomaly the circulation weakens; for
a positive input, it strengthens. However, the effect of
moisture on the overturning strength is fundament-
ally important as well. In fact, assuming that the NEI
does not change in a target experiment relative to its
control, the circulation has to weaken when the con-
vergence of humidity increases at its low levels (e.g.
under global warming circumstances).

Here we test the energetic framework and we
check the relative influence between NEI and GMS
in weakening the ascent of tropical overturning in
EVA40 and EVA0 (see the definition of ascent by
Byrne et al [51] and dashed lines in figure 1). Chou
et al [52], for example, have used a similar approach
in global warming experiments by plotting changes in
GMS against changes in ascent.

In our EVA40 experiment, the slope of the lin-
ear fit between the NEI (x-axes) and integrated

upwelling (y-axes) among the 33-month EVA simu-
lations (filled dots, figure 6), excluding the 3-months
right after the eruption (July–September 1991, open
dots) is 2. The deviation from the 1:1 line, the per-
fect case in which the relative reduction of NEI
aligns with the relative weakening of the overturning,
means that the reduction of the MSE export and
the weakening of the atmospheric circulation under
volcanic forcing can be explained by a compar-
able NEI reduction and GMS increase at the ITCZ.
The increased GMS under volcanic forcing results
from increased MSE at the top-of-troposphere as
a consequence of stratospheric warming (figure SI5
and [53]).

4. Discussions and conclusions

The effect of volcanic forcing on tropical circulation
has been well documented in the last millennium
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Figure 4. Ensemble mean difference of stream function between EVA40 and EVA0 in JJA 1992. Top panel shows the local Hadley
cells computed in each monsoon domain—ZM, NAF, SAS, NAM, Zonal mean, North Africa, South Asia and North America
respectively. Bottom panel shows the Walker cell computed between 5◦ N and 5◦ S. Colors show the anomalous circulation
relative to EVA0. Contours refer to EVA0 (contour step is 1× 109 kg s−1). Solid (dotted) lines indicate positive (negative) values
of the stream function for clockwise (counterclockwise) circulation.

Figure 5. Ensemble mean difference of stream function between EVA40 and EVA0 in DJF 1991/1992. Top panel shows the local
Hadley cells computed in each monsoon domain—ZM, SAF, AUS, SAM, Zonal mean, South Africa, Australia and South America
respectively. Bottom panel shows the Walker cell computed between 5◦ N and 5◦ S. Colors show the anomalous circulation
relative to EVA0. Contours refer to EVA0 (contour step is 1× 109 kg s−1). Solid lines indicate positive values of the stream
function for clockwise circulation, while dotted lines indicate negative values and counterclockwise circulation.

proxy reconstructions and simulations (e.g. [3] and
references therein). However, while previous work
has highlighted the importance of asymmetric vol-
canic forcing (e.g. [10, 15, 41, 54]), our study points
for the first time the potential impact of a wide range
of tropical symmetric volcanic eruptions on trop-
ical circulation and monsoon precipitation beyond

the influence of the internal variability. By using a
100-member large ensemble of five idealized equat-
orial volcanic eruptionswith different sulfur emission
strengths between 2.5 to 40 Tg S, we have narrowed
the uncertainties in the results of previous studies,
which are either based on super-epoch analysis of dif-
ferentmagnitude, or based on volcanic eruptions over
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Figure 6. Scatterplot (dashed black line) of ensemble mean
values of anomalous atmospheric NEI (NEIEVA40−EVA0)
versus anomalous integrated tropical upwelling
(ψmax −ψmin = δψ difference between EVA40 and EVA0)
normalised by EVA0 and evaluated at the ITCZ (figure 1 in
Byrne and Schneider, 2018). Colored dots show the months
of the simulation (1 to 36 from green to blue). The linear fit
accounts only for filled dots, while open dots from the
initial phase, i.e. the 3 months right after volcanic eruption
are neglected.

the common era with varying sulfur emission and/or
eruption latitudes and/or seasons (e.g. [3, 55, 56]), or
based on a smaller ensemble size (10–20 members)
for specific eruptions (e.g. [56, 57]).

The equatorial volcanic forcing shapes the global
hydroclimate, with altered dry-wet patterns: under
volcanic forcing wet regions become drier and dry
regions, such as Mediterranean and mid-latitudes,
becomewetter than the unperturbed climate [58, 59].
Following the altered dry-wet patterns and the
land/ocean energy contrasts, land monsoon intens-
ity is preferentially affected by volcanic eruptions and
results in weaker monsoons, while the extent of the
global and regional monsoon does not change signi-
ficantly. In particular, only a stronger or Pinatubo-
like eruption (⩾10 Tg S) can significantly affect
the monsoonal precipitation beyond the effect of
internal variability and at least for two years after the
events (Figures 3, SI2). Furthermore, the symmetrical
forcing with an idealised equatorial eruption results
in zonally asymmetric anomalous precipitation, with
regional heterogeneity among themonsoon domains:
African and Australasian sectors are more sensitive to
the forcing given the correspondent regional Hadley
and Walker overturning shifts. Zuo et al [3] found
dynamic processes related to changes in atmospheric
circulation playing a dominant role in precipitation
responses. They suggested that for tropical eruptions,
the reduction in monsoon precipitation is a result
of a decreased land-ocean thermal contrast and an
anomalous warming in the eastern Pacific. Our study
agrees with previous findings on monsoon precipit-
ation response to last millennium tropical volcanic
eruptions [3, 60].

During the last millennium and the 20th century,
large volcanic eruptions were often simultaneous to
El-Niño events [3, 41, 60]. Given the superposition of

Pinatubo-1991 volcanic eruption and El-Niño, which
is also known for its large impact on monsoon sys-
tems, we have explored their relative influence on
tropical precipitation in the ensemble space. In our
simulations, the Oceanic Niño Index (i.e. the relative
SST anomalies in the El-Niño 3.4 region, see supple-
mentary for its computation following Khodri et al
[61]) shows a moderate El-Niño event during the
summer 1992 in EVA40 (figure SI6(a)) in agreement
with previous studies who have found an El-Niño like
response to volcanic forcing after large tropical erup-
tions (e.g. [61–63]). Then, it is questionable if the
overall precipitation response in our experiments is
due to the effect of volcanic forcing or to the El-Niño.
Both in fact weaken the Australasian monsoons,
where theWalker circulation teleconnects Indian and
Pacific SSTs (e.g. [20, 62–64]). We tested if the two
responses are different for the case of the strongest
sulfur emission (figure SI6). The response of JJA 1992
precipitation is substantially different between El-
Niño and volcanic forcing in EVA40 (figures SI6(b)–
(d)). In fact, considering EVA0, the El-Niño in the
unperturbed simulation has a slight drying effect
on land monsoon precipitation in the NH (figure
SI6(b)). On the other hand, El-Niño events in the per-
turbed simulations with the strongest volcanic erup-
tion EVA40 increases the overall land monsoon rain-
fall (figure SI6(c)): this result highlights the nonlinear
response of precipitation to the combination of both
forcings (figure SI6(e)). As shown by other studies,
El-Niño tends to shift the ITCZ southward and the
position of Walker circulation’s main updraft east-
ward. Conversely, the volcanic forcing has a preval-
ent drying effect in South-East Asian and Australian
sectors and over lands. Fromour analysis it seems that
El-Niñomodulates slightly the hydroclimate response
to strong volcanic forcing. Our results with the EVA
ensemble show that it is possible to disentangle the
two effects on tropical hydroclimate, and they result
in very different precipitation patterns, if the volcanic
forcing is strong enough.

A comparison of our model results with observa-
tions is difficult as we consider idealized equatorial
eruptions. We know from the literature that the mul-
timodelmean of CMIP5models fails to reproduce the
observed magnitude of rainfall anomalies over some
monsoon domains [5, 6, 65–67] and CMIP6 models
donot performbetter tropical precipitation relative to
previous CMIP generations [68]. Additionally, simu-
lated post-volcanic changes of the monsoon systems
significantly deviate from paleo-records [69]. Never-
theless there is some qualitative agreement with proxy
reconstructions at least on the sign of the change, i.e.
tropical belt contracts and monsoonal precipitation
decreases for some years after the volcanic eruptions
[41, 56, 70].

Our idealized experiments confirm the
dynamically-induced decreased monsoon precipit-
ation and show that a sulfur emission ⩾10 Tg S,
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Figure 7.Monsoon intensity (mmd−1) computed for the first year after the volcanic eruption (1992) for Land, Indian (SAS) and
South American (SAM) monsoons. Grey dashed lines indicate the mean±2 standard deviation of EVA0. Boxes-and-whiskers
show the mean, the 95% confidence interval, the 25th and 75th percentiles, and extremes for MPI-GE historical, EVA5 and EVA10
simulations. Dots indicate ERA-20C reanalysis (brown) and GPCPv2.3 (grey): open dots for years 1988, 1989, 1990 and 1991, and
closed dots for year 1992. Both datasets have been interpolated on the same horizontal grid of MPI-GE.

which is the upper estimate of the June1992 Pinatubo
eruption, could be considered as a threshold value to
obtain a significant tropical hydroclimate response, as
indicated by the distribution of ensemblemembers of
both EVA10 and MPI-GE against the internal variab-
ility of the EVA0 (figure 7). For themost sensitive land
monsoons, our results show that, despite the wet bias
of the ensemblemean of the unperturbed run (EVA0)
relative to observations, the JJA 1992 monsoon pre-
cipitation (land, SAS and SAM) of GPCP data and
ERA-20C reanalysis fall within the lower extremes of
MPI-GE and EVA5 and EVA10 ensemble members
(filled brown and gray dots for JJA 1992 in figure 7).
However, while GPCP data and ERA-20C indicate
for all regions a decrease in precipitation in 1992, the
model shows a slight increase in precipitation for SAS
and only a decrease for the much stronger eruption
(EVA40).

While we have focused only on themonsoon sens-
itivity to the eruptionmagnitude, other factors might
be important as well for understanding the complex
precipitation response to volcanic forcing: the overall
response will certainly be altered if we consider vol-
canic eruptions with different hemispherically asym-
metric forcing, but also oceanic initial conditions
could lead to regional differences in the tropical SST
response (e.g. [56, 57, 63]). The relative role of ini-
tial conditions and radiative forcing to the tropical
precipitation responsemight be conditioned depend-
ing on the magnitude of the forcing. In the case of a
large eruption, the direct radiative forcing dominates,
as shown here for the idealized tropical 40 Tg S erup-
tion. However, this aspect will be addressed in detail
in a separate study.

While large initial condition ensembles, such as
the EVA ensemble, are well suited to disentangle the
forced response from internal variability, the results
are model dependent. Paik et al [63] found a large
inter-simulation spread in the hydrologic responses
to tropical volcanic eruptions in 35 CMIP5 mod-
els. However, first insights from the VolMIP multi-
model intercomparison show a general inter-model
agreement for the idealized Pinatubo experiment

despite uncertainties in the radiative flux response
and dependence on sampled initial states [71] Similar
experiments like the EVA ensemble for idealized trop-
ical but also for NH/SH eruptions in a multimodel
framework such as CMIP6/VolMIP [72] would there-
fore be desirable for the future.
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