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Key Points:

« Southern (Northern) hemispheric eruptions extend (shorten) the Indian summer
monsoon by several weeks in the year following the eruption.

 Volcanically forced changes in the Indian Summer Monsoon rainfall are driven by
variations in the length of the monsoon season, rather than by changes in mon-
soon circulation strength.

e The forced shifts in the duration and onset of the monsoon are consistent with changes
to the ITCZ and low-level jet instigated by the eruption.
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Abstract

Large volcanic eruptions are a source of climate variability, affecting the seasonal mean
precipitation of the Indian summer monsoon. However, the extent to which changes in
seasonal precipitation can be attributed to variations in monsoon length vs. monsoon
intensity has remained unclear. Using large ensemble simulations of idealised volcanic
eruptions at varying latitudes, we find that the monsoon onset and withdrawal change
by a few weeks compared to an unforced case. Southern (Northern) hemispheric erup-
tions extend (shorten) the Indian summer monsoon in the year following the eruption.
We show that these changes in the length of the monsoon season are more important in
controlling the response of total monsoon rainfall to eruptions than changes to the in-
tensity of rainfall. We explain our results using the low-level jet and Inter-tropical Con-
vergence Zone (ITCZ) frameworks, which have been used to explain the internal vari-
ability of the monsoon onset.

Plain Language Summary

Volcanic eruptions affect the summer monsoon rainfall in tropical regions, depend-
ing on their location. A majority of the water resources in the tropics are dependent on
the monsoons. While the effects of volcanic eruptions on the monsoon season as a whole
are well understood, changes to monsoon onset and withdrawal have remained unclear.
Using large ensemble simulations of an Earth System Model, we find that volcanic erup-
tions change the onset and withdrawal of the Indian monsoon by a few weeks. The mon-
soon duration is extended following Southern hemispheric eruptions, but shortened fol-
lowing Northern hemispheric eruptions. We show that, contrary to the prevailing expec-
tation, these changes in the length of the monsoon season have a stronger effect on the
total rainfall in the monsoon season than changes to the intensity of rainfall. We explain
these changes using two established frameworks for understanding the monsoon: first,
via shifts in the Inter-tropical Convergence Zone, and second, through changes in mois-
ture advection via the low-level jet.

1 Introduction

Large volcanic eruptions are an important source of short-term climate variabil-
ity. The injection of sulphate aerosols into the stratosphere reduces incident shortwave
radiation, causing surface cooling, and affecting the hydrological cycle (e.g., Robock, 2000;
Timmreck, 2012; Simpson et al., 2019). Global precipitation decreases for 2-3 years fol-
lowing an eruption, with the largest reduction in tropical regions (Robock & Liu, 1994;
Broccoli et al., 2003). However, the regional precipitation response is sensitive to both
the magnitude and location of the eruption. In particular, this is true for monsoon rain-
fall, which can either be increased or decreased by volcanic eruptions depending on the
eruption latitude (Liu et al., 2016; Zhuo et al., 2021).

One third of the global precipitation falls within the Intertropical Convergence Zone
(ITCZ), a narrow band of intense rainfall in the tropics (Kang et al., 2018). Hence, small
shifts in the ITCZ can have large impacts on regional precipitation. Extratropical vol-
canic eruptions preferentially cool the eruption hemisphere, shifting the ITCZ towards
the opposite hemisphere due to shifts in energy balance (Kang et al., 2008; T. Schnei-
der et al., 2014). This can promote or impede the seasonal migration of the ITCZ into
the summer hemisphere, which affects the monsoon. An ITCZ shift towards the sum-
mer hemisphere is expected to increase summer monsoon rainfall, and vice versa. Con-
sistently, Zhuo et al. (2021) and Liu et al. (2016) (using model studies), and Zuo et al.
(2019) (using paleo proxies), show that monsoon precipitation increases after opposite-
hemisphere eruptions and decreases after same-hemisphere extratropical eruptions. This
reduction is correlated with the strength of the eruption, but significant decreases do not
occur below a 10 Tg threshold of eruption strength (D’Agostino & Timmreck, 2022). Zhuo



67 et al. (2021) relate the volcanically-forced precipitation response to variations in the land-

68 sea temperature contrasts, which change the intensity of the monsoon circulation.

69 While the seasonal-mean response of monsoon precipitation to volcanic eruptions

70 is known, the effects of volcanic eruptions on the timing of the monsoon have remained

7 unclear. In this study, we investigate how volcanic eruptions affect the onset, demise, and
72 duration of the Indian Summer Monsoon (ISM), and demonstrate how changes in seasonal-
73 mean precipitation arise from changes in monsoon duration.

7 The onset of the ISM is caused by increased surface wind convergence and upward
7 moisture flux. This, in turn, is attributed to the strengthening of the Somali jet (or low-
76 level jet, LLJ) (Findlater, 1969). This jet of westerly cross-equatorial winds is confined

7 to a narrow region in the Arabian Sea and acts as a moisture source to the ISM. A stronger
78 and more northward-displaced low-level jet in the pre-monsoon months has been asso-

79 ciated with an earlier onset of the monsoon, which Chakraborty and Agrawal (2017) have
80 explained using a West Asian heat low framework. They investigate interannual differ-

81 ences in onset dates over India and find that surface pressure anomalies over the region

8 immediately west of India drive variations in the onset dates of the ISM. They suggest

83 that the differential heating of land and sea over the region west of India (referred to as
84 West Asia) creates a pressure gradient that strengthens the LLJ. A weakening of this

8 pressure gradient is observed in years with a late onset and is accompanied by a weaker
86 LLJ. In their study, surface pressure differences leading to shifted onset dates are seen

&7 months before the actual onset date. Hence, we expect the effect of volcanic eruptions

88 on monsoon onset to be reflected in changes of the LLJ.

89 The variability of the timing of the ISM onset and withdrawal is of economic rel-

90 evance, being critical to the region’s agricultural output (Aijaz, 2013; Gadgil & Rupa Ku-
o1 mar, 2006). Variations in the duration and intensity of the ISM are also important to

P study, as they determine the ISM rainfall, which is responsible for the majority of the

03 region’s water resources (Noska & Misra, 2016). However, a majority of the studies on

o the ISM, including those that examine its response to eruptions, employ a fixed clima-

o tological period between May and September (Bombardi et al., 2020). Since the seasonal-
96 mean monsoon response cannot determine changes to the onset and withdrawal, their

o7 responses to volcanic forcings remain unclear. Moreover, since the climatological rainy

08 season doesn’t coincide exactly with the actual onset and withdrawal of the monsoon,

% results can be influenced by the inclusion of dry season data (Xavier et al., 2007). Since
100 studies that use a fixed monsoon period cannot attribute changes in ISM precipitation

101 to changes in the monsoon duration, it remains unclear to what extent the volcanically
102 forced changes in monsoon precipitation arise from changes in monsoon duration or mon-

103 soon intensity. Thus, using the global Earth System Model MPI-ESM, we investigate
104 the following:

105 1. How do the ISM’s life cycle characteristics (onset, demise and length) respond to
106 volcanic eruptions?

107 2. How can these responses be explained within the ITCZ and LLJ frameworks of
108 the monsoon?

100 3. What role does the monsoon season length play in determining the sensitivity of
110 monsoon precipitation to volcanic eruptions?

1m 2 Data and Methods

112 2.1 Data

13 The internal variability of the ISM makes it challenging to determine the impact

114 of a single volcanic eruption. Only a few large eruptions exist in recorded history, so proxy
115 reconstructions of historical data have been used to study the climate impact of volca-



116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

noes (Crowley & Unterman, 2013). However, historical eruptions vary not only in erup-
tion magnitude but also in location and season, which makes it challenging to understand
the effects of any one of these factors. In contrast, large ensemble simulations with cli-
mate models can effectively separate internal variability from externally forced responses
(Milinski et al., 2020). The effects of internal monsoon variability are averaged out with
a sufficiently large ensemble. 100-member ensembles are large enough to detect the tem-
perature changes following a volcanic eruption, both at a global (Milinski et al., 2020)
and a regional scale (Pausata et al., 2020). We use a large ensemble of simulations of ide-
alized volcanic eruptions with the Max Planck Institute Earth System Model, version
1.1-LR (MPI-ESM) (Giorgetta et al., 2013).

In MPI-ESM, the atmospheric general circulation model ECHAMG6.3, with a hor-
izontal resolution of 200km and 47 vertical levels up to 0.01 hPa (Stevens et al., 2013),
including the land model JSBACH (Reick et al., 2021), is coupled with the ocean sea-
ice model MPIOM, with a nominal horizontal resolution of 1.5° and 64 vertical levels (Jungclaus
et al., 2013). The MPI-ESM has been used successfully to determine the climate response
to volcanic eruptions (e.g. (D’Agostino & Timmreck, 2022; Azoulay et al., 2021; Zhuo
et al., 2021)). It has shown agreement with other low-resolution CMIP6 models in in-
termodal comparison studies regarding global surface climate responses (Zanchettin et
al., 2022). MPI-ESM simulations of the Pinatubo eruption also show agreement with ob-
served data (Toohey et al., 2016).

We use and extend MPI-ESM’s Easy Volcanic Aerosol Ensemble (EVA-Ens) (Azoulay
et al., 2021), which simulates the effects of volcanic eruptions on the global climate by
replacing the forcing fields for the June 1991 Pinatubo eruptions with idealised forcing
fields. These fields are generated using the Easy Volcanic Aerosol (EVA) forcing gener-
ator (Toohey et al., 2016). The EVA generator calculates monthly-mean aerosol forc-
ing input files as fields of single scattering albedo (SSA), wavelength-dependent aerosol
extinction (EXT) and the asymmetry factor (ASY) as a function of volcanic sulphur emis-
sion, season, and location.

The EVA-Ens, containing tropical eruptions of varying strengths, is extended to
include simulations of extratropical eruptions in the Northern and Southern hemispheres.
We simulate 100 ensemble members for each eruption hemisphere from January 1991 to
December 1995, with 6-hourly output. The volcanic eruptions occur in June 1991, cor-
responding to a strength of 40 Tg of sulphur, compared to an estimated 10 Tg of strato-
spheric sulphur emissions injected by the Mt. Pinatubo eruption (Timmreck, 2018). In
addition to the three forced experiments, with tropical (TR), Northern hemispheric (NH)
and Southern hemispheric (SH) eruptions, an unforced 100-member ensemble simula-
tion is used as a control (CTL). Supplementary Figure S1 shows the distribution and
movement of aerosols in the three forced experiments.

2.2 Definition of Monsoons

In this study, we define monsoon onset using spatially averaged precipitation data
over land in the central Indian region: 70 — 85 °E, 15 — 25 ° N. This region is a good
representation of rainfall over the entire Indian Summer Monsoon region (Chakraborty
& Agrawal, 2017; Noska & Misra, 2016). Following the methodology of Noska and Misra
(2016), we compute the region-mean annual-mean rainfall climatology as an average over
the 100 unforced ensemble members. For each ensemble member, the precipitation anomaly
is found by subtracting the daily rainfall from the annual mean climatology. This anomaly
is summated over a calendar year to find the cumulative anomaly. The day that corre-
sponds to the minimum of the cumulative anomaly is one day prior to the monsoon on-
set. Similarly, the maximum of the cumulative anomaly is one day prior to the withdrawal
of the monsoon. Monsoon onset, withdrawal, and length are determined for each ensem-
ble member in each experiment for four post-eruption years (1992-1995).
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2.3 Moisture Flux

Monsoon onset follows the strengthening of the LLJ due to increased convergence
of moisture over the Indian subcontinent. The moisture flux F,(p) at a given pressure
level p is:
Fo(p) = p(p) a(p)v(p) (1)

Where p(p), q(p), and v(p) are the density, specific humidity and horizontal velocity vec-
tor at pressure level p. From this, we find the column-integrated moisture flux:

Fy = l/pt (q)vdp (2)

9 s

The moisture flux convergence (MFC) over central India is then calculated using
the divergence theorem, which is the line integral of moisture flux over its boundary.

85°E 25°N

MFC = F _F _ ’
Z 150N T o50N + Z Fq 70°E Fq 85°F (3)
70°F 15oN

2.4 Determining the Latitude of the ITCZ

The position of the regional ITCZ at a given time over the Indian monsoon region
is calculated as the meridional centroid of precipitation over the box 70—85 ° E, 30 ° N
- 30 °S. The centroid latitude of the precipitation is averaged over all ensemble mem-
bers to obtain the latitude of the ITCZ.

3 Results
3.1 Variations in Monsoon Characteristics

Figure 1. (a) shows the variations in monsoon onset date in the first year follow-
ing an eruption. Compared to the control run CTL, both the TR and NH experiments
show a delay in the median onset by 4 and 12 days, respectively. Meanwhile, a 7-day ad-
vancement in the median onset date is observed in the SH experiment. Similarly, Fig-
ure 1. (b) shows the variations in monsoon demise date in the first year following an erup-
tion. The median demise in the TR and NH experiments is advanced by 8.5 and 19.5
days, respectively, compared to the CTL experiment. A delay of 2 days in the median
demise is seen in the SH experiment.

In each of the volcanically forced experiments, the onset and demise dates are shifted
in opposing directions, causing large shifts in the monsoon length, seen in Figure 1. Com-
pared to the median CTL monsoon duration of 119.5 days, the median NH experiment
monsoon is shorter by 33.5 days, while the median SH experiment monsoon is 23.5 days
longer.

Shifts in the monsoon life cycle are consistent with the displacement of the ITCZ
following volcanic eruptions. In Figure 1. d), the movement of the regional tropical rain
band is compared across the four experiments. We find, relative to CTL, a Southward-
shifted ITCZ in the NH experiment, and a Northward-shifted ITCZ in the SH exper-
iment.

In the NH experiment, the South-shifted ITCZ delays the arrival of the ITCZ to
the Indian subcontinent, causing a delay in onset. Similarly, it would speed up its de-
parture from the subcontinent, causing an earlier withdrawal. In the TR experiment,
the ITCZ is shifted southward as well, although by a lower magnitude compared to NH.
This is in agreement with the relatively smaller shift in monsoon onset and withdrawal.
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Figure 1. Variation of monsoon (a) onset, (b) demise, and (c) length for the first post-
eruption year (1992). The boxes show the interquartile range of ensemble members, while the
whiskers contain 95% of values around the median (red line). Notches indicate the 95% confi-
dence interval around the median generated by bootstrapping 50 of the 100 members with 10,000
resamples. (d) Movement of the ensemble-mean latitude of the tropical (30°S-30°N) precipitation

centroid in the longitude band 70-85°E (red rectangle in inset).
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Figure 2. (a) Box plot comparing the usage of a fixed (JJAS) and variable (defined by the
onset and demise) monsoon duration on the mean monsoon intensity for the four experiments.
Boxes show the interquartile range of ensemble members, and whiskers contain 95% of values
around the median (red line). Notches indicate the 95% confidence interval around the median
generated by bootstrapping 50 of the 100 members with 10,000 resamples. The (b) Scatter plot
of the monsoon season precipitation and length in the year 1992 for the four experiments. The
linear regression (r = 0.69) of precipitation and length for the CTL experiment is shown in the

solid black curve and is extended to the width of the graph with the dashed line.

Conversely, in the SH experiment, the displacement of the ITCZ to the North results
in an earlier onset and later withdrawal.

3.2 Monsoon Duration Controls Seasonal Precipitation

Having demonstrated that the monsoon duration is strongly influenced by extra-
tropical volcanic eruptions, we now investigate how this affects the seasonal rainfall. The
large variations in monsoon duration highlight the limitation of quantifying monsoon-
season averages over a fixed period. When using a fixed duration of the monsoon, JJAS
(Jun-Jul-Aug-Sep), the season-mean precipitation intensities in the forced experiments
show a large variation compared to CTL (Figure 2 (a)). The average JJAS intensity in
the NH experiment is 2 mm/day lower than in CTL, while it is 1 mm/day higher in
the SH experiment. However, the JJAS intensity is not an adequate representation of
the monsoon intensity when there are large changes in the climatological rainy season,
as caused by volcanic eruptions. By using a variable length of the monsoon, we exclude
data from the dry season, enabling an accurate assessment of the true monsoon inten-
sity.

Defining the monsoon season as the period between onset and demise results in smaller

variations of mean monsoon intensity in the forced experiments. The average onset-to-
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demise intensity in the NH experiment is 0.8 mm/day lower than in CTL, while it is

0.5 mm/day higher in the SH experiment. An analysis using a fixed monsoon climatol-
ogy neglects the volcanic impact on the monsoon duration. It leads to the spurious con-
clusion that the variations in the total monsoon rainfall arise from changes in its inten-
sity. Using a variable monsoon duration allows us to determine the extent to which changes
in rainfall are influenced by changes in duration, rather than intensity.

Figure 2 (b) shows the relation between the total monsoon precipitation and the
monsoon duration. The regression (r = 0.69) of the CTL precipitation and length in-
dicates that the variation of monsoon duration explains the majority of changes in mon-
soon precipitation. Based on the linear relationship, we would expect a 90-day monsoon
(the length of the ensemble-mean NH monsoon) to see an integrated rainfall deficit of
300 mm, compared to the climatological 0.95 m during a 120-day monsoon. As a result,
the 350 mm deficit of rainfall seen during the NH ensemble-mean monsoon can largely
be explained by a shorter monsoon period, while only 50 mm is due to changes in the
monsoon intensity. This shows that the dominant factor in altering the seasonal precip-
itation response of the ISM following a volcanic eruption is the length of the monsoon,
contrary to the current understanding that the volcanically-forced precipitation response
mainly arises from changing rainfall intensity due to changing land-sea contrasts (Zhuo
et al., 2021).

3.3 Variations in the Strength of the Low-Level Jet

Although the ITCZ framework provides a qualitatively consistent picture, the rain-
fall over India is not zonally symmetric, nor is it affected solely by inter-hemispheric tem-
perature contrasts. In the following, we analyse the effects of zonally asymmetric cool-
ing and changes in pressure gradients and moisture fluxes on the monsoon.

In Figures 3 (b), (¢), in the NH and TR experiments, respectively, the sea level
pressure (SLP) directly west of the subcontinent (in the Arabian Sea) in the premon-
soon month of May is anomalously high. Whereas, in the SH experiment in 3 (d), we
find an anomalous pressure low. This is consistent with the observed real-world inter-
nal variability of the monsoon, where an anomalously high "West Asian’ pressure is as-
sociated with a delayed monsoon onset (Chakraborty & Agrawal, 2017). The delayed
onset is correlated with a weakened LLJ, as seen in the Arabian Sea and Indian Ocean,
characterised by anomalous Easterly (Westerly) winds North (South) of the equator and
an anomalous high pressure over this region. However, contrary to our expectation, an
anomalously strong jet over India is not seen in the SH experiment, despite both an anoma-
lously low SLP and early onset (Figure 3 (d)).

To explain this apparent inconsistency, we analyse the moisture flux into the ISM
region. While the LLJ strength in the Arabian Sea controls the moisture influx into the
subcontinent, the onset of the ISM occurs due to the convergence of this moisture flux,
and is also dependent on the outflux of moisture. Figure 3 (a) shows that large mois-
ture convergence occurs in the days before onset. Despite the weak LLJ in May, there
is a sudden increase in moisture convergence over India in the SH experiment, leading
to an earlier onset. Supplementary Figure S2 shows the moisture fluxes at the bound-
ary of the central Indian box for each experiment.

4 Discussion and Conclusion

Previous studies of the monsoon region have investigated how volcanic forcings af-
fect the seasonal average rainfall of the monsoon region (e.g., D. P. Schneider et al. (2009);
Zuo et al. (2019); D’Agostino and Timmreck (2022); Liu et al. (2016)). They attribute
changes in the seasonal mean rainfall to a change in the strength of the monsoon circu-
lation driven by differential land-sea cooling. However, observational data have shown
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Figure 3. (a) The ensemble-mean vertically integrated moisture flux into central India during
the 1992 boreal summer (red rectangle in the inset: 70-85°E, 15-25°N) for all four experiments.
The grey box shows the month of May, over which time the composite (b) NH, (¢) TR, and

(d) SH anomalous ensemble-mean sea level pressure in 1992, with respect to the ensemble mean
CTL, is calculated. The black arrows denote the ensemble-mean 850hPa horizontal wind velocity

vector anomalies for the same.

that the total monsoon rainfall is correlated with the seasonal length (Noska & Misra,
2016). Our results show that using an average rainfall intensity over a fixed monsoon
season fails to account for changes in the duration of the monsoon season and its impact
on the total monsoon rainfall.

In our study, we find changes in the life cycle of the ISM for several years after vol-
canic eruptions, comparable to the lifetime of stratospheric sulphur aerosols, as shown
in Supplementary Figure S3. However, certain geoengineering scenarios, such as strato-
spheric aerosol intervention (SAI), are designed to exert longer-term climatic effects. SAI
studies (e.g., Simpson et al. (2019)) show a reduction in the JJA rainfall over India. This
reduction in rainfall is likely also driven primarily by a shorter monsoon length. Shifts
in the ISM’s timing and duration should be considered, since crop sowing is dependent
on the timing of the ISM (Nageswararao et al., 2024). Although certain SAI strategies
are likely to strengthen certain regional monsoons (e.g., SAI confined to the Southern
Hemisphere would strengthen ISM), they would weaken other regional monsoons.

The life cycle of other regional monsoons is expected to behave similarly to the ISM,
when forced by volcanic eruptions. In the context of the ITCZ framework, we would ex-
pect an eruption in the same (opposite) hemisphere to shorten (lengthen) the monsoon
season. Since our methodology does not employ rigid thresholds in defining monsoon on-
set and demise, it can be applied, with a few modifications, to identify and compare the
responses of all regional monsoons to volcanic forcings in our model.

The impact of volcanic eruptions on internal modes of variability, such as the El
Nino-Southern Oscillation (ENSO), has been studied (e.g., Stevenson et al. (2016); Pausata
et al. (2020); Fang et al. (2025)). Fang et al. (2025) note the presence of a strong El Nifio
(weak La Nina) in the few years following a Northern (Southern) hemisphere eruption.
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ENSO significantly forces the ISM’s precipitation and onset, with shorter and weaker
(longer and stronger) ISMs in El Nino (La Nina) years. (e.g., Goswami and Xavier (2005);
Fan et al. (2017); Chakraborty and Singhai (2021)) However, monsoon anomalies tend

to be stronger in El Nino years. Thus, there are asymmetries in both the monsoon re-
sponse to the ENSO phase and the ENSO response to the location of volcanic eruption.
These asymmetries reinforce each other, leading to a stronger monsoon response to North-
ern Hemisphere eruptions. These reinforcing asymmetries could provide an explanation

as to why we find stronger anomalies in ISM rainfall in the NH experiment compared

to the SH experiment.

However, the MPI-ESM was run in a coarse-resolution configuration, with a hor-
izontal resolution of 200 km, due to which the influence of orography, and orographic rain-
fall is greatly reduced, which is important to represent the monsoon (Chakraborty et al.,
2006). Additionally, convection in the MPI-ESM is parametrised, limiting its ability to
represent changes in convective rainfall due to volcanic forcing. Furthermore, the exper-
iments prescribe volcanic forcings with a strength of 40 TgS compared to 5-10 TgS from
Pinatubo (Timmreck, 2018). Such large eruptions are exceedingly rare. Smaller erup-
tions would have a smaller climate impact, but the impacts are expected to scale roughly
linearly with the sulphur injection (Timmreck et al., 2024).

In this study, we find, using large ensemble simulations of the MPI-ESM, that large
volcanic eruptions shift the onset, withdrawal and length of the Indian summer monsoon
for a few years. Northern hemispheric and tropical eruptions delay the onset and advance
the demise of the ISM, leading to a shorter monsoon season. Conversely, Southern hemi-
spheric eruptions advance the onset and delay the demise of the ISM, lengthening its du-
ration. We explain this within the ITCZ framework of the monsoons, where ITCZ shifts
towards the monsoon hemisphere causing an earlier onset and delayed demise. The frame-
work of monsoon onset driven by the strengthening of the LLJ successfully explains the
delayed onset in NH and TR, but cannot fully explain the earlier onset in SH in a com-
prehensive way. We find that in SH, despite no significant increases in LLJ strength, early
monsoon onset occurs due to increased moisture convergence. We show that the shift
in Indian summer monsoon rainfall, caused by volcanic forcings, is driven predominantly

by changes in the duration of the monsoon season and not, as previously thought, by changes

in the intensity of the monsoon precipitation. Future studies should take into account
the varying monsoon season length in order to clearly distinguish between changes to
monsoon intensity versus length.
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Figure S1. The time evolution of aerosol optical depth at 550 nm for (a) Northern Hemisphere,
(b) Tropical and (c) Southern Hemisphere volcanic eruption of 40 Tg of Sulphur, corresponding

to the experiments NH, TR, and SH respectively.
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(d) Northern boundaries of the Central Indian region, with respect to CTL for the three forced

experiments in the months of May and June 1992.
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