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Abstract The global monsoon system is of exceptional socioeconomic importance owing to its
impacts on two-thirds of the globe’s population. Major volcanic eruptions strongly influence global

land monsoon (GLM) precipitation change. By using 60 plausible eruption scenarios sampled from
reconstructed volcanic proxies over the past 2,500 years, 21st century volcanic influences on GLM
precipitation projections are examined with an Earth system model under a moderate emission scenario.
The decadal-scale ensemble spread with realistic eruptions (VOLC) increases by 17.5% and 20.1%
compared to no-volcanic (NO-VOLC) and constant background-volcanic (VOLC-CONST) scenarios,
respectively. Compared with NO-VOLC, the centennial mean VOLC GLM precipitation shows a 10%
overall reduction and regionally, Asia is the most impacted. Changes in atmospheric circulation in the
aftermath of large volcanic eruptions match the global warming response patterns well with opposite sign,
with the North American monsoon precipitation enhanced following large volcanic eruptions, which is
in sharp contrast to the robust decrease in Asian monsoon rainfall. Volcanic activity could delay the time
of emergence of anthropogenic influence by five years on average over about 60% of the GLM area. Our
results demonstrate the importance of statistical representation of potential volcanism for the projections
of future monsoon variability. Quantifying volcanic impacts on regional climate projections and their
socioeconomic influences on infrastructure planning, food security, and disaster management should be a
priority of future work.

Plain Language Summary Understanding and predicting future global monsoon changes

is critically important owing to its impacts on about two-thirds of population. Robust posteruption
signals in the monsoon climate raise the question of their potential for a role in future climate. However,
major volcanic eruptions are generally not included in current projection scenarios because they are
inherently unpredictable events. By using 60 plausible eruption scenarios sampled from reconstructed
volcanic proxies over the past 2,500 years, we revealed the volcanic impacts on the future changes of
summer precipitation over global and submonsoon regions. Episodic volcanic forcing not only leads to a
10% overall reduction of the centennial global land monsoon (GLM) precipitation, but also causes larger
ensemble spread (~20%) compared to no-volcanic and constant background-volcanic scenarios. Moreover,
volcanic activity is projected to delay the time of emergence of anthropogenic GLM precipitation changes
by five years on average over about 60% of the GLM area. Our results demonstrate the added value of
incorporating major volcanic eruptions in monsoon projections.

1. Introduction

The global monsoon (GM) system can be described as the low latitude seasonal variation in precipitation
and low-level winds and is of great socio-economic importance owing to its impacts on approximately two-
thirds of the world’s population (Trenberth & Dai, 2007; B. Wang & Ding, 2006). The monsoons are gov-
erned by a range of influences, including internal variability, natural external forcings, and human activities
(P. Wang et al., 2014). Understanding and predicting these influences are critical for making informed deci-
sions on mitigation and adaptation (W. Zhang et al., 2019).
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Volcanic eruptions cause globally averaged surface temperature to cool and the hydrological cycle to weak-
en (Driscoll et al., 2012; Gillett et al., 2004; Grinsted et al., 2007; Timmreck, 2012). Global precipitation
decreases are particularly pronounced in the year following large volcanic eruptions, as evidenced by pale-
oclimate reconstructions, historical observations, and climate model simulations (Anchukaitis et al., 2010;
Colose et al., 2016; Gu et al., 2007; Iles & Hegerl, 2014, 2015; Schneider et al., 2009; Stevenson et al., 2016;
Trenberth & Dai, 2007). Recent studies also indicate a pronounced regional and hemispheric redistribution
of rainfall, characterized by monsoon weakening in the hemisphere of the eruption, and a strengthening in
the opposing hemisphere (Fasullo et al., 2019; Zuo et al., 2019). A weakened monsoon circulation, caused
by decreased land-ocean and interhemispheric thermal contrasts, enhance the rainfall decrease in the erup-
tion hemisphere (Iles et al., 2013; Man et al., 2014; Zuo et al., 2019). These robust posteruption signals,
involving interactions between the energy and water cycles, raise the question of their potential for a role in
future climate (Santer et al., 2014).

However, major volcanic eruptions are generally not included in current climate projections because they
are inherently unpredictable events. An earlier study examined the potential implications of a future erup-
tion by setting a hypothetical Tambora eruption occurring in 2085, which demonstrated similar radiative
responses as those during the 1815 event, however, a future eruption’s peak response in both global mean
temperature and rainfall is simulated to be approximately 40% greater than in 1815 through modulation
of ocean stratification and near-surface winds (Fasullo et al., 2017). The Scenario Model Intercomparison
Project (ScenarioMIP) of the Coupled Model Intercomparison Project Phase 6 (CMIP6), which will pro-
vide multimodel climate projections based on a range of scenarios of future emissions, specifies future
volcanic forcing at a constant background value and thus does not account for future volcanic forcing var-
iability, while the CMIP5 protocol optionally allowed specification of zero future volcanic forcing (O'Neill
et al., 2016). In order to sample a more realistic range of volcanic forcing outcomes, Bethke et al. (2017)
constructed a range of plausible eruption scenarios by sampling from reconstructed volcanic activity of the
past 2,500 years (Sigl et al., 2015). By using these volcanic forcing scenarios under the middle-of-the-road
scenario, that is representative concentration pathway (RCP) 4.5 (van Vuuren et al., 2011), they demonstrat-
ed that volcanic forcing uncertainty will likely have a significant impact on projected global temperature
variance on interannual to interdecadal timescale and on the frequency of low temperature extremes. They
also found increased projected precipitation variance over East Asia. However, responses in the global mon-
soon in such scenarios have yet to be explored in detail. In particular, the impacts from including plausible
volcanic activity on projections of standard monsoon metrics, their regional and temporal variations and
implications for the detection of anthropogenic signals are still unknown.

In this study, we investigate the influence of such forcing scenarios on projections of global land monsoon
(GLM) precipitation by employing Norwegian Earth System Model (NorESM) projections under RCP4.5
(see Section 2.1). We quantify GLM precipitation changes and associated uncertainties across various pe-
riods and regions. We also perform a time of emergence (ToE) analysis (see Section 2.3) to address the
volcanic impact on regional-scale shifts in the anthropogenic GLM precipitation changes relative to the
background noise of internal variability. We show that the uncertainty range increases, and GLM precip-
itation decreases with the inclusion of realistic episodic volcanic forcing. Such information improves our
understanding of future GLM precipitation changes.

It should be noted that our results are based on one single Earth System model, and there are also uncertain-
ties from the coarse model resolution and the design of synthetic volcanic forcing. Coordinated multimodel
efforts using the same plausible volcanic forcings should help us to reduce model uncertainties. Improved
characterization of past volcanic forcing and its application to the model are both important for promoting
the utilization of potential volcanism in future climate projections. All of these limitations and caveats of
according results will be comprehensively discussed in this study.
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2. Data and Methodology
2.1. Models and Data

The NorESM is one of the models that contributed to the Coupled Model Intercomparison Project Phase 5
(CMIP5) (Taylor et al., 2012). It was built upon the Community Climate System Model version 4 (CCSM4)
but differs mainly in the implementation of an isopycnic coordinate ocean model and advanced chemis-
try-aerosol-cloud-radiation interaction schemes (Bentsen et al., 2013). NorESM1-M has a horizontal resolu-
tion of approximately 2° for the atmosphere and land components and 1° for the ocean and ice components.
A large ensemble from a single climate model is a suitable tool to identify the role of external forcing relative
to internal climate variability (Dai & Bloecker, 2019; Deser et al., 2012). In this study, we use three 60-mem-
ber ensemble simulations spanning 2006-2099 with the NorESM1-M under different volcanic forcing: one
ensemble using plausible episodic volcanic forcing (VOLC); one ensemble using zero volcanic forcing (NO-
VOLC); and one ensemble using 1850-2000 averaged (i.e., background) volcanic forcing (VOLC-CONST).
The simulations are the same as used by Bethke et al. (2017), with the notable difference that the VOLC-
CONST ensemble has been enlarged from 20 to 60 members for this study. For the VOLC ensemble, Beth-
ke et al. (2017) constructed 60 plausible volcanic forcing futures in terms of frequencies, magnitudes and
geographic locations by utilizing the statistical representation of the past volcanic activity as reconstructed
by Sigl et al. (2015) from a 2,500-year multiice-core record (Text S1).

While we cannot know the exact timing and magnitude of future eruptions, we do know that there will
be episodic volcanic activity in the future and that this will tend to increase the level of natural climate
variability as it has done in the past. Conventional climate projections are biased as they lack this source
of variability. By utilizing synthetic volcanic forcing, we account for this variability source and by using an
ensemble of outcomes we obtain a statistical representation of climate projection uncertainty related to the
unknown future volcanic activity. The ensemble spreads of NO-VOLC and VOLC-CONST solely measure
the contribution from internal climate variability to climate variance and projection uncertainty, whereas
the ensemble spread of VOLC additionally reflects volcanic sourced climate variance and uncertainty. By
comparing these experiments, we thus measure the volcanic contribution to natural climate variance and
uncertainty against the level of unforced internal climate variability. There are additional uncertainties and
sources of variance related to model representation, anthropogenic scenario and other natural forcings but
their consideration is beyond the scope of this study.

2.2. Definition of Global Monsoon Domain

The global monsoon domains is defined by the regions where the local summer-minus-winter precipitation
rate exceeds 2.0 mm day ' and the local summer precipitation exceeds 55% of the annual total (B. Wang
et al., 2012). The local summer is denoted as MJJAS (May through September) for the northern hemisphere
(NH) and as NDJFM (November through March) for the southern hemisphere (SH). In this study, we define
the global monsoon domain based on the 1979-2010 climatology from the Global Precipitation Climatology
Project (GPCP) data version 2.2 (Huffman et al., 2009). The model could reasonably reproduce the global
monsoon domain and global monsoon intensity (Figure S1). It can be further divided into seven monsoon
subdomains (Kitoh et al., 2013). Since the global monsoon domain exists predominantly over land, we will
focus on the influence of volcanic forcing on the local summer precipitation changes over the GLM domain.

2.3. ToE Analysis

The ToE is defined as the mean time at which the changes of GLM precipitation emerge from the noise of
internal climate variability. To estimate ToE, we should first calculate “signal” and “noise” of the GLM pre-
cipitation (H. Zhang & Delworth, 2018). “Signal” is calculated as ensemble-mean, decadal-mean summer
precipitation anomalies relative to the 1995-2014 mean over the GLM domain. Internal climate variability
is estimated from the control simulation with a Monte Carlo approach at each grid point (Text S2). If the
amplitude of the precipitation shift is outside the range of the internal climate variability, it is considered
that the impact of human influences can be detected, and the corresponding period is called ToE. We will
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Figure 1. Time series of summer precipitation anomalies relative to the base period average (1995-2014) for the land
monsoon domain (units: %) over (a) globe, (b) Asia, and (c) North Africa, expressed as percentage changes relative

to the base period mean. The solid lines represent the ensemble mean of NO-VOLC (red), VOLC (blue), and VOLC-
CONST (purple/gray) with the ensemble spread represented by 5-95 percentile of the ensemble member (shading);
the black line denotes the evolution of the most extreme member with the peak centennially mean loadings. 10-year
running mean was applied to all time series.

check the ToE change in VOLC relative to NO-VOLC to quantify the influence of episodic volcanic forcing
on the ToE variability.

3. Results
3.1. Potential Volcanic Impacts on GLM Precipitation Projections

Time series of decadal summer precipitation anomalies over the GLM domain are displayed in Figure 1a.
The ensemble mean from each simulation represents the externally forced response under RCP4.5, modified
by a range of assumptions regarding volcanic forcing. These include the RCP4.5 scenario in which constant
background aerosol concentrations are prescribed (VOLC-CONST), the RCP4.5 scenario with background
aerosols removed (NO-VOLC), and a modified version of RCP4.5 in which stochastically generated erup-
tions are prescribed (VOLC). All the data are smoothed with a decadal smoother as here our focus is on low
frequency volcanic impacts. The GLM precipitation ensemble mean (i.e. forced response, FR) experiences
an overall increase in the 21st century under NO-VOLC. The effect of volcanic forcing on the GLM precip-
itation FR is modest, with the VOLC and VOLC-CONST being within the bounds of uncertainty of the FR.
Compared with NO-VOLC (relative to base period mean), the centennial mean GLM precipitation change
isreduced by 9.6% and 6.8% in VOLC and VOLC-CONST, respectively. Ensemble spread in VOLC, measured
by 5-95 percentile of the ensemble member, gets 17.5% and 20.1% larger than that in NO-VOLC and VOLC-
CONST, respectively. The uncertainty from volcanic forcing accounts for about 20% of the decadal-scale
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Figure 2. Precipitation difference between VOLC and NO-VOLC over the global land monsoon (GLM) domain (units: mm day ") in the (a) near-term
(2021-2040), (b) mid-term (2041-2060), and (c) long-term (2081-2098) projection. The significance levels are determined according to the Student’s-t test,
and the slashes indicate the values that are statistically significant at the 5% level. The right panel represents probability density function (PDF) of the
GLM precipitation for the (d) near-term (2021-2040), (e) mid-term (2041-2060), and (f) long-term (2081-2098) mean relative to the period 1995-2014. Red

corresponds to

NO-VOLC and blue corresponds to VOLC. Kernel density estimation is used to estimate all the PDFs. The Kolmogorov-Smirnov (KS) test is used

to determine the significance of the PDF distributions. The PDF distribution of the GLM precipitation in VOLC and NO-VOLC is statistically distinguishable
(KS test p values <0.05) for the mid-term projection.

internal climate variability in VOLC (Figure S2). This demonstrates that episodic volcanic forcing is a po-
tentially important source of projection uncertainty that is not considered in the current ScenarioMIP of
CMIP6 (Oneill et al., 2016). The associated impacts on precipitation in each monsoon subdomain are likely
to be different, due to the influence of local dynamic and thermodynamic processes (Fischer et al., 2013;
Ogorman, 2015). For example, as shown in Figures 1b and 1c, there is a marked contrast of the role of these
forcing scenarios on the Asian and North African subdomains. In Asia, the reduction of the centennial
precipitation change is 9.5% (6.1%-20.4%) in VOLC relative to NO-VOLC, whereas in North Africa, the
strengthening of the centennial precipitation change is 64.5% (50.6%-76.0%).

To quantify the influence of episodic volcanic forcing on precipitation changes in different periods and
regions, geographical distributions of precipitation changes are examined during three discrete intervals,
termed the near-term (2021-2040), mid-term (2041-2060) and long-term (2081-2098), as summarized in
Figure 2. The most significant volcanic influence on precipitation is the weakening of the Asian monsoon,
and strengthening of the North African and North American monsoons (Figures 1b,1c, 2a and 2c). The
presence of episodic volcanic forcing shifts the probability density function (PDF) distribution of the GLM
precipitation, which is the spread across 60 ensemble members, to lower values in the mid- and long-term
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Figure 3. Summer precipitation changes over the NHLM and SHLM monsoon domain and each monsoon subdomain (units: %) three specific periods in future
projection termed as the near-term (2021-2040), mid-term (2041-2060) and long-term (2081-2098) projection for NO-VOLC (red), VOLC (blue), and VOLC-
CONST (purple) relative to the 1995-2014 mean. The thick lines represent the ensemble mean, while the bars indicate the uncertainty range measured by the
5-95 percentile of the ensemble member. The triangles denote the most extreme member. For region division, there are seven monsoon subdomains including
North America, South America, North Africa, South Africa, South Asia, East Asia and Australia monsoon regions. The equator separates the northern monsoon
domains from southern monsoon domains, and 20°N and 100°E separates South Asia from East Asia. NHLM and SHLM, northern and southern hemisphere

land monsoon subdomains.

projections (Figures 2e and 2f), with considerably higher significance than for near-term projections (Fig-
ure 2d). To the extent that the volcanic forcing history during the observed period has an influence on the
2021-2040 projections via ocean memory effects, which is the same for all experiments, we could expect
to see a smaller response for the near-term compared to mid-term and long-term. The mid-term versus
long-term differences in the PDF shapes for VOLC are likely due to both sampling and background state
dependence. The PDF distribution also shifts to lower values with the inclusion of episodic volcanic forcing
than that of background volcanic forcing (Figure S3).

We further define seven monsoon subdomains in the vicinity of North America, South America, North
Africa, South Africa, South Asia, East Asia, and Australia. Figures 3a and 3b show summer precipitation
changes in the northern and southern hemisphere land monsoon subdomains (NHLM and SHLM, respec-
tively) and in each subdomain over near-, mid-, and long-term intervals. The uncertainty range represented
by 5%-95% ensemble spread for the 20-year mean is shown for the bars. The triangles denote the most
extreme member, which is ranked by the centennially mean aerosol loadings, thus may contain a Samalas
type of eruption and some other large eruptions. The model projects an enhancement of NHLM and SHLM
precipitation across all time intervals under RCP4.5. The projected increase of NHLM precipitation is larger
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than that of SHLM, while the ensemble spread is larger for the SHLM than the NHLM. These features are
comparable to those in CMIP5 projections simulated for RCP4.5 (Kitoh et al., 2013; Lee & Wang, 2014).
The increase of monsoon precipitation in the mid-term projection is most affected by the volcanic forcing.
Compared with NO-VOLC, the precipitation increase in VOLC is reduced by 8.3% (4.6%-17.0%) and 11.2%
(5.1%-28.1%) over the NHLM and SHLM domains, respectively. Extremely strong volcanic activity could
cause much larger precipitation variability as evident in the most extreme member. Such outlier behavior is
nonetheless important for adequate risk assessments on hydrologic extremes and impacts in a warming cli-
mate. However, the application of background volcanic forcing would fail to capture the extreme response
to episodic volcanic forcing. More quantified results are shown in Table S1.

For monsoon subdomains, precipitation increases over North Africa, Asia, and Australia across times-
cales (Figures 3d-3f, and 3i), but slightly decreases over North America, South America and South Africa
(Figures 3c, 3g, and 3h), due to the interhemispheric difference under RCP4.5. The inclusion of either
background or episodic volcanic forcing results in decreased precipitation on average over most monsoon
subdomains from near-term to long-term except North America and North Africa (Figures 3c and 3d). The
decrease in the South Asian and East Asian monsoon domain is the most robust relative to internal varia-
bility, as demonstrated by the magnitude of the signal-to-noise ratio shown in Table S2. It should be noted
that this finding might be slightly model dependent. Moreover, the ensemble spread is enhanced in VOLC
relative to NO-VOLC and VOLC-CONST over most monsoon subdomains.

3.2. Atmospheric Circulation Changes in the Aftermath of Large Volcanic Eruptions

In addition to the potential volcanic impacts on GLM precipitation projections and associated uncertainties
based on the ensemble of simulations, it would be good to include some more physical background consid-
erations, such as changes in atmospheric circulation in the aftermath of large volcanic eruptions and how
they compare to future changes in monsoon in response to global warming. The advantage of assessing
changes in atmospheric circulation is that large-scale changes are less sensitive to local conditions. Also
changes in precipitation which are challenging to simulate by coarse-scale global climate models are more
robust in relation to atmospheric circulation.

The responses of monsoon circulation that followed the large volcanic eruptions are shown in Figure 4.
The eruptions whose stratospheric sulfate aerosol loading exceeds 30 Terrogram (Tg) are selected from the
60-member future forcing time series. The year in which the volcanic aerosol mass peaks is regarded as year
0, and the following year is named as year 1. We focus on the responses in the first local summer (MJJAS
of year 1 for the NH monsoon region; November and December (year 0) and January-March (year 1) for
the SH monsoon region), which is calculated with respect to a 5-year preeruption mean (Iles et al., 2013).
The composite volcanic response patterns match the global warming response patterns well with opposite
sign (Figure S4). It makes sense since the first-order large-scale volcanic climate impact is a surface cooling
while the global warming predominantly warms the surface. For the Asian monsoon region, both the south-
westerlies from the Indian monsoon and the southeasterlies from the western Pacific are negative, which
correspond to a weakened Asian monsoon circulation and reduced precipitation following large volcanic
eruptions. The North American monsoon precipitation enhances corresponding to an anomalous cyclonic
circulation, in sharp contrast to the robust decrease in Asian monsoon rainfall. The monsoon circulations
over the South American, South African, and Australian monsoon regions exhibit anticyclonic anomalies
in the aftermath of large volcanic eruptions, which lead to significant decrease of monsoonal precipitation
in their warm seasons. These results are comparable to the drying effects of past eruptions in the regional
monsoons, mainly through the monsoon circulation weakening resulting from reduced land-sea thermal
contrast (Colose et al., 2016; Cui et al., 2014; Dogar & Sato, 2019; Dogar et al., 2017; Gao et al., 2018; Man
et al., 2014; Wegmann et al., 2014; Zambri et al., 2017; Zhuo et al., 2020). The increased precipitation over
the North American monsoon region is possibly due to precipitation decrease of the Intertropical Cover-
gence Zone (ITCZ) and an anticyclone anomaly over the Eurasian-African continental area after the strong
volcanic forcing, which lead to anomalous ascending motion and enhanced North American monsoon rain-
fall (Figures S5 and S6). This matches the mechanism that claimed for the drier North American monsoon
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Figure 4. Composite analysis of 850-hPa wind (vectors; m s™*) and precipitation (shading; mm day™") anomalies in the local summer of year 0 and year 1
(MJJAS of year 1 for the NH monsoon region; November and December (year 0) and January—March (year 1) for the SH monsoon region) following the large
volcanic eruptions. The anomalies are calculated with respect to a 5-year preeruption mean. Dots denote areas that are significant at the 5% level derived from
1,000 Monte Carlo simulations.
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Figure 5. Summer monsoon precipitation and low-level circulation responses averaged across the large volcanic eruptions: (a) South Asia, (b) East Asia, (c)
North America, (d) North Africa, (e) South America, (f) South Africa, and (g) Australia monsoon regions. Dashed lines represent confidence intervals of 95%
derived from 1,000 Monte Carlo simulations.

under global warming, with the response caused by strong volcanic forcing completely opposite to the fast
response caused by the increased CO, concentration (He et al., 2020).

The temporal patterns of monsoon circulation and precipitation averaged across the large volcanic erup-
tions are further assessed by using the superposed epoch analysis (SEA) method (Haurwitz & Brier, 1981)
(Figure 5). The circulation indices are defined for each regional monsoon as in Jin et al. (2020), with the
enhanced regional monsoon precipitation commonly characterized by a low-level cyclonic circulation.
There is a peak monsoon weakening during the volcanic eruption year and one year after in each monsoon
region except the North American monsoon. The corresponding precipitation significantly decreases in
the eruption year and the first aftermath year, and returns to normal conditions thereafter. This temporal
developments of monsoon indices and precipitation further confirm that the dynamic response via mon-
soon circulation weakening can be a critical factor for precipitation reduction to volcanic forcing (Joseph &
Zeng, 2011; Paik & Min, 2017).

3.3. Volcanic Influence on ToE of Anthropogenic GLM Precipitation Changes

The ToE difference between VOLC and NO-VOLC is further assessed to quantify its sensitivity to volcanic
forcing (Figure 6). The result shows a small but identifiable influence of volcanic forcing prescription on
ToE (Figure 6a). The ToE, defined as the mean time at which the changes of GLM precipitation emerge from
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Figure 6. Time of emergence (ToE) of anthropogenic GLM precipitation changes (units: year). (a) ToE difference
between VOLC and NO-VOLC relative to 1995-2014 mean. (b) Fraction monsoon area of ToE difference between VOLC
and NO-VOLC, with dashed lines denoting mean ToE averaged over the whole monsoon region (red) or monsoon
region with delayed ToE (purple).

the noise of internal climate variability, is delayed over a large part of the GLM domain in VOLC relative
to NO-VOLC. As expected, the most distinguishable delay occurs mainly in the Asian monsoon region,
where the regional decrease in precipitation is the largest. However, in certain location, such as the North
African monsoon, the model projects a shift to an earlier emergence, indicating the moistening influence
of episodic eruptions in this region. The distribution of the simulated delay is skewed, with about 60% of
the GLM domain shifting to a later timing (Figure 6b). The delays are three years when considered over the
whole monsoon region, and five years when considered over only those monsoon regions with delayed ToE.
Delays up to a decade are estimated in some locations, however, such as South Asia. Compared with back-
ground volcanic forcing, episodic volcanic activity causes only a marginal change in ToE over the whole
GLM region (Figure S7).

4. Summary and Discussion

In summary, we explore the effects of stochastically generated episodic volcanic forcing on precipitation
projections for the global monsoon. Realistic eruptions are found to influence ensemble spread and asso-
ciated uncertainties, an effect that has yet to be accounted for in most projections of GLM precipitation.
Ensemble projections of GLM precipitation decrease in the mid- and late-21st C relative simulations with-
out volcanic aerosols. Episodic volcanic forcing is also projected to cause distinguishable ToE delays of at
least five years in over 60% of the GLM domain. These results demonstrate the value of incorporating more
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realistic volcanic eruptions in climate projections in order to better quantify the evolving ensemble distri-
bution. Our results also suggest that climate models that do not use realistic volcanic forcing introduce an
associated systematic bias in their ensemble projections.

This study entails various caveats, which include the general problems in simulating precipitation with a
coarsely resolved climate model, effects of ensemble size on statistical robustness, large interregional spa-
tial variability in the ToE metric, the model dependency of these findings and uncertainties in estimates of
future volcanic forcing scenarios. Coarse resolution climate models are limited in their ability to resolve
aspects of regional precipitation due to coarsely resolved topography and limited vertical resolution in the
lower troposphere (Haarsma et al., 2016; Mishra et al., 2018; Yang et al., 2019). These shortcomings are
known to impact regional features of the precipitation distribution and its response to forcing. Other aspects
however, such as land-ocean contrasts and simulated increase in ensemble spread in large-scale precipi-
tation metrics are less sensitive to such effects, as they are rooted in energetically constrained responses
(Fasullo et al., 2019) and thermodynamic contrasts between land and ocean (Fasullo, 2012).

When considering regional precipitation responses over 20-year time periods, large simulation ensembles
with many volcanic forcing evolutions are needed to sufficiently sample potential volcanism and robustly
detect responses in the presence of large regional internal climate variability, partly related to ENSO (Paik
et al., 2020). Increasing the ensemble size beyond 60 would likely improve consistency in our results for the
individual monsoon regions.

Despite a general tendency toward delayed ToE with episodic volcanic forcing, opposite changes are found
at many grid points in the monsoon subdomains with the possible exception of some of South and East
Asia. This is because the precipitation change signal extracted at the local scale may be influenced by inter-
nal variability or other noise. The uncertainties from internal climate variability are essentially irreducible
at the local scale (Fischer et al., 2013). We refer to the multimember mean as an estimate of the forced
signal, that is, the response to the imposed forcing in the absence of variability. The departures from this
forced signal arise from internal variability inherent to the coupled climate system. The effect of internal
variability generally decreases if variables are averaged across region or the globe (Fischer et al., 2013).
Thus, our estimate of regional ToE is robust and less affected by internal variability. The aggregated spatial
probability perspective provides a new method to improve the weakness of the projection agreement at the
grid-point level.

Model dependency of the climate response to a given volcanic forcing is another concern. While the model's
global temperature response to the 1991 Pinatubo eruption exhibits to agree with other model and observa-
tional estimates (Bethke et al., 2017), it is challenging to verify the model's precipitation response without
established benchmarks to compare with. Consistent with proxy and other model studies (Liu et al., 2016;
Zambri & Robock, 2016), our model produces posteruption precipitation decreases that are particularly pro-
nounced over the Asian monsoon region (Figure 4). To further address intermodel uncertainties in regional
monsoon responses would require comparing multiple models with the same volcanic forcing. The Model
Intercomparison Project on the Climatic Response to Volcanic Forcing (VoIMIP) that has been endorsed
by CMIP6 provides a platform for coordinating the multimodel efforts currently underway to better under-
stand these and related questions (Zanchettin et al., 2016).

Other uncertainties arise from the volcanic forcing and its application to the model. The scaling of strato-
spheric aerosol loads to sulfate peaks in ice cores introduces error due to nonuniform surface deposition
(Gao et al., 2007), which is partly mitigated by the use of spatially separated multiice-core records (Sigl
et al., 2013, 2015). Ice core reconstructions generally omit the effects of small eruptions and the differential
deposition between Greenland and Antarctica allows only a crude spatial characterization of past explosive
volcanism (Text S1) and provides no information on seasonality and duration. The use of prescribed con-
centrations in the simulations with three generic evolutions (Figure S9) oversimplifies the spatiotemporal
dispersion of volcanic aerosols (Bethke et al., 2017), introduces particle size related forcing errors (Lac-
is, 2015) and neglects reduced efficiency under global warming of volcanic sulfate reaching the stratosphere
(Aubry et al., 2016). The resampling approach by Bethke et al. (2017) produces eruption frequencies that re-
semble those of the reconstructed variability, but their representativeness beyond the reconstruction period
is poor for the largest eruptions that occur rarely (e.g., the 2,500-year period features only two Samalas-size
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eruptions). Ammann and Naveau (2010) address this with a more advanced method for producing stochas-
tic volcanic forcing, based on distribution fitting and extreme value theory, that should be considered for
future studies.

In summary, these uncertainties will likely not change our main conclusions, and they nevertheless high-
light the need for similar studies with different models and improved future volcanic forcing characteriza-
tion and implementation to better assess potential future volcanic effects on regional monsoon projections.
Improved representation of future volcanic forcing variability and coordinated multimodel comparisons
are thus essential ingredients to reliable future climate projections with a complete representation of
uncertainties.

Data Availability Statement

The NorESM ensemble output from 21st century experiments with stochastic volcanic forcing, zero volcan-
ic forcing, and constant volcanic forcing were acquired from https://doi.org/10.11582/2017.00006.
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