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Most climate projections represent volcanic eruptions as a prescribed constant forcing based on
ahistorical average, which prevents a full quantification of uncertainties in climate projections. Here we
show that the contribution of volcanic forcing uncertainty to the overall uncertainty in global mean
surface air temperature projections reaches up to 49% in 2029, and is comparable or greater than that
from internal variability throughout the 21st century. Furthermore, compared to a constant volcanic
forcing, employing a stochastic volcanic forcing reduces the probability of exceeding 1.5 °C warming
above pre-industrial level by at least 5% for high climate mitigation scenario, and enhances the
probability of negative decadal temperature trends by up to 8%. Intermediate to high climate
mitigation scenarios are particularly sensitive to the choice of future volcanic forcing implementation.
We recommend the use of either a stochastic approach or prescribed constant forcing levels that

sample volcanic uncertainty in future climate simulations.

Volcanic forcing of climate is an important natural driver of climate
variability that can lead to climate responses on decadal to multi-decadal
timescales'™. Despite its importance in climate variability, the unpredictable
nature of volcanic eruptions makes it difficult to account for future eruptions
in climate projections.

The Coupled Model Intercomparison Project (CMIP) of the World
Climate Research Programme oversees the experimental protocol from
state-of-the-art global climate models and Earth System Models (ESMs)°.
Within CMIP, the Scenario Model Intercomparison Project (ScenarioMIP)
provides climate projections to 2100 (or beyond) under a wide range of
potential future emissions scenarios ranging from very low to very high®.
ESM projections from ScenarioMIP are a critical line of evidence that
informs the Intergovernmental Panel on Climate Change (IPCC) Assess-
ment Reports’. For the climate projections of the most recent inter-
comparison project (CMIP6), ScenarioMIP recommended prescribing a
constant volcanic forcing with a magnitude equivalent to the 1850-2014
historical mean forcing values®. However, this approach has several lim-
itations: (1) it does not consider the sporadic nature of volcanic eruptions
and the variability of volcanic forcing in the future*’; (2) it is biased by the
under-recording of small-magnitude eruptions prior to 1978, the start of the
satellite era® (3) it poorly represents the long-term forcing of large-

magnitude eruptions with a short time period between 1850 and 2014, and it
does not account for eruptions larger in magnitude in terms of volcanic
sulfur dioxide (SO,) mass prior to 1850*°. Consequently, the constant
volcanic forcing approach does not allow for a full quantification of
uncertainties resulting from sporadic volcanic eruptions in climate projec-
tions. Therefore, the combined uncertainty in climate projections is larger
than can be expressed with the current CMIP6 ScenarioMIP design.
Hawkins and Sutton’ identify three primary sources of uncertainties in
climate projections, including model uncertainty, scenario uncertainty, and
internal variability. Model uncertainty stems from the differences between
the responses of climate models to identical forcings. Scenario uncertainty
relates to different future anthropogenic emissions and warming pathways.
Internal variability refers to the decadal and sub-decadal fluctuations
around the mean climate states due to internal natural processes such as the
El Niflo-Southern Oscillation and Pacific Decadal Oscillation. Apart from
these three sources of uncertainties, recent studies using a stochastic forcing
approach show that natural forcings like volcanic eruptions can potentially
introduce large additional uncertainties in climate projections™’. Bethke
et al* first demonstrate the importance of representing volcanic forcing
uncertainty in climate projections using a stochastic volcanic forcing
approach, in which they generate 60 forcing members by resampling from a
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2500-year ice core record. Building on this methodology, Chim et al.’
enhance the approach by considering eruptions of both large- and small-
magnitudes with an expanded dataset combining ice-core and satellite
observations spanning the past 11,500 years. Using the improved volcanic
forcing approach, Chim et al.* show that CMIP6 ScenarioMIP very likely
underestimates the magnitude of future volcanic forcing and the associated
climate effects. However, the use of only four volcanic forcing scenarios in
Chim et al.’ and the biased eruption frequency-magnitude distribution in
Bethke et al.* means that the contribution of uncertainty associated with
volcanic eruptions has not yet been fully quantified in climate projections.
These studies are limited to using a single model and a single anthropogenic
forcing scenario due to the high computational cost of ESMs, which pre-
vents a full quantification of uncertainty contributions across different cli-
mate models, volcanic futures, and anthropogenic forcing scenarios.
Large-magnitude volcanic eruptions can cause sudden global surface
cooling that lasts for at least 1-2 years'’. However, climate projections that
use a constant volcanic forcing cannot capture the sudden surface cooling
caused by large-magnitude volcanic eruptions. Not only do these large-
magnitude eruptions induce climate impacts, but can also pose threats to
agriculture and have long-lasting socio-economic impacts. For example, the
1815 Mt. Tambora eruption, which injected 56 Tg+ 9 Tg of SO, into the

GMSAT anomalies relative to 1850-1900, applied with 10-year moving mean

stratosphere according to the eVolv2k ice-core based volcanic emission
dataset'', led to a 0.8 °C drop in global surface temperature, regional cooling
up to 4 °C over Europe, and suppressed rainfall over Southeast Asia'*™**. The
climatic changes of the 1815 Mt. Tambora eruption caused crop failures and
famine across Europe, North America and China'*". Ice core records from
Sigl et al.'® suggest that the chance of having an eruption with volcanic SO,
emissions at least as large as the 1815 Mt. Tambora eruption is 16.5% in the
21st century. To assess the climate risks and socio-economic impacts of
these large-magnitude eruptions in the future, it is necessary to account for
the sporadic nature of volcanic forcing in climate projections.

Here, we isolate and quantify the contribution of volcanic uncertainty
in climate projections by simulating 1000 stochastic volcanic forcing sce-
narios using a simple volcanic aerosol model'”* and the Finite-amplitude
Impulse Response (FalR) climate model'**’. We generate stochastic volca-
nic SO, emission scenarios from ice core and satellite records spanning over
the past 11,500 years and convert them to stochastic volcanic forcing sce-
narios (see Methods Sections “Design of stochastic volcanic emission sce-
narios”, “Aerosol optical properties and effective radiative forcing” and
“Simulation design”). We project global mean surface air temperature
(GMSAT) from 2015 to 2100 under three shared socio-economic pathways
(SSPs) representing very low (SSP1-1.9), intermediate (SSP2-4.5), and very
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Fig. 1 | Contribution of volcanic forcing uncertainty to overall uncertainties in
global mean surface air temperature projections. a Projections of global mean

surface air temperature (GMSAT) anomalies relative to 1850-1900 from FaIR model
simulations, applied with 10-year moving mean. The shaded regions show the 5th to
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95th percentiles of the uncertainties. The boxplots show the near-term (2030-2050)
and long-term (2080-2100) mean GMSAT changes. b Annual mean fractional
contribution of the uncertainties from 2020 to 2100 for the 5th to 95th percentiles
(left) and 1st to 99th percentiles (right).
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high (SSP5-8.5) emissions scenarios. The FaIR model is calibrated to
emulate the climate response of a range of CMIP6 models and takes into
account the uncertainty of internal variability”’ (see Methods Section “FaIR
model description”). It shows excellent performance in simulating volcanic
cooling over the last 750 years as compared to tree ring-based
recontructions”’. We assess the role of volcanic uncertainty in the prob-
ability of exceeding 1.5°C, 2°C and 3 °C warming thresholds, and the
probability of short-term surface cooling by 2100 (see Methods Section
“Calculation of uncertainties and probabilities”).

Our results show that the contribution to uncertainty associated with
volcanic forcing is comparable to that from internal variability on tem-
perature projections throughout the 21st century. Future stochastic volcanic
forcing reduces the probability of exceeding warming thresholds (i.e., 1.5 °C,
2°Cand 3 °C) to varying extents across the three SSPs. The standard CMIP6
approach using a constant volcanic forcing greatly underestimates the
probability of short-term surface cooling. The use of stochastic volcanic
forcing is necessary to assess the socio-economic impacts and risks of future
volcanic eruptions. We suggest an improved magnitude of volcanic forcing
in future ScenarioMIP iterations to account for the contributions from both
small-magnitude eruptions and larger-magnitude eruptions.

Results and discussion
Large contribution of volcanic forcing to uncertainties on tem-
perature projections
Figure 1 shows the projection of GMSAT anomalies relative to the
1850-1900 period simulated by the FaIR model and its uncertainties (see
Methods for uncertainty calculations). Volcanic uncertainty contributes
significantly to overall uncertainties in climate projections, accounting for
up to 33% (5th-95th percentile) in 2022 and 49% (1st-99th percentile) in
2029 of the total uncertainty in the initial 15 years (Fig. 1b). This con-
tribution is comparable to that of internal variability which accounts for up
to 34% (5th-95th percentile) and 29% (1st-99th percentile) in 2020. Vol-
canic forcing uncertainty ramps up in the initial 5-6 years before reaching
values representative of the true volcanically-driven uncertainty on GMSAT
across our simulations. This ramp up is due to: i) the typical aerosol lifetime
of about 2-3 years; and ii) the timescale of the climate response to volcanic
forcing of about 5-10 years in FaIR*'. Beyond the ramp up period, volcanic
forcing uncertainty systematically exceeds internal variability from year
2022 (5th-95th percentile) and year 2018 (1st-99th percentile) onwards.
Together, volcanic forcing and internal variability dominate projection
uncertainties for atleast a decade, extending to 2033 (5th-95th percentile) or
2038 (1st-99th percentile) (Fig. 1b). When accounting for volcanic uncer-
tainty, the 2030-2050 mean GMSAT changes are projected to be 1.5°C
above 1850-1900 levels. The volcanic uncertainty has a distribution skewed
towards cooling, with a 5th-95th percentile range between 1.2 °Cand 1.6 °C,
and a 1st-99th percentile range between 0.7 °C and 1.6 °C (Fig. 1a).
Although volcanic eruptions are sporadic in nature, the volcanic
uncertainty remains constant in projections when averaged with a 10-year
moving mean (Fig. 1a). As scenario and climate uncertainties increase
significantly over time, their fractional contributions dominate the overall
uncertainties in the longer term (Fig. la, b). In the long-term future
(2080-2100), the mean GMSAT changes accounting for volcanic uncer-
tainty is projected to be 2.5 °C with a 5th-95th percentile range of 2.2-2.6 °C,
and a 1st-99th percentile range of 1.8-2.6 °C relative to 1850-1900. By 2100,
the fractional contribution of volcanic uncertainty is estimated to be
between 4.0% (5th-95th percentile) and 8.0% (1st-99th percentile), com-
pared to 3.6% (5th-95th percentile) to 4.6% (1st-99th percentile) from
internal variability (Fig. 1b).

Stochastic volcanic forcing scenarios delay crossing 1.5 °C

Improving the representation of volcanic forcing with stochastic emission
scenarios reduces the probability of exceeding the 1.5 °C warming threshold
for all the three SSP scenarios in the near-term future (Fig. 2a). We find that
in the near-term future between 2030 and 2050, the differences in prob-
ability of 1.5 °C exceedance between projections using stochastic forcings

and historically-averaged forcing is 5-7% for SSP1-1.9, 4-10% for SSP2-4.5,
and 0-9% for SSP5-8.5 (Fig. 2b). The higher forcing magnitude in stochastic
forcing compared to the historically-averaged forcing in CMIP6 Scenar-
ioMIP leads to, on average, a reduced probability of exceeding warming
thresholds. Our finding confirms the results in Chim et al.?, which on the
basis of three forcing scenarios and the UKESM climate model, suggested
that stochastic volcanic forcing scenarios lead to reduced GMSATSs and
delay the crossing of the 1.5°C, 2°C and 3 °C warming thresholds by
2-7 years.

In the long term, warming levels in high-end SSP scenarios are
sufficiently high that the probability of exceeding 1.5 °C is 100% within
this century regardless of the implementation of stochastic volcanic
forcings. For our low-end SSP scenario (i.e., SSP1-1.9), our simulation
with stochastic volcanic forcings consistently reduces the probability of
crossing 1.5 °C by about 5% throughout the 21st century. The choice of
volcanic forcing implementation in climate projection is therefore par-
ticularly important for a low warming threshold of 1.5 °C and low-end
SSP scenarios (e.g., SSP1-1.9), which are expected to be an important
focus of CMIP7 ScenarioMIP*.

In contrast to the 1.5°C warming threshold, the choice of volcanic
forcing implementation has a smaller effect on the probabilities of excee-
dance for higher warming thresholds of 2 °C and 3 °C, in particular for
SSP1-1.9 (Supplementary Figs. S1 and S2). The difference in probabilities of
exceedance is up to 1% for SSP1-1.9, and 6-7% for SSP2-4.5 and SSP5-8.5 for
a warming threshold of 2 °C (Supplementary Fig. S1). As the low-end SSP
scenario has a lower level of warming, the effect of stochastic volcanic
forcing is smaller for SSP1-1.9 than the higher SSP scenarios.

Although inclusion of a stochastic volcanic forcing in future scenarios
reduces the likelihood of single years crossing 1.5 °C, compliance with Paris
Agreement thresholds should be assessed using long-term trends of the

23,24

anthropogenic component of warming™**.

Increased likelihood of abrupt surface cooling using stochastic

volcanic forcings

Figure 3a and Supplementary Fig. S3 illustrate the probability of at least one
occurrence of a short-term (one-year and two-year) GMSAT reduction
greater than temperature thresholds between 0.1 °C and 0.9 °C by 2100. The
historically-averaged (constant) forcing approach, where GMSAT varia-
bility arises from internal variability but not volcanic forcing, under-
estimates the probability of one-year and two-year short-term cooling
(Fig. 3a and Supplementary Fig. S3). The peak global-mean surface cooling
of the 1991 Mt. Pinatubo eruption was about 0.29 °C (uncertainty range:
0.21-0.37 °C), calculated using the Volc2Clim tool” (See Methods “Cal-
culation of uncertainties and probabilities”). There is a 50-70% chance
(depending on SSP scenarios) of having at least a one-year GMSAT
reduction of 0.3 °C by 2100 using stochastic forcings, as compared to a
5-15% chance using a historically-averaged forcing.

For a peak cooling greater than 0.45 °C, the probability is <1% in the
simulations with constant volcanic forcing, compared to a 35% to 45%
probability in simulations with stochastic volcanic forcing (Fig. 3a). For a
Mt. Tambora-like eruption with peak cooling of about 0.85 °C, historically-
averaged forcing gives a zero probability, while using a stochastic forcing
gives a probability of about 5%. Furthermore, defining short-term cooling as
the mean GMSAT reduction over two consecutive years exceeding specific
temperature thresholds reveals more pronounced differences between
constant and stochastic volcanic forcing approaches. While the constant
forcing approach results in a zero probability for two-year GMSAT
reduction greater than 0.25°C for all three SSP scenarios, the stochastic
forcing approach indicates at least a 41% probability of reaching the 0.25 °C
temperature threshold. The probability of short-term cooling is lower in
weaker climate mitigation scenarios because higher rates of warming offset
some of the volcanic cooling.

The use of a constant volcanic forcing leads to a narrower distribution
of decadal temperature trend, underestimating the probability of both
extreme warm and cold periods (Fig. 3b). Bethke et al.* show that the
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Fig. 2 | Probability of exceeding 1.5 °C with stochastic versus constant volcanic
forcing approaches. a Probability of scenarios exceeding 1.5 °C using stochastic
volcanic forcing (solid lines) and 1850-2014 mean historically-averaged forcing
(dotted lines) for SSP1-1.9, SSP2-4.5 and SSP5-8.5 scenarios. b The difference in
probability in exceeding 1.5 °C between the simulations with historically-averaged
(constant) forcing and stochastic volcanic forcing (see Methods Section “Calculation
of uncertainties and probabilities”).

probability of the occurrences of negative decadal trends (<0 °C per decade)
increases from 10% for zero volcanic forcing, to more than 16% for sto-
chastic volcanic forcing for an intermediate future anthropogenic emission
scenario (Representative concentration pathway, RCP4.5). Our simulation
with a comparable future anthropogenic emission scenario (i.e., SSP2-4.5)
shows a slightly higher increase in the probability of negative decadal trends
from 10% for constant volcanic forcing, to 18% when accounting for sto-
chastic volcanic forcing (Supplementary Fig. S4), which agrees well with
Bethke et al.’ for the NorESM model and RCP4.5 scenario. The higher
probability of negative decadal trends in our simulation likely arises from the
wider range of stochastic volcanic forcings and climate system uncertainties
used. Our results show that the probability of having negative decadal trends
is dependent on the future emission scenario. For instance, the probability of
having negative decadal trends is similar (43-44%) between constant and
stochastic volcanic forcings for SSP1-1.9, and the probability increases from
1% to 6% for SSP5-8.5 (Supplementary Fig. S4). Our simulations using
constant volcanic forcing also overestimate the probability of warming
decadal trends exceeding 0.5 °C by 4-7% across the SSP scenarios.

In addition to surface cooling events, Supplementary Fig. S5 illustrates
the probability of at least one occurrence of a short-term GMSAT increase
greater than the temperature thresholds between 0.1 and 0.9 °C by 2100.
Despite leading to lower temperature projections, the simulations using
stochastic volcanic forcing increase the probability of short-term warming
occurrence than the constant volcanic forcing for the entire range of tem-
perature thresholds. Our results highlight that the use of a constant volcanic
forcing neglects abrupt warming and cooling events and leads to a bias in
GMSAT distribution as compared to using a stochastic volcanic forcing.

Improving future volcanic forcing in climate projections
Our model results show that stochastic volcanic forcing can lead to large
uncertainties on temperature projections, in particular during the initial
decades. However, to account for volcanic uncertainties in future climate
modelling experiments (i.e., CMIP), it is infeasible to simulate a thousand
stochastic forcing scenarios using the computationally expensive ESMs.
Figure 4 shows the probability density function of stratospheric aerosol
optical depth (SAOD) for the 1000 stochastic scenarios, and the corre-
sponding temperature projections under SSP2-4.5 for the 5th, 50th and 95th
percentiles of the SAOD distribution. The 2015-2100 averaged GMSAT of
the constant median forcing is 0.03 °C lower than the CMIP6 forcing, which

is consistent with the results in Chim et al.’, but not as low as the values in
Chim et al.® simulated by the UKESMI climate model (between 0.08 and
0.12 °C). The difference in GMSAT potentially arises from the higher SAOD
values in Chim et al.* than our study (Fig. 4a), and the high climate sensi-
tivity in the UKESM1 model*. Supplementary Table S1 shows the time-
averaged SAOD values calculated using the idealised volcanic forcing
emulator, Easy Volcanic Aerosol (EVA_H), and UKESM1 for the stochastic
scenarios simulated. In our study, the median of the 2015-2100 time-
averaged SAOD of the stochastic scenarios is 0.0138 (5th-95th percentile
range: 0.0072-0.0296), which is about 22% greater than the 1850-2014
mean value (0.0107) used in CMIP6 ScenarioMIP (Fig. 4a and Supple-
mentary Table S1). The median of 2015-2100 time-averaged SAOD in our
study calculated using EVA_H is 45% lower than that simulated by UKESM
in Chim et al.’. The difference in the SAOD values can be explained by the
aerosol model sensitivity to volcanic forcing. Clyne et al.”” demonstrated that
for a Mt. Tambora-like eruption, UKESM1 simulates a higher SAOD than
EVA, with EVA_H simulating slightly lower SAOD than EVA, in particular
for extratropical eruptions'®. The FalR model, calibrated with the CMIP6
model results and constrained to the assessment of climate sensitivity in
ARG, is expected to simulate a smaller GMSAT response in the median
compared to UKESM1, which exhibits higher climate sensitivity. Supple-
mentary Fig. S6 demonstrates that when FalR is calibrated with UKESM1,
the GMSAT responses between the two models become comparable. Last,
Fig. 4a also shows the mean SAOD value of the CMIP7 dataset accounting
for small-magnitude eruptions. The CMIP7 1850-2014 mean SAOD
(0.014) is the same as the median of our stochastic scenarios, and 27% larger
than the CMIP6 1850-2014 mean SAOD (0.011).

The current forcing approach in ScenarioMIP underestimates the cli-
mate uncertainty arising from future volcanic eruptions (Fig. 1), which
potentially lead to biased mean climate in projections. We find that the
GMSAT projection of the median of the stochastic scenarios is comparable to
that of the constant median forcing of the SAOD distribution (Fig. 4b). This
shows that the use of a constant volcanic forcing equivalent to the 50th
percentile of the SAOD distribution is a good estimation of the median of the
future GMSAT projection across the 1000 stochastic scenarios. We do not
recommend a stochastic volcanic forcing approach in ScenarioMIP because
it is computationally expensive to implement for multiple ESMs and future
anthropogenic forcing scenarios. However, we suggest that the Reduced
Complexity Model Intercomparison Project could consider an experiment
with a large number of volcanic scenarios for full uncertainty quantification”.
To improve the representation of volcanic forcing in climate projections, we
suggest future ScenarioMIP experiments prescribe a constant volcanic for-
cing that accounts for the contribution of small-magnitude eruptions, e.g, a
historically-averaged mean that considers the missing SO, flux from small-
magnitude eruptions prior to 1978 (i.e., a 1850-2014 time-averaged value of
0.014 in the CMIP7 dataset), or the 50th percentile of SAOD distribution (i.e.,
a 2015-2100 time-averaged value of 0.014) based on stochastic scenarios
resampled from the latest ice-core and satellite volcanic emission record. This
approach improves the magnitude of future volcanic forcing and the mean
climate state in climate projections. In order to quantify the contribution of
volcanic uncertainty on climate projections, we suggest modelling groups
perform projections with constant volcanic forcings at the 5th and 95th
percentiles of the SAOD distribution of the stochastic scenarios.

The recommendation of a constant volcanic forcing approach, however,
fails to fully account for climate variability and constrains our ability to fully
assess the distribution of GMSAT (Fig. 3, Supplementary Figs. S3 and $4) and
other key climate indicators™. The effects of large-magnitude eruptions are
not limited to surface temperature changes. Large-magnitude eruptions can
also pose a threat to infrastructure, agriculture, and energy supply”, which
themselves lead to socio-economic shocks and the potential for reduced
economic productivity that may feed back into emission scenarios and
eventually to climate projections, an effect not investigated in this study. The
use of stochastic volcanic forcings in climate models and projections is
necessary to allow the assessment of the abrupt climatic changes caused by
large-magnitude volcanic eruptions, and the associated climatic risks and
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socio-economic impacts. In addition, future climate warming modulates the
climate effects of volcanic sulfate aerosols via climate-volcano feedbacks™. We
encourage individual modelling groups to perform climate projection
experiments using a stochastic volcanic forcing approach similar to Bethke
et al.’ and Chim et al’ to fully assess the climate and socio-economic feed-
backs associated with future volcanic eruptions.

In addition to future volcanic eruptions, the uncertainties associated
with other forcings, such as wildfires, on climate projections remains
unanswered. Future studies could apply the methodology developed in our
study to examine the uncertainties of these forcings on climate projections.

Methods

Design of stochastic volcanic emission scenarios

The stochastic volcanic sulfur dioxide (SO,) emission scenarios we use are
those described in detail in Chim et al.* and we briefly summarise their
design here. Chim et al.® generate an ensemble of 1000 scenarios spanning
the years 2015-2100 by independently resampling:

i. Small-magnitude eruptions (<3 Tg of SO,) from the 1979-2021 satellite
record”, which captures stratospheric volcanic SO, emissions from
eruptions of all magnitudes and is much longer than the typical return
period of small-magnitude eruptions (months to years).

ii. Large-magnitude eruptions (=3 Tg of SO,) from the combined 9496
BCE to 1978 CE ice-core records'® and the 1979-2021 satellite record™.

Chim et al.* do not resample small-magnitude eruptions from the ice-
core record because injections much smaller than 10 Tg of SO, are poorly
detected in ice cores. The maximum eruption size in the ice-core record
Chim etal.’ use is 378 Tg of SO,, but we expect the dataset to only reasonably
capture the frequency-magnitude distribution of eruptions injecting up to a
maximum of ~100 Tg of SO,, with return periods less than 1000 years which
is much shorter than the 11,500 years dataset coverage. The scenarios for
small- and large-magnitude eruptions are then combined into a single
scenario. Both magnitudes of eruptions significantly contribute to the long-
term volcanic forcing”.

The timing of each eruption is randomly resampled within 2015-2100.
The eruption location and injection height are that from the satellite record
if the eruption is resampled from this record. For eruptions resampled from
the ice-core record, the broad latitudinal region (i.e., southern extratropical,
tropical or northern extratropical) is inferred based on the sulfate deposition
ratio between Greenland and Antarctica, and an exact volcano within these
regions is resampled from the Smithsonian Global Volcanism Program
Holocene Eruption database®. The injection height is either that recon-
structed from the geological record or, in the vast majority of cases where it is
unknown, it is assumed to be 25 km above sea level (the same as that of the
1991 eruption of Mt. Pinatubo™).

The result is an ensemble of 1000 scenarios for the mass, timing,
altitude and latitude of volcanic SO, injection for 2015-2100. These
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Fig. 4 | Global mean surface air temperature projections under different constant
volcanic forcing magnitudes. a Probability density function of the 2015-2100 time-
averaged mean stratospheric aerosol optical depth (SAOD) of the 1000 stochastic
scenarios. The CMIP6 ScenarioMIP 1850-2014 time-averaged SAOD mean value
(0.011) is denoted as red line. The CMIP7 1850-2014 time-averaged SAOD mean
value (0.014) is denoted as red dotted line; it is obtained from the CMIP7 version
2.0.0 dataset available on Earth System Grid Federation. The median (0.014) and
5th-95th percentile of the ranked SAOD across 1000 stochastic scenarios are
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denoted as black line and grey shading, respectively. b Global mean surface air
temperature (GMSAT) anomaly (°C) relative to 1850-1900 under SSP2-4.5, applied
with 10-year moving mean. The blue line shows the median of the 1000-member
stochastic volcanic forcing, and the blue shading shows the range of 5th—95th
percentile with volcanic uncertainty only. The red line shows the median of GMSAT
projection using the CMIP6 1850-2014 historical mean forcing. The black lines show
the median of GMSAT projections for the 5th, 50th and 95th percentiles of the
SAOD distribution.

scenarios are consistent with state-of-the-art eruption inventory records in
terms of space-frequency-magnitude eruption distribution, and are expec-
ted to capture this distribution well for eruption magnitudes smaller than on
the order of 100 Tg of SO,’. Note that our scenarios ignore the potential
impacts of climate change on eruption distribution space-frequency-
magnitude™ or on the height at which volcanic plumes inject SO, into the
atmosphere™.

Supplementary Fig. S7 shows the annual SO, flux of the 1000 stochastic
scenarios. Based on the current volcanic SO, emission records, the
1850-2014 averaged volcanic SO, flux ranges between 0.77 to 0.86 Tg of SO,
per year”>”*, as compared to 1.44 Tg of SO, per year for the median
stochastic scenario. The CMIP7 volcanic SO, emission inventory, which
complements bipolar ice-core record pre-satellite era with the D4i high-
resolution Greenland record” and geological records of small-magnitude
eruptions (Global Volcanism Programme Volcanoes of the World data-
base) has a 1850-2021 averaged volcanic SO, flux of 1.0 Tg SO, per year.
UKESM model simulations from Chim et al.® showed that the 2015-2100
time-averaged SAOD ranged between 0.015 to 0.062 using the low-end
(2.5th percentile) and high-end (97.5th percentile) stochastic scenarios, as
compared to a value of 0.012 for a constant volcanic forcing following the
ScenarioMIP design.

Supplementary Fig. S8 shows the distribution of the eruption location
for all the eruptions in the 1000 stochastic volcanic emission scenarios.
The ratio of southern extratropical: tropical: northern extratropical
eruptions for the median stochastic scenario is 0.04: 0.46: 0.5. In the
historical volcanic emission datasets that we used in this study, the
eruption location ratio is 0.06: 0.48: 0.46 for large-magnitude eruptions
(>3 Tg of SO,) and 0.05: 0.46: 0.50 for small-magnitude eruptions (<3 Tg
0f SO,). Since the stochastic scenarios are resampled from the ice-core and
satellite-based volcanic emission datasets, it is expected that the ratio of
their latitudinal distribution is similar.

Supplementary Fig. S9 shows the distribution of eruption months/
season for the 1000 stochastic scenarios. The distributions are similar across
the four different categories of eruption months.

Out of the 1000 stochastic scenarios, there are 564 scenarios that
have at least one double-eruption event, which is defined as having two
large-magnitude eruption (>3 Tg of SO,) occurring within three years of
each other. If we consider eruptions with SO, injection greater than 15
Tg of SO,, there are 71 scenarios that have at least one double-
eruption event.

Aerosol optical properties and effective radiative forcing
To obtain a 2015-2100 effective radiative forcing time series for each of our
volcanic emission scenarios, we first use the simple EVA_H volcanic aerosol
model®, EVA_H uses input SO, injection parameters (mass, date, altitude
and latitude) to produce 4-D (latitude, altitude, time and wavelength)
aerosol optical properties. EVA_H is a simple box model where the stra-
tosphere is divided in three latitudinal and three altitude bands, and where
aerosol production, loss and transport processes are parameterized using
constant timescales'. It builds on Easy Volcanic Aerosol”, which was
extensively used in CMIP6 VolMIP*' and PMIP*. Unlike EVA, EVA_H
accounts for the role of volcanic injection latitude and altitude in deter-
mining aerosol optical properties. One of the main limitations is that
EVA_H overestimates the lifetime of sulfate aerosol produced by small-
magnitude volcanic eruptions”. However, given the large uncertainty in
interactive stratospheric aerosol models, simple models like EVA_H
represent a reasonable middle-ground estimate of the aerosol optical
property response to volcanic SO, injection”. Furthermore, the model
simplicity makes it feasible to simulate 86,000 years (1000 stochastic sce-
narios from 2015 to 2100) of volcanic injections.

Using the global mean 550 nm stratospheric aerosol optical depth
(SAOD) time series from EVA_H, we then follow Marshall et al."” to esti-
mate the global mean effective radiative forcing (ERF) as:

ERF = —20.7 % (1 — exp(—ASAOD)) (1)

where ASAOD is the difference between the global mean 550 nm SAOD and
its minimum over the historical period. The relationship shown in Eq. (1) is
calibrated using the UM-UKCA interactive stratospheric aerosol model with
an extensive set of stratospheric aerosol injection simulations, which includes
82 explosive eruptions with different eruption source parameters (i.e., SO,
emission, eruption latitude, and the emission height)”. The use of a non-
linear relationship better reflects the physical relationship expected between
radiative forcing and SAOD as opposed to a linear relationship (e.g., Schmidt
et al.**). Equation (1) also leads to a forcing 20-25% smaller than the one
estimated in Intergovernmental Panel on Climate Change fifth assessment
report (IPCC AR5)* for the same SAOD, primarily as a result of accounting
for rapid adjustments modulating the radiative forcing”. According to the
IPCC ARG, the radiative forcing of volcanic aerosols follows a linear
relationship of —20 + 5 W/m’ per unit of SAOD, which yields a magnitude
similar to that given by Eq. (1), particularly for smaller forcings™.
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Although the relationship between SAOD and ERF varies in time and
for instance with eruption latitude and season'’, we use the same relation-
ship for all eruptions because we model 86-year eruption sequences as
opposed to individual eruptions for which we could use relationships spe-
cific to the eruption latitude or season considered”. Altogether, the
sequential use of EVA_H and Eq. (1) enable us to calculate the 2015-2100
global mean volcanic aerosol ERF time series for each of the 1000 stochastic
emission scenarios used. As with the emission scenarios, we ignore the
potential impacts of climate change on volcanic aerosol processes and
resulting radiative forcing’'. Supplementary Table S1 provides the ASAOD
and ERF values used in our simulations. Supplementary Fig. S6 shows the
comparison between the SAOD, ERF and GMSAT projections simulated by
FalR and UKESM1.1 for three stochastic scenarios (at the 2.5th, 50.0th and
98.0th percentile, as in Chim et al.”) under SSP3-7.0.

FalR model description

To calculate the 2015-2100 GMSAT for various volcanic and anthro-
pogenic forcing scenarios, we use the Finite-amplitude Impulse Response
(FaIR) model. FalR is a reduced-complexity climate model that pro-
duces GMSAT projections from inputs of anthropogenic emissions and
effective radiative forcing'**. FaIR includes emissions of 51 anthropogenic
emissions categories spanning the most important greenhouse gases and
aerosol and ozone precursor species. Natural forcings from solar variability
and volcanic activity are provided as external time series. In this study we use
FalR version 2.1.4'%%,

FalR includes simplified representations of the carbon and methane
cycles, including carbon cycle feedbacks” and the effect of chemically-active
greenhouse gases and short-lived climate forcers on methane lifetime*.
Concentrations of greenhouse gases other than CO, and CH, are modelled
with a single invariant atmospheric lifetime based on the most recent IPCC
assessment*”’. Effective radiative forcing from greenhouse gases is deter-
mined from well-established curve-fits to their concentrations”. Aerosol
and ozone effective radiative forcings are also modelled from precursor
emissions and their interactions as represented in CMIP6 models***'~*".
Minor forcing categories such as surface albedo from land use change and
black carbon deposition on snow, contrails from aviation, and stratospheric
water vapour from methane oxidation are calculated from emissions or
concentrations of emitted species™.

When the internal variability is switched on in the FaIR model, the
model uses a stochastic internal variability which generates a stochastic
component of the total effective radiative forcing™. This is based on CMIP6
models, and we include the autocorrelation in internal variability therefore
simulating realistic fluctuations in GMSAT, such as clustering of warm and
cool years in the El Nifio-La Nina cycle (to the extent that CMIP6 models
simulate these well). When the internal variability is switched off, the model
reflects only directly forced effects (i.e., anthropogenic and natural forcings,
including the stochastic volcanic forcing), on GMSAT.

We produce a 1000-member ensemble of FalR that samples the
uncertainty in climate response as calibrated against CMIP6 models and
constrained to observations of historical climate change (GMSAT
1850-2022, ocean heat content 1971-2022, year 2022 CO, concentration
from Forster et al.””) and assessments of key climate metrics (equilibrium
climate sensitivity, transient climate response, direct, indirect and total
aerosol forcing) from the IPCC AR6™. In this study we use fair-calibrate
v1.4.2%. The calibration process ensures that all projections are historically
consistent and in line with (though sampling the full range of uncertainty
from) climate observations or the IPCC AR6. This calibration of FaIR uses
the CMIP6 historical and future SSP emissions from the Reduced Com-
plexity Model Intercomparison Project””. As the SSPs diverge from the
historical in 2014, we use SSP2-4.5 as the scenario to fill the 2015-2022
period in the calibration and for comparison to recent climate observations.
In this calibration dataset, we also follow the CMIP6 guidelines for
extending volcanic forcing beyond the end of the historical period for the
calibration, by ramping down the volcanic forcing in 2014 to the CMIP6
historical average over 10 years’.

As part of the sampling process of FaIR, we also sample the conversion
factor between SAOD and ERF from volcanic forcing, which has a 5-95%
uncertainty range of +25% around the best estimate value* which is applied
as a direct scaling factor to Eq. (1).

The FalR model parameters are constrained using the historical
GMSAT observations between 1850 and 2022 from Forster et al.”**. In the
calibration of the FaIR model, Smith et al.”’ used two steps to constrain the
model projection with historical values. The first step is to compare the FaIR
ensemble members’ root mean squared (RMSE) difference in GMSAT
anomaly to the historical observed values, and reject the ensemble members
with a RMSE difference greater than 0.17 °C. The second step is to reweight
this first posterior to fit eight distributions of observed or assessed climate
indicators, including equilibrium climate sensitivity (ECS), transient climate
response (TCR), 20-year average GMSAT anomaly (2003-2022 relative to
1850-1900), aerosol effective radiative forcing (direct, indirect and total),
CO, concentration in 2022, and ocean heat content change (2020 relative to
1971), based on the observed and assessed climate metrics taken from IPCC
AR6” for ECS, TCR and aerosol forcing, and the Indicators of Global
Climate Change 2022".

The same combination of EVA_H, the Marshall et al.””. ERF scaling
and FalR calibration has been used in Verkerk et al*'. Verkerk et al.”'
demonstrated that this modelling framework captures well the global mean
surface cooling in response to volcanic eruptions of the last 750 years.

Simulation design

We produced 1000-member simulations for 2015-2100 (sampling the
1000-member FalR parameter ensemble) for various combinations of
future anthropogenic and volcanic forcing scenarios. For anthropogenic
forcing, we used the SSP1-1.9, SSP2-4.5 and SSP5-8.5 SSP scenarios’. For
volcanic forcing, we used:

1. The 1000 stochastic forcing scenarios generated from stochastic
emission scenarios using the EVA_H model and Eq. (1) (see Method
Sections “Design of stochastic volcanic emission scenarios” and
“Aerosol optical properties and effective radiative forcing”). Instead of
running each FalR configuration for each volcanic forcing scenario,
which would have resulted in 1,000,000 simulations per SSP scenario,
we randomly pair a FaIR configuration to a stochastic volcanic forcing
scenario, effectively sampling the climate uncertainty and volcanic
forcing uncertainty simultaneously. We performed 1000 stochastic
volcanic forcing scenarios with internal variability switched on, and
1000 stochastic volcanic forcing scenarios with internal variability
switched off.

2. A control simulation with constant volcanic forcing scenario con-
sistent with the CMIP6 ScenarioMIP recommended protocol and our
modelling workflow, i.e., where the 2015-2024 global mean 550 nm
SAOD is linearly ramped from its 2014 value to a value equal to that of
the CMIP6 1850-2014 mean (0.010), and is then constant over
2025-2100. The corresponding forcing time series is calculated using
Eq. (1).

3. Three constant volcanic forcing scenarios sampling the lower-end,
middle-range and upper end of potential future emissions. To do so, we
calculate using the 5th, 50th and 95th percentiles of the 2015-2100
mean global mean 550 nm SAOD distribution issued from our
1000 stochastic volcanic emission scenarios and EVA_H. The
corresponding SAOD values are 0.007, 0.014 and 0.030. We then
calculate volcanic forcing exactly as done for the case using the CMIP6
1850-2014 mean SAOD, including a 10-year ramp between the 2014
SAOD and the 2025-2100 constant SAOD value.

Calculation of uncertainties and probabilities
We calculated the four sources of uncertainties in climate projections as
follows:
1. Scenario uncertainty - calculated using the control simulation without
stochastic volcanic forcing and internal variability (no_volcanoes_fu-
ture.nc) across the three SSPs (SSP1-1.9, SSP2-4.5, SSP5-8.5).
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2. Model uncertainty - calculated using the control simulation without
stochastic volcanic forcing and internal variability (no_volcanoes_fu-
ture.nc) for one of the SSPs. The model uncertainty in our calculation
does not include the influence of internal variability.

3. Volcanic uncertainty - using model simulations without internal
variability, and calculated by the difference between the model simu-
lations with and without stochastic volcanic forcing (stochas-
tic_volcanoes.nc - no_volcanoes_future.nc).

4. Internal variability uncertainty - using model simulations without
stochastic volcanic forcing, and calculated by the difference between
the model simulations with and without internal variability (stochas-
tic_volcanoes_stochastic_climate.nc - stochastic_volcanoes.nc).

To calculate the probability of exceeding warming temperature
thresholds of 1.5 °C, 2 °C, and 3 °C, we calculated the number of stochastic
scenarios (over the 1000 members) that exceed the temperature threshold
for each year using the 30-year moving mean GMSAT values (as defined in
the IPCC report).

We defined “short-term one-year GMSAT reduction” as the occur-
rence of a future stochastic scenario with a one-year GMSAT reduction
greater than the temperature thresholds comparing to the previous year, and
“short-term two-year GMSAT reduction” as the occurrence of a future
stochastic scenario with two consecutive years of GMSAT reduction of at
least 0.1°C, and the two-year mean GMSAT changes greater than the
temperature thresholds. We calculated the probability of short-term
GMSAT reductions by counting the stochastic scenarios exceeding tem-
perature thresholds between —0.1 °C and —0.9 °C by 2100. The probability
is calculated by the difference between the FalR model simulations with
stochastic volcanic forcing and internal variability (i.e., stochastic_volca-
noes_stochastic_climate.nc), and the FalR model simulations without
stochastic volcanic forcing and with internal variability (i.e., no_future_-
volcanoes_stochastic_climate.nc). We estimated the peak global-mean
cooling of the 1991 Mt. Pinatubo eruption (18 Tg + 5 Tg of SO, injection™)
and 1815 Mt. Tambora eruption (56 Tg + 9 Tg of SO, injection'") using the
Volc2Clim webtool®. For the 1991 Mt. Pinatubo eruption, we assumed an
uncertainty of 5 Tg of SO, injection. For the 1815 Mt. Tambora eruption, we
assumed an uncertainty of 9 Tg of SO, (based on the evolv2k volcanic
emission dataset). The uncertainty estimate for Tambora eruption is derived
from ice core flux measurements and the uncertainties in transfer functions
used to convert these ice core fluxes to stratospheric SO, injection values'".
We calculated the uncertainty range of the peak global-mean surface cooing
of the two eruptions using the Volc2Clim webtool with the uncertainty
range of SO, injection stated above. We calculate the probability of at least
one occurrence of short-term GMSAT increase (Supplementary Fig. S5)
with a similar approach using temperature thresholds between 0.1°C
and 0.9 °C.

We designed our methodology to examine how the volcanic uncer-
tainty related to explosive volcanic sulfur emissions affect climate projec-
tions. We did not resample the EVA_H and SAOD-ERF parameters (see
Methods Section “Aerosol optical properties and effective radiative for-
cing”) as we are not assessing the uncertainty in the conversion of volcanic
emission to volcanic forcing.

Data availability
The data used in this paper is available from the University of Cambridge
data repository: https://doi.org/10.17863/CAM.110898.

Code availability

FalR v2.1.4 is available from https://github.com/OMS-NetZero/FAIR/tree/
v2.14 as zip archives, and installable from https://anaconda.org/conda-
forge/fair and https://pypi.org/project/fair/. The calibration version v1.4.2
produced for this study is available from https://doi.org/10.5281/zenodo.
13142999. The code to plot the main text and Supplementary Figs. is
available from https://github.com/maychim/Stochastic-volc-FAIR.
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