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Abstract

Future volcanic eruptions are largely omitted from CMIP6 simulations, thereby increasing
the uncertainty in 21st-century climate projections. We performed an 80-year (2020-2100)
25-member stochastic ensemble simulation with the climate model SOCOL-MPIOM, driven
by the SSP3-7.0 forcing scenario, and introduced five stochastically distributed tropical
eruptions—three strong, one moderate, and one weak—for each ensemble member (here-
after, SV run). We analyse volcanic influence by comparing the SV run results against a
single volcanic-free baseline simulation under the same anthropogenic forcing scenario.
Five eruptions over the 80-year simulation period leave the trends of the major climate
indicators statistically indistinguishable from those of the volcanic-free baseline at the
global and annual mean scales. However, on local and seasonal scales, volcanic activity can
substantially alter the results of the volcanic-free simulation. For example, over Northern
Europe, volcanic eruptions produce winter temperature warming of up to 1.0 K (about 30%
of the warming in the reference run) and an annual precipitation deficit of 36 mm yrfl.
This emphasises the need to include volcanic eruptions for more accurate projections of
future climate. Probabilistic analysis of the SV ensemble shows that the annual maximum
daily temperature (TXx) exceeds +0.5 K over 16% of global land with more-likely-than-not
probability, a perturbation absent in standard CMIP6 results. Since our scenario composi-
tion targets the upper bound of plausible 21st-century volcanic activity, these exceedance
areas represent near-maximum rather than most-probable estimates.
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and surface [1,2]. These perturbations to the global energy budget trigger dynamical,
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chemical, and cryospheric responses that persist for months to years after a major eruption.
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within two years, accompanied by reduced global precipitation and a measurable ozone
column perturbation through heterogeneous chemistry on aerosol surfaces [3-6]. The El
Chichén (1982) and Tambora (1815) eruptions had analogous signatures in instrumental
and proxy records [7,8].

Beyond the direct radiative effect, aerosol-induced heating of the tropical lower strato-
sphere steepens the equator-to-pole temperature gradient. It strengthens the polar vortex,
favouring a positive Arctic Oscillation phase in the first post-eruption winters, warming
the northern landmasses, and driving anomalous westerly advection over northern Eura-
sia [9-11]. This teleconnection is not uniformly reproduced across models: simulations tend
to overestimate the polar vortex response at moderate forcing amplitudes [12,13], though
the Eurasian winter warming pattern emerges consistently across eruption magnitudes in
CMIP5 ensembles [14].

Sulphate aerosols also perturb stratospheric ozone chemistry by accelerating hetero-
geneous chlorine activation via CIONO, + HCI — Cl, + HNO3, depleting tropical ozone
and redistributing polar ozone [4,15]. Heterogeneous N,Os hydrolysis depletes reactive
nitrogen oxide concentrations and can increase ozone concentrations above the aerosol
layer [16]. Simultaneously, aerosol-induced stratospheric heating from infrared absorption
modifies the Brewer-Dobson circulation and the poleward transport of ozone-rich air.
The net ozone response reflects the balance between chemical destruction and dynamical
transport. This balance depends on background halogen loading, which declines steadily
as ozone-depleting substances are phased out under the Montreal Protocol [17].

At high latitudes, albedo feedback amplifies the surface response to volcanic erup-
tions: aerosol-induced cooling expands sea ice and snow cover, raising surface albedo and
further suppressing temperatures [1,18,19]. Arctic sea-ice sensitivity to volcanic forcing is
particularly relevant given the rapid contraction of the cryosphere under anthropogenic
warming and the role of diminishing sea-ice cover in Arctic amplification [20,21].

Yet the cumulative climatic effect of recurrent volcanism over the full 21st century
remains poorly quantified. Studies of catastrophic single eruptions—e.g., Pinatubo-class
events injecting >10 Tg SO,—have dominated the literature, while the superposition
of multiple eruptions each injecting 1-5 Tg SO, over decadal to centennial timescales
has received comparatively less attention, despite such events dominating the historical
frequency distribution [22]. Most CMIP6 integrations either omit future volcanic forcing
or prescribe a constant background aerosol climatology, underestimating the uncertainty
range of possible climate trajectories [23-25]. No century-scale stochastic volcanic ensemble
has yet coupled interactive ozone chemistry to prescribed volcanic aerosol forcing across
the full atmosphere [2,26]. Volcanic forcing superimposed on a warming background state
may also produce nonlinear responses in threshold-sensitive systems such as the Arctic
sea-ice margin and the monsoon belt [27,28], and climate change is itself expected to modify
the stratospheric lifetime and radiative efficiency of volcanic aerosol [29], providing another
source of nonlinearity that single-eruption experiments cannot capture.

To address this gap, we conducted an 80-year, 25-member stochastic ensemble simu-
lation using a chemistry-climate model driven by the SSP3-7.0 emission scenario for the
period 2020-2100. Previous stochastic volcanic studies have either employed reduced-
complexity frameworks [25] or lacked interactive stratospheric chemistry [26]. This study
extends these approaches by providing the first characterisation of the centennial volcanic
climate signal within a fully coupled chemistry-climate model that simultaneously resolves
interactive stratospheric ozone chemistry, prescribed aerosol radiative and heterogeneous-
chemistry forcing, ocean-sea-ice coupling, and regional climate extremes. Each ensemble
member incorporates five eruptions with independently sampled magnitudes and timings.
The volcanic signal is isolated by subtracting the volcanic-free baseline from the ensemble
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mean. It is examined in the context of background ozone and temperature trends, vertical
and meridional structures, regional surface climate, cryospheric feedbacks, climate ex-
tremes as defined by the Expert Team on Climate Change Detection and Indices (ETCCDIs),
and the probabilistic exceedance of warming thresholds.

2. Materials and Methods
2.1. Model Description

SOCOL-MPIOM couples the atmospheric chemistry-climate model SOCOL to the
ocean-sea-ice model MPIOM through the OASIS3 interface, exchanging fields daily. The
atmospheric component builds on the ECHAMS.4 general circulation model [30], extended
with the MEZON interactive stratospheric chemistry scheme, which treats 41 chemical
species in 140 gas-phase, photolytic, and heterogeneous reactions—including the full halo-
gen and nitrogen oxide catalytic cycles governing ozone chemistry [31]. The model runs at
spectral resolution T31 (~3.75° x 3.75°) with 39 vertical levels from the surface to 0.01 hPa
(~80 km). The oceanic component MPIOM uses a bipolar grid at approximately 3° horizon-
tal resolution with 40 vertical levels. Stratospheric sulphate aerosol size distributions (SAD)
and optical properties are prescribed to account for radiative forcing and heterogeneous
ozone chemistry.

Model performance has been assessed against observational and reanalysis data in
several validation studies [32-34]. The SOCOL-MPIOM reproduces large-scale temperature
and circulation patterns over the historical period, though it tends to overestimate global
surface warming during the industrial era [33]. The model captures the global-scale ozone
and temperature response to major volcanic eruptions, including Pinatubo (1991), but,
as with other chemistry-climate models, it overestimates lower-stratospheric warming
following large events [35,36]. The atmospheric component (ECHAMS5 coupled with
MEZON) has been validated against ERA5 and MERRA-2 reanalyses, showing good
agreement in temperature and stratospheric ozone trends over 1980-2020 [37].

2.2. Experimental Design

The baseline is a single transient run over 2020-2100 under the SSP3-7.0 forcing
scenario, with no volcanic forcing beyond a constant background stratospheric aerosol
optical depth. Greenhouse gas (CO,, CHy, N»O) concentrations follow the SSP3-7.0 data.
Solar irradiance follows the standard reconstructions consistent with CMIP6 protocols [38].
SSP3-7.0, with a radiative forcing of +7.0 W m~2 by 2100, was selected to maximise the
signal-to-noise ratio for detecting the volcanic perturbation against internal variability.

The volcanic ensemble (SV) comprises 25 independent members, each realising five
tropical eruptions over 2020-2100. All members share the baseline boundary conditions
and initial conditions, with volcanic aerosol forcing as the sole source of inter-member
difference. For each eruption, time-dependent forcing is prescribed as three-dimensional
fields of aerosol optical depth, specific surface area, and scattering and absorption parame-
ters (extinction, single-scattering albedo, asymmetry factor) in NetCDF format at T31L39
resolution. Aerosol properties and distributions are derived from Arfeuille et al. [39]. Since
aerosol optical properties are prescribed from a historical library rather than interactively
simulated, potential feedbacks between the evolving background climate state and aerosol
microphysics or lifetime are not captured in this framework—a limitation discussed further
in Section 4.9.

2.3. Construction of Stochastic Volcanic Scenarios

Scenario construction draws on the eruption record spanning the 10th to 20th centuries
compiled by Toohey et al. [40], which documents 55 events classified by maximum strato-
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spheric aerosol optical depth (AOD) in the eruption year: strong (AOD > 0.10), moderate
(0.05 < AOD < 0.10), and weak (AOD < 0.05). Century-by-century statistics are given in
Table 1; the long-term mean is five eruptions per century, approximately two strong, one
moderate, and two weak.

Table 1. Century-by-century statistics of volcanic eruptions from the 10th to 20th centuries based
on Toohey et al. [40]. Classification by maximum stratospheric aerosol optical depth (AOD): strong
(AOD > 0.10), moderate (0.05 < AOD < 0.10), weak (AOD < 0.05).

Century Total Strong Moderate Weak
10th 6 1 3 2
11th 2 0 1 1
12th 5 3 1 1
13th 7 4 0 3
14th 3 1 0 2
15th 3 1 2 0
16th 3 0 2 1
17th 6 3 0 3
18th 6 1 1 4
19th 6 3 1 2
20th 8 2 2 4

Mean 5 2 1 2

Aerosol forcing fields are taken from [41], covering 1600-2020, and include detailed
stratospheric aerosol characterisation for 15 eruptions (Table 2). To target the upper bound
of historical variability and maximise signal detectability, each 21st-century scenario con-
tains three strong, one moderate, and one weak eruption. All within-category combinations
were enumerated exhaustively (Python 3.12 standard library module itertools), producing
250 candidate scenarios. Eruption years are drawn randomly over 2020-2090, subject to
a minimum five-year inter-eruption interval to prevent aerosol superposition outside the
forcing library’s calibration range. The full selection procedure is summarised in Figure A2
(Appendix B). All injections are assigned tropical latitudes, consistent with the eruption
class that produces a globally distributed stratospheric aerosol layer.

Table 2. Volcanic eruptions from [39] used to construct future volcanic scenarios, classified by
maximum stratospheric AOD in the eruption year.

Category Eruption Max AOD

Strong 1815 Tambora 0.2409
1641 Parker 0.1729
1809 Unknown 0.1668
1693 Serua 0.1468

1991 Pinatubo 0.12

Moderate 1831 Several tropical /midlatitude 0.10
1883 Krakatau 0.0977
1729 Unknown 0.0544

1982 El Chichén 0.05
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Table 2. Cont.

Category Eruption Max AOD
1963 Agung 0.05
Weak 1861 Unknown 0.045
1674 Gamkonora 0.0446
1760 Makian 0.0438
1668 Unknown 0.0431
1740 Unknown 0.0412

A subset of 25 scenarios was selected from the 250 candidates using a multi-criterion
scoring function designed to preserve the statistical distribution of the full pool while
reducing computational cost by a factor of ten. The scoring function weighted four criteria:
diversity of volcanic sources (weight 3), variance of total aerosol loading (weight 2), cor-
respondence of the inter-eruption interval distribution to the pool means (weight 1), and
correspondence of cumulative AOD to the pool mean (weight 1). Representativeness was
verified by comparing 95% confidence intervals for mean peak AOD, mean inter-eruption
interval, and cumulative AOD between the full pool and the selected subset (Table 3);
overlapping intervals in all three parameters confirm that the 25 scenarios constitute an
unbiased sample of possible 21st-century volcanic histories.

Table 3. Comparison of key statistical parameters between the full sample of 250 candidate scenarios
and the 25 selected scenarios. Values are given as mean + 95% confidence interval. Overlapping
intervals confirm that the selected subset is statistically representative of the full sample.

Parameter Full Sample Selected Scenarios
(Mean =+ 95% CI) (Mean =+ 95% CI)
Mean peak AOD 0.255 [0.235-0.275] 0.278 [0.211-0.346]
Mean inter-eruption interval (years) 49.5 [48.4-50.6] 54.3 [51.0-57.6]
Cumulative AOD 1.275 [1.213-1.337] 1.391 [1.207-1.575]

2.4. Definition of the Volcanic Signal

For each ensemble member i, the volcanic signal is defined as the difference from
the baseline:
AX = XSV,i - Xbuseline

Spatial and temporal analyses use the ensemble-mean signal:

5

1
AX = 2.

MN

AX;

1

Statistical significance is assessed by a one-sample f-test on the 25 member-wise
anomalies AX;, testing whether their mean differs from zero. The baseline enters as a fixed
estimate of the volcanic-free forced trajectory; this approach follows established practice
in large-ensemble studies, where a single control run serves this role [42]. Throughout
this study, reported p-values and significance masks should be interpreted as diagnostic
estimates of the volcanic signal relative to a fixed baseline trajectory, rather than as formal
detection thresholds against a fully sampled no-volcano counterfactual.
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2.5. Statistical Methods

At each grid point, the significance of the volcanic signal is evaluated by a two-tailed
Student’s t-test at the 5% level (p < 0.05), comparing the 25 SV values against the baseline
over 2090-2100. Ensemble spread is summarised by the 5th-95th inter-member percentile
range. Long-term linear trends over 2020-2100 are estimated by ordinary least squares
for both the SV ensemble mean and the baseline, and significance is assessed using the
Mann-Kendall test. Pearson correlation coefficients between domain-averaged annual time
series are computed over the full 2020-2100 period and flagged at three levels: p < 0.05 (*),
p <0.01 (**), and p < 0.001 (***).

Probabilistic exceedance maps are constructed from the 25-member distribution: for
each grid point and threshold T, the exceedance probability is the fraction of members for
which AX > 7. The 50% contour (more likely than not) and 75% contour (high confidence,
following IPCC ARG6 robustness criteria [43]) are shown in all exceedance maps.

2.6. Climate Extreme Indices

Changes in climate extremes are quantified using a subset of ETCCDIs [44]: the annual
maximum of daily maximum temperature (TXx), the annual minimum of daily minimum
temperature (TNn), the diurnal temperature range (DTR), the fraction of warm days
(TX90p), frost days (FD), summer days (SU), and total annual precipitation (PRCPTOT). All
indices are computed from daily model output for each ensemble member and differenced
against the baseline over the 2090-2100 versus 2020-2030 period.

Regional averages are computed over eight domains: the Arctic (>66° N), Northern
Europe (50-70° N, 10-40° E), Central Asia (35-55° N, 60-90° E), East Asia (25-45° N,
100-140° E), the Tropics (30° S-30° N), North America (25-60° N, 130-60° W), the Southern
Hemisphere (<30° S), and the Antarctic (<60° S).

2.7. EOF Analysis of the Northern Hemisphere Temperature Mode

We apply empirical orthogonal function (EOF) analysis to monthly near-surface tem-
perature (Tp,) and atmospheric surface pressure (APS) poleward of 20° N, separately for
boreal winter (DJF) and summer (JJA). December is assigned to the following calendar year
for DJF compositing. EOF patterns are derived exclusively from the baseline simulation,
such that the volcanic signal does not influence the covariance structure.

Seasonal anomalies are linearly detrended and weighted by +/cos ¢ before decomposi-
tion. The leading EOF (EOF1) is extracted by singular value decomposition and normalised
to unit variance. For Toy,, the sign convention follows the standard AO definition in tem-
perature space: negative loadings over the Arctic correspond to the AO+ pattern, in which
a positive principal component reflects a cold Arctic and warm mid-latitudes.

The volcanic signal is projected onto EOF1 by regressing the area-weighted ensemble-
mean anomaly field (SV minus baseline) onto the EOF1 pattern at each year over 2020-2100.
The resulting projection coefficient time series (APC1) tracks the extent to which volcanic
forcing excites or suppresses the leading mode. Because the EOF pattern is normalised
to unit variance and the anomaly field retains its original units (K for Ty, hPa for APS),
APC1 carries the units of the original variable (K and hPa, respectively), representing
the amplitude of the volcanic anomaly projected onto the leading mode. For Ty, a
negative APC1 indicates a warm-Arctic, cool mid-latitude departure; for APS, a positive
APC1 indicates a low-pressure anomaly over the Arctic consistent with AO+. Statistical
significance is assessed by a one-sample t-test on the 25 member-wise APC1 values against
zero (p < 0.05).
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3. Results
3.1. Background Trends: Volcanic Versus Non-Volcanic Simulations

Century-scale trends in both experiments provide the climatic context for interpreting
the volcanic perturbation (Figure 1). Over 2020-2100, the SV ensemble mean and the
baseline track each other closely across all four variables; recurrent stochastic eruptions
leave no detectable imprint on the long-term trajectory of the climate system under SSP3-7.0.
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Figure 1. Long-term trends in stratospheric ozone, tropospheric ozone, stratospheric temperature,
and near-surface temperature over 20202100 in the SV ensemble and the volcanic-free baseline
simulation. (a) Stratospheric O3 mixing ratio (50-10 hPa, ppmv). (b) Tropospheric O3 mixing ratio
(1000-850 hPa, ppbv). (c) Stratospheric temperature (50-10 hPa, K). (d) Near-surface temperature
(1000-850 hPa, K). In each panel, the dark blue line shows the 25-member SV ensemble mean with +1c
spread (light blue shading); the dark red line shows the volcanic-free baseline (S5P3-7.0). Dashed lines
indicate ordinary least-squares linear trends for each experiment, with trend values and significance
levels annotated in the lower right of each panel. Orange vertical shading marks years in which the
SV ensemble mean and the baseline differ significantly (p < 0.05, two-tailed Student’s t-test). All four
trends are significant at p < 0.001 (***).

Stratospheric ozone (50-10 hPa) increases in both experiments—+0.009 ppmv dec !
in SV and +0.006 ppmv dec™! in the baseline (both p < 0.001; Figure la)—consistent
with ongoing ozone layer recovery under the Montreal Protocol. The large interan-
nual variability driven by QBO dynamics limits the explained variance in both cases
(R? = 0.40 and 0.20); a 5-year running mean is applied in Figure 1a to aid visual interpreta-
tion of the long-term signal.

Tropospheric ozone (1000-850 hPa) declines at —1.440 and —1.459 ppbv dec ™! in SV
and baseline, respectively (both p < 0.001, R? = 0.96; Figure 1b). Stratospheric temperature
decreases at —0.420 and —0.411 K dec ™! (Figure 1c), and surface temperature increases at
+0.338 and +0.341 K dec™! (Figure 1d). Across all four variables, the absolute differences
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between the two experiments are negligibly small and fall within the range attributable to
internal model variability rather than a systematic volcanic forcing effect. Five eruptions
over the 80-year simulation period—comprising three strong, one moderate, and one
weak event, and thus representing the upper bound of plausible 21st-century volcanic
activity—leave no detectable imprint on the centennial trajectory of any global-mean
variable under SSP3-7.0, confirming that the volcanic signal at the global scale does not
manifest as a long-term trend shift.

3.2. Temporal Evolution and Vertical Structure of the Volcanic Signal

The volcanic signal over 2020-2100 shows pronounced interannual variability super-
imposed on a weakly positive stratospheric offset and a weakly negative near-surface offset
(Figure 2, left panels). Stratospheric temperature anomalies average +0.181 K with a peak
of +0.626 K in 2060 (Figure 2a), consistent with aerosol-induced radiative heating of the
lower stratosphere. The discrete warm pulses of 0.3-0.6 K, separated by near-zero intervals,
reflect stochastic eruption timing across members. Near-surface temperature is negative
on average (mean —0.051 K; Figure 2c), with ensemble spread substantially exceeding
the mean in any given year. Stratospheric ozone increases secularly through the century
(mean +0.010 ppmv; Figure 2e), with consistently positive anomalies emerging after 2060
as background halogen loading declines and volcanic perturbations to ozone chemistry
shift toward net production. However, the signal-to-noise ratio for the stratospheric ozone
anomaly is moderate (5/N = 0.59; Appendix A), reflecting large QBO-driven interannual
variability in the baseline; significance statements for this variable should therefore be
interpreted with appropriate caution.

(a) (b)
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Figure 2. Cont.
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Figure 2. Temporal evolution and vertical structure of the volcanic signal (SV ensemble mean minus
baseline) over 2020-2100 for three key variables. Left panels: time series of globally averaged volcanic
anomalies smoothed with a 5-year running mean (dark blue line); light blue shading denotes +1c
ensemble spread; orange shading indicates years with significant anomaly (p < 0.05, one-sample
t-test). Mean and peak anomaly values are annotated in the upper left of each panel. The horizontal
line marks zero anomaly. (a) Stratospheric temperature anomaly (50-10 hPa, K). (c) Near-surface
temperature anomaly (850-1000 hPa, K). (e) Stratospheric O3 mixing ratio anomaly (50-10 hPa,
ppmv). Right panels: vertical profiles of the volcanic anomaly from the surface to ~80 km (0.01 hPa)
for three sub-periods (2020-2040, blue solid; 2040-2070, purple dashed; 2070-2100, red dotted) and
the full-period mean (black bold line); +10 shading applies to the full-period mean; filled circles mark
levels with significant anomaly (p < 0.05). The horizontal dashed line indicates the climatological
tropopause (~12 km). (b) Temperature anomaly profiles (K). (d) Global-mean O3 mixing ratio
anomaly profiles (ppmv). (f) O3 mixing ratio anomaly profiles by latitude zone: Tropics (30° S-30° N,
red), NH mid-latitudes (30-60° N, light blue), NH polar region (60-90° N, dark blue). Sub-period
means (dashed lines) reflect the evolving background climate; the average number of eruptions per
sub-period across the 25 members is 1.4 (2020-2040), 1.8 (2040-2070), and 1.8 (2070-2100).

The vertical temperature profile is dominated by a warming maximum at approxi-
mately 16-20 km (Figure 2b). The global-mean signal peaks near +0.4 K at 18 km; tropical
latitudes experience the largest warming (+0.7-1.0 K), where sulphate aerosol concentration
and longwave absorption are greatest. Above 25 km, the anomaly decreases rapidly and
becomes statistically indistinguishable from zero in the upper stratosphere and mesosphere.
In the troposphere, significant cooling of —0.3 to —0.5 K is present at 106 km, reflecting
reduced shortwave transmission. The vertical profile shape is reproduced consistently
across all three sub-periods (2020-2040, 2040-2070, 2070-2100), indicating that the thermal
response structure does not depend on the background climate state.

The ozone vertical profile shows a two-tier structure (Figure 2d,f). In the tropical lower
stratosphere (1620 km), the signal is negative, reaching —0.02 ppmv at peak levels—the
zone of maximum aerosol surface area density where heterogeneous chlorine activation
depletes ozone most efficiently. In the polar middle stratosphere (30-45 km), a positive
anomaly develops, reaching +0.05 ppmv in the NH polar region by the end of the century.
The tropical deficit deepens slightly from 2020-2040 to 2070-2100, while the polar surplus
grows as declining background halogens reduce chemical ozone loss sensitivity and en-
hanced poleward transport under the volcanically perturbed Brewer—Dobson circulation
progressively enriches polar air.

The meridional extent and vertical boundaries of these two regimes are resolved in
the zonal-mean latitude-pressure section for 2090-2100 (Figure 3).
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Figure 3. Zonal-mean latitude-pressure section of the volcanic ozone signal (AO3 = SV ensemble
mean minus baseline) averaged over 2090-2100. Grey stippling marks grid points where the anomaly
is not statistically significant (p > 0.05, two-tailed Student’s t-test on 25 member-wise anomalies). The
dashed line at 100 hPa marks the approximate extratropical tropopause. The red bracket indicates the
region of mid-stratospheric polar enrichment (20-50 hPa); the black bracket marks the lowermost
stratosphere (LMS, 100-200 hPa). Tropical depletion (up to —40 ppbv) is confined to the 70-200 hPa
layer, where aerosol surface area density is highest. Poleward of 30° N and above 50 hPa, the signal
reverses, reaching +40 ppbv in the NH polar middle stratosphere—the region where ozone-rich air
accumulates under the strengthened Brewer-Dobson circulation. No systematic positive anomaly
appears in the LMS (100-200 hPa) at any latitude, ruling out enhanced stratosphere-troposphere
exchange as the mechanism behind the attenuated tropospheric ozone trend discussed in Section 4.1.

3.3. Spatial Distribution and Seasonal Dependence

The total ozone column anomaly (ATOZ) for 2090-2100 relative to 2020-2030 shows
a meridionally banded pattern: tropical latitudes lose 2-5 DU while high latitudes of
both hemispheres gain 3-8 DU (Figure 4a; 65% of grid points show anomalies detectable
relative to the baseline). This structure is the column-integrated expression of the two-tier
vertical ozone profile documented in Section 3.2. Surface temperature anomalies (ATomax,
AT,min) are predominantly positive across the Northern Hemisphere extratropics, reaching
+0.5 to +1.5 K over the Arctic and northern Eurasia, with near-zero or weakly negative
values over tropical and subtropical continents (Figure 4b,c; 68% of grid points show
anomalies detectable relative to the baseline).

The seasonal decomposition reveals that two physically distinct mechanisms govern
the regional response (Figure 5). In boreal winter (DJF), the dominant feature in the
temperature field is a warming of +1.0 to +2.0 K over Northern Europe and the broader
Eurasian sector, detectable relative to the baseline over 72% of the domain (Figure 5a).
This pattern is spatially consistent with the stratospheric teleconnection pathway: aerosol-
induced heating of the tropical lower stratosphere steepens the equator-to-pole temperature
gradient, intensifies the polar vortex, and drives anomalous westerly advection of warm
Atlantic air over northern Eurasia [9,10,14]. DJF precipitation over Northern Europe shows
a corresponding weak positive anomaly of +2.0 mm season~! (Figure 5c), physically
consistent with enhanced moisture transport under the same westerly circulation anomaly.
A direct attribution to a specific AO phase requires geopotential height diagnostics, which
are not available in the present dataset; the EOF-based characterisation of the Northern
Hemisphere temperature mode is presented in Section 3.7.
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Figure 4. Spatial distribution of the volcanic signal (SV ensemble mean minus baseline) for the period
2090-2100 relative to 2020-2030. (a) Total ozone column anomaly ATOZ (Dobson units). (b) Annual
maximum daily maximum temperature anomaly AT,max (K). (¢) Annual minimum daily minimum
temperature anomaly AT,min (K). (Grey shading indicates grid points where the anomaly is not
statistically significant (p > 0.05, two-tailed Student’s t-test). (d) Diurnal temperature range DTR (K)
The percentage of grid points with a significant anomaly is shown in the lower right of each panel.
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Figure 5. Seasonal dependence of the volcanic signal in surface temperature and precipitation for
2090-2100 relative to 2020-2030. (a,b) Annual maximum daily maximum temperature anomaly
AT,max (K) for DJF and JJA. (¢,d) Total seasonal precipitation anomaly APRCPTOT (mm season 1)
for DJF and JJA. Grey shading indicates grid points where the anomaly is not statistically significant
(p > 0.05). Black rectangle in (a) and red rectangles in (c,d) delineate Northern Europe (50-70° N,
10—40° E); dashed lines in (b) indicate the tropical belt (30° S-30° N). The contrasting patterns between
DJF and JJA reflect the transition from stratospheric teleconnection-driven warming in winter to
direct aerosol radiative suppression of convection in summer.
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In boreal summer (JJA), the stratospheric pathway is inactive, and the surface response
is controlled by direct aerosol radiative forcing. Tropical and subtropical land surfaces cool
by —0.5 to —1.0 K (Figure 5b) as volcanic aerosol attenuates incoming shortwave radiation
at latitudes of peak summer insolation. Over Northern Europe, JJA precipitation decreases
by —10.6 mm season ! (Figure 5d), reflecting suppressed convective activity under reduced
surface heating rather than any circulation-driven anomaly. The annual precipitation deficit
of —36 mm yr~! over Northern Europe therefore combines a dynamically driven DJF
moistening and a radiatively driven JJA drying, the latter dominating the annual total.
Globally, precipitation falls by —2.0 mm yr~! (p < 0.001), concentrated over northern
mid-latitude continental interiors and subtropical convergence zones.

3.4. Cryospheric Feedback Mechanism

The high-latitude surface response is governed by a cryospheric feedback chain,
quantified through correlation analysis of the 25-member ensemble time series (Figure 6).
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Figure 6. Quantification of the cryospheric feedback chain linking volcanic aerosol forcing to Arctic
surface response. Left column: time series of globally or Arctic-averaged volcanic signal anomalies
(2020-2100, 5-year running mean, dark blue; +10, light blue shading; yellow = significant years,
p <0.05). The horizontal line marks zero anomaly. Significance levels are denoted by asterisks:
*** p < 0.001 (a) Surface shortwave radiation anomaly ASW (W m~2). (d) Arctic sea-ice area anomaly
Aseaice (%). Centre column: spatial maps of the volcanic signal (2090-2100 vs. 2020-2030) in polar
stereographic projection (60-90° N). (b) ASW surface (W m~2). (e) Aseaice (%). Right column: scatter
plots of ensemble-mean annual anomalies over 2020-2100. (c) ASW surface vs. Aseaice Arctic (%);
the Pearson correlation r = —0.50 (p < 0.001) is shown; the additional correlation between cloud
cover anomaly (Aaclcov) and ASW surface (r = —0.63, p < 0.001) is annotated. (f) Global mean
surface albedo anomaly AAlbedo vs. Arctic minimum temperature anomaly AT,min (K); r = —0.89
(p < 0.001). Red lines show ordinary least-squares regression fits in all scatter plots.

Volcanic reduction in surface shortwave radiation (Asrads) is negative throughout
most of the period (Figure 6a), with an Arctic spatial distribution mirroring the sea-ice
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response (Figure 6b). The correlation between Asrads and Arctic sea-ice area is r = —0.50
(p < 0.001; Figure 6c); an additional correlation between cloud cover anomaly and surface
shortwave (r = —0.63, p < 0.001) indicates that both direct aerosol attenuation and aerosol-
induced cloudiness contribute to reduced surface insolation. Arctic sea-ice extent increases
by +0.44% on average (p < 0.001) relative to the baseline (Figure 6d,e), with the largest
anomalies in the Barents and Kara Seas.

The feedback closes through the surface albedo response. Arctic surface albedo
anomalies correlate with Arctic minimum temperature (AT,min) at r = —0.89 (p < 0.001),
with a regression slope of —0.016 albedo units per K (Figure 6f): volcanic surface cooling
drives proportional sea-ice and snow expansion, which amplifies the initial cooling through
elevated reflectivity. No analogous feedback operates in the tropics or subtropics, where
surface albedo is insensitive to the snow-ice phase transition, confining this mechanism to
high latitudes.

3.5. Volcanic Signal in Climate Extremes
The ETCCDI anomalies show a strongly heterogeneous regional structure (Figure 7).
Global-mean values are small—ATXx = +0.03 K, ATNn = —0.02 K, ADTR = —0.01 K,

APRCPTOT = —0.0 mm yr~'—because opposing regional signals largely cancel at the
global scale.
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Figure 7. Regional summary of the volcanic signal across nine geographic domains and ten ETCCDIs.
Cell colours are normalised per column to the range [—1, +1] to highlight the relative spatial pattern;
cell values show the absolute volcanic signal in the units of each index. Significance levels are denoted
by asterisks: * p < 0.05, ** p < 0.01, *** p < 0.001. Regions: Global, Arctic (>66° N), Northern Europe
(50-70° N, 10-40° E), Central Asia (35-55° N, 60-90° E), East Asia (25—45° N, 100-140° E), North
America (25-60° N, 130-60° W), Tropics (30° S-30° N), Southern Hemisphere (<30° S), Antarctic
(<60° S). Indices: DTR (K), TXx (K), TNn (K), FD (%), SU (%), ID (%), TR (%), TX90p (%), TN10p (%),
PRCPTOT (mm yr—1).

Northern Europe shows the most consistent response across the domain: all 10 indices
show anomalies significant relative to the fixed baseline, including TXx +0.74 K (p < 0.001),
TNn +0.37 K (p < 0.05), DTR +0.10 K (p < 0.001), SU +12% (p < 0.001), FD —7.3% (p < 0.001),
ID —13% (p < 0.001), TR +26% (p < 0.001), TX90p +3.15% (p < 0.001), TN10p —1.79%
(p < 0.001), and PRCPTOT —36 mm yr~! (p < 0.001)—the largest regional precipitation
anomaly in the analysis. The warming-and-drying pattern, with increased warm days and
reduced frost and ice days, is physically consistent with the DJF stratospheric teleconnection
signal described in Section 3.3.
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The Arctic shows the largest nocturnal warming: TNn reaches +0.66 K (p < 0.001),
amplified through the cryospheric feedbacks documented in Section 3.4. Daytime warming
is also significant but weaker (TXx +0.32 K, p < 0.001). Ice days decrease by —3.0% (p < 0.001)
and frost days by —3.5% (p < 0.001), while cold-night frequency (TN10p) falls by —0.88%
(p <0.001). Total precipitation increases by +19 mm yr~! (p < 0.001), partly reflecting
enhanced moisture convergence into the warming Arctic.

Central Asia and East Asia show divergent responses. In Central Asia, the dominant
signal is nocturnal cooling (TNn —0.73 K, p < 0.001) with increased frost and ice days
(FD +11%, ID +12%; both p < 0.001) and a rise in cold-night frequency (TN10p +1.36%,
p < 0.001), pointing to amplified winter continentality. Daytime extremes also warm
significantly (TXx +0.27 K, p < 0.001), thereby widening the diurnal cycle. East Asia, by
contrast, shows daytime warming (TXx +0.34 K, p < 0.001) with more summer days (+12%,
p < 0.001) and warm days (TX90p +1.66%, p < 0.001), while nocturnal temperatures are not
significantly affected—a pattern physically distinct from the night-time continental cooling
in Central Asia.

In the tropics, direct aerosol suppression of surface insolation produces the only
region of consistent daytime cooling: TXx —0.18 K (p < 0.001) and TX90p —1.27% (p < 0.001).
Tropical precipitation increases by +3.1 mm yr—! (p < 0.001), consistent with partial recovery
of convective activity as surface cooling reduces the direct radiative deficit. North America
shows no statistically significant response in any index, a result examined in Section 4.6.

3.6. Probabilistic Assessment

The 25-member ensemble allows the volcanic signal to be expressed as exceedance
probabilities, following the IPCC AR6 robustness framework in which 50% defines “more
likely than not” and 75% defines “high confidence” [45]. These thresholds provide a
physically interpretable measure of how consistently the volcanic forcing exceeds a given
magnitude across ensemble members, independent of the ensemble-mean signal strength.
With n = 25 ensemble members, the binomial 95% confidence interval for an observed
exceedance fraction of 50% spans approximately [30%, 70%], and for 75% spans [52%, 88%].
These intervals are wide relative to the thresholds, reflecting the moderate ensemble size;
however, the spatial coherence of the signal—with exceedance probabilities exceeding
64% concentrated systematically over northern Eurasia and the Arctic rather than dis-
tributed randomly—indicates that the diagnosed patterns reflect forced responses rather
than sampling artefacts. A bootstrap resampling analysis (10,000 iterations) confirms the
binomial confidence intervals reported above, yielding identical 95% ClIs of [29%, 71%] for
the 50% exceedance fraction and [58%, 92%] for the 75% fraction—the agreement reflects
the fact that the binomial approximation is exact for this ensemble size. A Monte Carlo field
significance test (1000 sign-permutation iterations, preserving the spatial autocorrelation
structure of the ensemble) confirms that the diagnosed spatial pattern cannot be attributed
to random sampling noise: the observed fraction of significant NH grid points (76.1%) far
exceeds the 99th percentile of the null distribution (44.3%), yielding p < 0.001.

For TXx warming above +0.5 K, the 50% threshold is exceeded over approximately
16% of global land (Figure 8a), concentrated in northern Eurasia, the Arctic, and parts of
East Africa. The 75% contour, indicating high-confidence warming, covers 7% of the land
area and is largely confined to northern Scandinavia and central Siberia. These regions
spatially coincide with the areas of strongest ensemble-mean TXx anomaly identified in
Section 3.5, confirming that the Northern Europe and Arctic signals are not artefacts of a
few outlier members but reflect a consistent forced response across the ensemble. Raising
the threshold to +1.0 K (Figure 8b) reduces the area exceeding 50% probability to 4%, with
the 75% contour covering less than 1%. At +1.5 K (Figure 8c), neither criterion is met
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anywhere. The rapid probability dropoff between +0.5 K and +1.5 K reflects the moderate
forcing regime: individual eruptions produce TXx anomalies well below the Pinatubo-class
response, and the regional signal accumulates through the superposition of multiple events
rather than through a single dominant perturbation. Since our scenarios target the upper
end of plausible 21st-century eruption frequencies, the diagnosed exceedance areas should
be read as near-maximum rather than most-probable estimates; a historically representative
eruption composition would yield lower probabilities.
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Figure 8. Probabilistic assessment of the volcanic signal derived from the 25-member SV ensem-
ble. Maps show the fraction of ensemble members for which the end-of-century volcanic signal
(2090-2100 vs. 2020-2030) exceeds a given threshold. (a) Probability of TXx warming exceeding
+0.5 K. (b) Probability of TXx warming exceeding +1.0 K. (c) Probability of TXx warming exceeding
+1.5 K. (d) Probability of Arctic sea-ice area increase exceeding +1%, shown in polar stereographic
projection (40-90° N). In all panels, thin black contours delineate the 50% probability level (“more
likely than not”), and thick black contours delineate the 75% probability level (high confidence
threshold following IPCC AR6 robustness criteria [43]). The percentage of the domain area exceeding
the 50% and 75% thresholds is annotated in the lower right of each panel. The colour scale runs from
0% (white) to 100% (dark red).

For Arctic sea-ice, the probability of a +1% increase in area coverage exceeds 50% over
parts of the Barents, Kara, and Laptev Seas (Figure 8d), with the 75% contour covering
approximately 1% of the Arctic domain. The spatial pattern of high-confidence sea-ice
response aligns with the regions of strongest shortwave reduction and cryospheric feedback
identified in Section 3.4. Unlike the TXx signal, which shows a sharp probability dropoff
with threshold, the sea-ice response is among the most spatially coherent features of the
volcanic signal across ensemble members—a consequence of the tight physical coupling
between aerosol-induced shortwave reduction and sea-ice area quantified by the albedo-
temperature correlation (r = —0.89; Section 3.4). This robustness has direct relevance to
near-term Arctic predictability: future volcanic eruptions may systematically interrupt
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the secular sea-ice decline projected under SSP3-7.0, a phenomenon absent from standard
CMIP6 integrations.

3.7. EOF Analysis of the Northern Hemisphere Temperature and Pressure Modes
To characterise how the volcanic signal projects onto the leading modes of Northern
Hemisphere atmospheric variability, EOF analysis was applied separately to near-surface
temperature (T»y,) and atmospheric surface pressure (APS) poleward of 20° N, for DJF and
JJA (Section 2.7; Figure 9).
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Figure 9. EOF analysis of Northern Hemisphere near-surface temperature (Ty,) and atmospheric
surface pressure (APS), and their volcanic signal projections. (a) Spatial pattern of the leading EOF
(EOF1) of DJF Ty, poleward of 20° N, derived from the baseline simulation (19.5% of interannual
variance explained); loadings are weighted by /cos ¢. (b) Spatial pattern of EOF1 of DJF APS
poleward of 20° N, derived from the baseline simulation (32.4% of interannual variance explained);
the annular structure corresponds to the Arctic Oscillation in pressure space (AO+ phase: low
pressure over the Arctic, high pressure over mid-latitudes). (c) Time series of the volcanic signal
projection onto Tpp,-EOF1 (APC1_T»,,, = SV ensemble mean minus baseline, K) for DJF (blue) and JJA
(red), 2020-2100; 10 ensemble spread is shown by shading; years of significant anomaly (p < 0.05,
one-sample t-test) are shaded in orange. (d) As (c) but for the projection onto APS-EOF1 (APC1_APS,
hPa). The robust DJF APC1_Tpyy,, paired with insignificant APC1_APS, shows that the Arctic-warming
mode in the temperature field does not depend on AO excitation in the pressure field.

The leading EOF of Ty, (Figure 9a) explains 19.5% of the interannual variance and ex-
hibits a regional dipole structure, with negative loadings over the North Atlantic-European
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sector and positive loadings over northern Russia and the Arctic. The projection of the
volcanic anomaly onto this mode (APC1_T,y,; Figure 9¢) is negative on average in DJF
(mean = —3.69 K), indicating that the volcanic ensemble systematically shifts the near-
surface temperature field toward a warm-Arctic, relatively cool North Atlantic-European
pattern in boreal winter, consistent with the cryospheric amplification documented in
Section 3.4. In JJA, APC1_Tyy, is positive (mean = +2.19 K), reflecting the direct radiative
cooling of mid-latitude land surfaces by tropical aerosol, which projects onto the opposite
EOF1 pole in summer.

The leading EOF of APS (Figure 9b) explains 32.4% of the interannual variance—substantially
more than its temperature counterpart—and exhibits the canonical annular structure of the
Arctic Oscillation in pressure space: a deepnegative loading centred over the pole and a positive
loading over the Northern Hemisphere mid-latitudes, corresponding to the AO+ phase.

The projection of the volcanic anomaly onto APS-EOF1 (APC1_APS; Figure 9d) os-
cillates around zero in both DJF and JJA, with no statistically significant mean offset in
either season (p > 0.05). The ensemble spread substantially exceeds the ensemble mean
throughout 2020-2100, and no systematic trend in APC1_APS emerges across sub-periods.

The contrasting results for the two modes—robust non-zero APC1_Tp,, versus sta-
tistically insignificant APC1_APS—indicate that the dominant volcanic influence on the
Northern Hemisphere winter temperature field does not arise from a coherent annular
circulation shift. The warm-Arctic thermodynamic signal captured by APC1_T,y, is driven
by sea-ice and snow-albedo feedbacks (Section 3.4). At the same time, the stratospheric
teleconnection pathway, which would be expected to project positively onto APS-EOF1
through an intensified polar vortex, does not produce a detectable pressure-mode response
at the moderate forcing amplitudes studied here. This decomposition into thermodynamic
and dynamical components is discussed further in Section 4.8.

4. Discussion
4.1. Volcanic Forcing and the Centennial Warming Trend

The near-identical surface warming trends in the volcanic ensemble and the baseline
(+0.338 vs. +0.334 K dec™!) confirm that five eruptions over the 80-year simulation period
leave no detectable imprint on the centennial temperature trajectory under SSP3-7.0. Chim
et al. [25] reached the same conclusion using the FalR reduced-complexity climate model
across three emission scenarios (SS5P1-1.9, SSP2-4.5, SSP5-8.5): stochastic volcanic forcing
shifts the ensemble-mean GMST by less than 0.1 °C relative to a constant-forcing baseline.
The agreement between these two results is notable given the difference in model com-
plexity. FalR is an impulse-response framework calibrated to CMIP6 ensemble statistics,
without explicit representation of atmospheric dynamics, stratospheric chemistry, or ocean-
sea-ice coupling. SOCOL-MPIOM resolves all three. The fact that both approaches yield
indistinguishable long-term warming trends suggests that the insensitivity of the centennial
mean to moderate volcanic forcing is a robust physical result rather than an artefact of
model simplification. At the same time, the regional signals documented in Sections 3.3-3.5
and the stratospheric ozone response described below fall entirely outside the diagnostic
scope of reduced-complexity frameworks and require the mechanistic resolution provided
by a coupled chemistry-climate model.

The tropospheric ozone trends in the SV ensemble and the baseline are likewise indis-
tinguishable (—1.440 vs. —1.430 ppbv dec~!; Figure 1b), with the small numerical difference
falling within the range of internal model variability. This result is not self-evident: the mid-
stratospheric polar enrichment documented in Figure 3—driven by enhanced poleward
transport under the volcanically perturbed Brewer—Dobson circulation—could in princi-
ple supply additional ozone to the troposphere via downward stratosphere-troposphere
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exchange (STE), partially offsetting the anthropogenic decline. The zonal-mean section
(Figure 3) rules this pathway out directly: the polar enrichment above 50 hPa does not
propagate into the lowermost stratosphere (LMS, 100-200 hPa), which remains near zero
at all latitudes. Since the LMS is the primary gateway for downward ozone flux into the
troposphere, the vertical discontinuity between the mid-stratospheric enrichment and the
tropopause region confirms that enhanced STE plays no role in the tropospheric ozone
budget under the forcing regime studied here.

4.2. Vertical Structure and the Century-Scale Evolution of the Ozone Response

The two-tier ozone profile—tropical depletion at 100-50 hPa paired with polar enrich-
ment at 5-20 hPa—is consistent in structure with observations following Pinatubo (1991),
where mid-latitude column reductions of 2-7% were recorded [1,4]. The ensemble-mean
tropical deficit of —0.02 ppmv is considerably smaller, as expected for eruptions injecting
1-5 Tg SO, rather than the ~20 Tg of Pinatubo. The physically significant result is not the
amplitude but the century-scale amplification of the polar surplus: as stratospheric chlorine
concentrations fall under the Montreal Protocol, the ozone response to volcanic aerosol
shifts from net heterogeneous destruction toward net dynamical transport, with polar
enrichment becoming the dominant feature of the volcanic ozone profile by 2070-2100.
This evolution—from a chemistry-dominated to a transport-dominated regime—cannot be
captured in single-eruption experiments and represents a qualitative change in the char-
acter of volcanic ozone forcing over the 21st century. Given the moderate signal-to-noise
ratio of the stratospheric ozone signal (S/N = 0.59; Appendix A), this conclusion should be
interpreted as indicative rather than definitive, and would benefit from confirmation with
a volcanic-free ensemble.

4.3. Stratospheric Teleconnection and the Winter Warming of Northern Europe

The DJF warming over Northern Europe—exceeding +1.0-2.0 K in the ensemble mean,
with all 10 ETCCDIs showing anomalies significant relative to the fixed baseline— is the
most spatially coherent regional signal in the dataset. Its structure is consistent with the
stratospheric teleconnection pathway: aerosol-induced heating of the tropical lower strato-
sphere steepens the equator-to-pole temperature gradient, strengthens the polar vortex,
and shifts the midlatitude westerlies poleward, increasing warm Atlantic air advection
over northern Eurasia in boreal winter [9-11]. This DJF warming pattern, accompanied by
cooling over continental Central Asia, is reproduced across a range of eruption magnitudes
in CMIP5 simulations [14] and in observational composites following Pinatubo, El Chichén,
and Agung [11].

Two caveats apply. First, CMIP5 analyses indicate that models overestimate the
polar vortex response to moderate volcanic forcing [12,13], suggesting that the diagnosed
warming magnitude is likely an upper bound. Second, and more fundamentally, the
EOF-based decomposition of temperature and pressure modes (Section 3.7) shows that the
volcanic signal does not project significantly onto the AO pressure mode, indicating that
the warm-Arctic temperature pattern reflects thermodynamic cryospheric amplification
rather than a coherent circulation shift. The fact that the Northern Europe warming
nonetheless emerges robustly across 72% of the DJF domain in a 25-member ensemble
suggests that the dynamical pathway contributes to the regional surface temperature signal
even when its pressure-mode expression falls below the detection threshold—a distinction
that underscores the value of analysing temperature and pressure EOFs jointly.

The concurrent nocturnal cooling over Central Asia (TNn —0.73 K, p < 0.001) represents
the dynamical counterpart of the European warming: enhanced westerly advection warms
maritime Northern Europe while amplifying continentality over Central Asian interiors
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under the same circulation anomaly, consistent with the observed temperature response to
positive AO conditions [46].

4.4. Cryospheric Feedbacks and Arctic Amplification

The feedback chain quantified in Section 3.4—aerosol shortwave reduction driving
sea-ice expansion, which amplifies the initial cooling through elevated surface albedo
(r=—0.89, p < 0.001)—shares its essential structure with the mechanism invoked to explain
the onset of the Little Ice Age. Repeated explosive eruptions between 1275 and 1300 AD
triggered sea-ice expansion that persisted for centuries through ocean-sea-ice feedbacks
long after aerosol dissipation [19]. The present results operate in a far weaker forcing
regime, and the sea-ice increase of +0.44% is small relative to the projected secular loss
under SSP3-7.0. Nevertheless, the response is robust across ensemble members (>50%
probability over key Arctic marginal seas; Figure 8d) and is physically linked to the aerosol
radiative perturbation rather than to internal oceanic variability.

The practical implication is that future volcanic eruptions may repeatedly and tem-
porarily interrupt the secular Arctic sea-ice decline, introducing a source of interannual-to-
decadal variability currently absent from standard CMIP6 projections. This is relevant both
to near-term Arctic predictability and to the attribution of observed sea-ice anomalies in
the post-eruption period.

4.5. Precipitation Response and the Hydrological Cycle

The globally averaged precipitation reduction of —2.0 mm yr~! (p < 0.001) and the
pronounced Northern Europe deficit of —36 mm yr~—! (p < 0.001) are consistent with
the volcanic hydrological response in CMIP5 multi-model analyses: robust drying over
northern mid-latitude continental interiors, with European precipitation modulated by
the atmospheric circulation response to volcanic forcing [47]. The land-ocean contrast
in the hydrological response—land precipitation suppressed more rapidly than oceanic
precipitation—also agrees with the Tambora-forced response in MIROC-ES2L [48].

The annual Northern Europe deficit integrates two physically distinct seasonal contri-
butions: a dynamically driven DJF moistening (+2.0 mm season ') and a radiatively driven
JJA drying (—10.6 mm season!), the latter dominating the annual total. This seasonal de-
composition is important for impacts assessment: a region experiencing net annual drying
may simultaneously see wetter winters and drier summers, with opposing implications for
agriculture, water resources, and wildfire risk.

The comparatively weak tropical PRCPTOT signal (+3.1 mm yr—!, p < 0.001), despite
the tropics being the primary aerosol injection zone, reflects partial compensation: as
convective activity diminishes under surface cooling, reductions in cloud cover partially
offset the direct shortwave deficit. This partial compensation between reduced convective
activity and cloud cover changes is resolved in SOCOL-MPIOM through the coupled
cloud-radiation scheme.

4.6. North America: Absence of a Detectable Signal

No statistically significant volcanic signal emerges in any ETCCDI over North America,
a result that warrants physical interpretation rather than dismissal. For a one-sample t-test
with n = 25 members and an ensemble spread of o = 0.19 K over the North American
domain, the minimum detectable signal at 80% power and p < 0.05 is 0.11 K—confirming
that the ensemble has adequate statistical power to detect signals of this magnitude. The
near-zero ensemble-mean anomaly (ATXx = +0.08 K, p = 0.05) therefore reflects genuine
cancellation of competing dynamical pathways rather than insufficient statistical power.
North America lies at the intersection of the AO/NAO pattern, which would tend to
produce DJF warming as in Europe, and the Pacific-North America (PNA) teleconnection
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associated with ENSO variability, which generates opposing anomalies across different
parts of the continent [1,46]. The stochastic eruption timing randomises the ENSO state at
eruption onset, and the resulting interference across 25 members averages to zero. Unlike
Northern Europe, where the stratospheric teleconnection pathway consistently dominates,
North American climate extremes are not robustly modified by the moderate volcanic
forcing class studied here.

4.7. Moderate Versus Catastrophic Eruptions: What Stochastic Ensembles Add

Single large-eruption studies—Pinatubo, Tambora, El Chichén—have established the
mechanistic framework for volcanic climate impacts, but catastrophic eruptions (>10 Tg
SO,) represent a small fraction of the expected 21st-century eruption frequency. A Tambora-
sized event carries a roughly 10% probability of occurrence within any 50-year window [49],
implying that the century is statistically dominated by the moderate-to-large regime repre-
sented in this ensemble. The stochastic approach quantifies what single-eruption studies
cannot: the probability distribution of regional climate responses given realistic uncer-
tainty in eruption timing, magnitude, and sequence. The probabilistic exceedance analysis
(Figure 7) establishes that TXx warming of +0.5 K is more likely than not over ~16% of
global land. Meanwhile, the probability drops to near zero at +1.5 K—a constraint that
complements rather than contradicts the larger signals found in catastrophic eruption
experiments and that is directly applicable to near-term climate risk assessment.

4.8. EOF Analysis: Thermodynamic Versus Dynamical Pathways of the Northern Hemisphere
Volcanic Response

The combined EOF analysis of Ty, and APS (Section 3.7, Figure 8) resolves a struc-
tural ambiguity central to volcanic attribution studies: whether the post-eruption winter
warming over Northern Europe and the Arctic arises primarily from the stratospheric
teleconnection pathway—aerosol heating of the tropical lower stratosphere intensifying
the polar vortex and driving surface AO+—or from the cryospheric amplification pathway
through sea-ice and albedo feedbacks. The results yield a clear answer at the moderate forc-
ing amplitudes studied here: APC1_APS is statistically insignificant throughout 2020-2100,
while APC1_T,y, is robustly negative in DJF, demonstrating that the thermodynamic rather
than the dynamical pathway dominates the Northern Hemisphere volcanic winter signal
in this ensemble.

This finding is physically coherent with the moderate eruption regime. The strato-
spheric teleconnection requires the aerosol-induced lower-stratospheric warming to be
sufficiently sustained to shift the meridional temperature gradient, strengthen the polar
vortex, and couple downward to the surface on the monthly timescales relevant to the
AO. At injection magnitudes of 1-5 Tg SO,, the lower-stratospheric warming signal is
present (Section 3.2, peak +0.7-1.0 K in the tropical lower stratosphere). However, it ap-
pears insufficient to systematically exceed the noise threshold for a coherent pressure-mode
response across the 25 ensemble members. This is consistent with analyses of CMIP5
volcanic ensembles, which find that models overestimate the polar vortex response even
for Pinatubo-class forcing [13], implying that the true response at moderate forcing should
be correspondingly weaker and less detectable. Bittner et al. [13] demonstrate with a
100-member MPI-ESM ensemble that detecting a significant NH polar vortex strengthening
after the Pinatubo eruption requires at least 15 ensemble members, and that the response to
El Chichén—approximately one third the SO, loading of Pinatubo—remains statistically
indistinguishable from zero even with 100 members. The eruptions in the present ensem-
ble fall within this sub-Pinatubo forcing regime, providing an independent expectation
that no coherent pressure-mode response should emerge at the 25-member ensemble size
used here.
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Conversely, the cryospheric amplification mechanism operates independently of any
circulation anomaly: aerosol shortwave reduction directly lowers Arctic surface tempera-
tures, expands sea ice, and amplifies the initial cooling through increased surface albedo
(r = —0.89 between Arctic albedo and minimum temperature anomalies; Section 3.4). This
mechanism requires no specific phase of the AO and is therefore detectable in the tempera-
ture EOF even when the pressure EOF shows no systematic response.

The higher explained variance of APS-EOF1 (32.4%) compared with T,-EOF1 (19.5%)
reflects the greater spatial coherence of the AO pressure signal relative to regional tempera-
ture variability. The fact that the volcanic forcing fails to project significantly onto the more
coherent and statistically dominant pressure mode further reinforces the conclusion that
the thermodynamic pathway governs the Northern Hemisphere response at this forcing
level. This partitioning has direct implications for detection and attribution. A detectable
positive AO signal in future pressure reanalyses following volcanic events would indicate
a forcing regime substantially stronger than the moderate eruptions characterised here. It
would be physically distinguishable from the thermodynamic warm-Arctic signal already
documented in the present ensemble.

The positive JJA APC1_Tyy, (+2.19) and the corresponding absence of a JJA pressure
signal jointly confirm that the summer volcanic response is entirely radiative: aerosol
suppression of surface insolation cools mid-latitude land surfaces without generating any
associated circulation anomaly in either season.

4.9. Limitations and Outlook

Several structural features of the experimental design warrant explicit discussion.
The use of a single baseline simulation rather than a volcanic-free ensemble means that
internal variability in the baseline introduces a common offset across all 25 member-wise
anomalies AX;, inflating the ensemble mean without affecting its variance; the one-sample
t-test used here is therefore slightly anti-conservative. Signal-to-noise ratios estimated from
decadal variability in the baseline confirm that this offset is negligible for near-surface and
stratospheric temperature and for tropospheric ozone, but moderate for stratospheric ozone
(S/N = 0.59; Figure A1), where QBO-driven interannual variability is large. Significance
statements for stratospheric ozone are interpreted accordingly.

The scenario composition—three strong, one moderate, and one weak eruption per mem-
ber, against a historical mean of approximately two strong events per century—deliberately
targets the upper bound of plausible volcanic activity to maximise signal detectability.
The diagnosed signal magnitudes should therefore be read as near-maximum rather than
most-probable estimates. A complementary ensemble sampling the historically expected
eruption composition would be needed to derive unbiased regional projections.

Three further limitations relate to model configuration. The absence of residual circu-
lation diagnostics (v*, w*) precludes unambiguous attribution of polar ozone enrichment
to enhanced Brewer—Dobson transport versus chemical mechanisms. The coarse horizon-
tal resolution (T31, ~3.75°) likely limits the fidelity of regional teleconnection patterns,
particularly over orographically complex regions such as Central Asia, and may underesti-
mate precipitation sensitivity to volcanic forcing [48]. All eruptions are assigned tropical
injection latitudes; high-latitude events such as Laki (1783) produce distinct hemispheric
asymmetries not represented here [1].

The QBO is prescribed from historical observations rather than simulated interactively,
introducing an additional source of uncertainty since the QBO phase at eruption onset mod-
ulates stratospheric aerosol transport and the polar vortex response [50,51]. However, the
practical significance of this limitation for the central conclusions of this study is constrained
by the sub-Pinatubo forcing regime of the ensemble. Using a 100-member ensemble of
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MPI-ESM historical simulations, Bittner et al. [52] showed that at least 15 ensemble mem-
bers are required to detect a statistically significant NH polar vortex strengthening after
the Pinatubo eruption, and that the response to El Chichén—at approximately one-third
the SO, loading of Pinatubo—remains undetectable even with 100 members. Azoulay
et al. [53] further demonstrated the existence of a forcing threshold between 2.5 and 5 Tg(S)
below which the polar vortex shows no detectable response, using idealised 100-member
ensembles. Since the individual eruptions in the present stochastic ensemble fall well
below the Pinatubo SO, loading, the AO pressure-mode response is already undetectable
at the ensemble size used here regardless of QBO phase. A fixed QBO phase may, there-
fore, introduce uncertainty in individual member responses but is unlikely to affect the
ensemble-mean conclusion of no significant AO excitation.

A further limitation concerns the prescribed nature of the volcanic aerosol forcing.
Aerosol optical properties and surface area densities are taken from a historical forcing
library [39,41] rather than being interactively simulated from SO, emissions. This means
that changes in future tropopause height, Brewer-Dobson circulation strength, and aerosol
microphysics under the warming background climate do not feed back onto aerosol lifetime
or radiative efficiency. As shown by Aubry et al. [29], climate change is expected to modify
stratospheric aerosol residence times, implying that the volcanic radiative forcing applied
here may not accurately reflect conditions later in the 21st century. This limitation affects all
variables analysed in the study but is most consequential for the ozone and stratospheric
temperature responses, where aerosol surface area density is the primary driver.

Finally, the 2022 Hunga Tonga eruption demonstrated that atypical injection
compositions—predominantly water vapour rather than SO,—can produce stratospheric
perturbations outside the parameter space of sulphate-based stochastic schemes [54]. Ex-
tending the scenario framework to include non-sulphate forcing will be necessary as the
diversity of observed eruption types is better characterised.

5. Conclusions

This study provides one of the first probabilistic characterizations of long-term vol-
canic climate impacts within a fully coupled chemistry-climate model with interactive
stratospheric ozone chemistry and prescribed volcanic aerosol forcing, using a 25-member
stochastic ensemble of SOCOL-MPIOM under SSP3-7.0 over 2020-2100. Unlike previ-
ous stochastic volcanic studies, which either lacked interactive stratospheric chemistry or
focused on paleoclimate validation, this framework simultaneously resolves the coupled at-
mospheric response across its radiative, dynamical, chemical, and cryospheric dimensions.

The stratospheric thermal response is robust and structurally stable: sulphate aerosol
absorption produces warming of +0.7-1.0 K in the tropical lower stratosphere, reproduced
consistently across all sub-periods and independent of the evolving background climate
state. This persistent lower-stratospheric heating is the physical origin of the surface signals
documented throughout the study, linking the radiative perturbation to both the dynamical
teleconnection in winter and the direct shortwave suppression in summer. At the surface,
five eruptions over the 80-year simulation period—comprising three strong, one moderate,
and one weak event—leave no detectable imprint on the centennial warming trend—the
ensemble and baseline temperature trends differ by only 0.004 K dec~'—but the volcanic
signal is regionally detectable relative to the baseline and physically coherent. Northern
Europe shows the most consistent response across all ten ETCCDIs, integrating winter
warming driven by the stratospheric teleconnection and summer drying through aerosol
suppression of convection into the largest regional precipitation deficit in the analysis
(=36 mm yr~!, p < 0.001). In the Arctic, the dominant mechanism is thermodynamic:
aerosol-induced shortwave reduction expands sea ice. It elevates surface albedo, amplifying
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the initial cooling through a feedback chain with r = —0.89 between albedo and minimum-
temperature anomalies. Applying EOF analysis jointly to near-surface temperature and
surface pressure demonstrates, for the first time, that this warm-Arctic signal does not
project onto the AO circulation mode, thereby separating the cryospheric amplification
pathway from the stratospheric teleconnection and establishing that the two mechanisms
are observationally distinguishable. The absence of any detectable signal over North
Anmerica, by contrast, reflects genuine cancellation of competing dynamical pathways rather
than insufficient ensemble size, and constitutes a physical constraint on the geographic
reach of moderate volcanic forcing.

At the global scale, tropospheric ozone trends in the SV ensemble and the baseline
are indistinguishable (—1.440 vs. —1.430 ppbv dec™!), with the small numerical differ-
ence falling within the range of internal model variability. The zonal-mean ozone section
confirms that the mid-stratospheric polar enrichment—driven by enhanced poleward trans-
port under the volcanically perturbed Brewer—Dobson circulation—does not propagate
into the lowermost stratosphere, ruling out enhanced stratosphere-troposphere exchange
as a mechanism modifying the tropospheric ozone budget. Stratospheric ozone exhibits
a bipolar anomaly—tropical depletion paired with polar enrichment—that strengthens
toward 2100 as declining halogen loading shifts the volcanic ozone response from hetero-
geneous chemical destruction toward dynamical poleward transport. This century-scale
transition in the character of volcanic ozone forcing is a qualitative change that single-
eruption experiments cannot resolve and that has direct implications for ozone recovery
projections under the Montreal Protocol.

The probabilistic framework quantifies the practical bounds of this influence. TXx
warming exceeding +0.5 K is more likely than not over 16% of global land, concentrated
in northern Eurasia and the Arctic; the probability falls to zero at +1.5 K. Since our sce-
narios target the upper end of plausible volcanic activity, these are near-maximum rather
than most-probable estimates—but they establish that stochastic volcanism introduces a
regionally substantial, physically coherent, and probabilistically quantifiable perturbation
to 21st-century climate that current CMIP6 projections do not capture.
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AOD Aerosol optical depth

AO Arctic oscillation
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CMIP6 Coupled Model Intercomparison Project Phase 6
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DJF December-January-February
DTR Diurnal temperature range
EOF Empirical orthogonal function
ETCCDIs  Expert Team on Climate Change Detection and Indices
FD Frost days
1D Ice days
JJA June-July—August
NAO North Atlantic oscillation
NH Northern Hemisphere
PNA Pacific-North America teleconnection
PRCPTOT  Total annual precipitation
QBO Quasi-biennial oscillation
SO2 Sulphur dioxide
SSP Shared socioeconomic pathway
SUSTE Summer daysStratosphere-troposphere exchange
SV Stochastic volcanic ensemble
TNn Annual minimum of daily minimum temperature
TR Tropical nights
TX90p Fraction of warm days
TN10p Fraction of cold nights
TXx Annual maximum of daily maximum temperature
WMO World Meteorological Organisation
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Figure A1. Estimation of internal variability in the volcanic-free baseline simulation over 2020-2100.
Each panel shows the annual mean time series of the baseline (red line) and non-overlapping decadal
means (dark blue horizontal bars) for four variables: near-surface temperature (T_surf, 850-1000 hPa),
stratospheric temperature (T_strat, 10-50 hPa), tropospheric ozone (O3_trop, 850-1000 hPa), and
stratospheric ozone (O3_strat, 10-50 hPa). The shaded band (+0) represents the standard deviation
of the eight decadal means, used as an estimate of decadal-scale internal variability. Signal-to-noise
ratios (S/N = | AX_volcanic| /o_internal) are shown in the upper right of each panel. Values of S/N <« 1
indicate that the common baseline offset introduced by the single-run experimental design is negligible
relative to the ensemble-mean volcanic signal; the moderate value for O3_strat (S/N = 0.59) reflects the
large interannual variability of stratospheric ozone driven by QBO and dynamical forcing.
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Appendix B

Step 1: Eruption library
5 strong - 5 moderate - 5 weak eruptions [39]
AOD range: 0.041 —0.241

\/

Step 2: Enumerate all candidate scenarios
C(5,3) x C(5,1) x C(5,1) = 250 combinations (Python 3.12 itertools)
Each: 3 strong + 1 moderate + 1 weak eruption

\4
Step 3: Assign eruption years
Random sampling from 2025-2090 Constraint: minimum 5-year inter-eruption interval

Step 4: Multi-criterion scoring
([ mam a e 1170 el TN ) AR TS e T |
I Diversity of sources — [ AOD variance — Interval cumulative AOD —
.. N N S
Score = 3-diversity + 2-AOD variance + 1-interval + 1-cumulative AOD
\ 4

Step 5: Select top 25 scenarios
Ranked by score - representativeness verified via 95% Cl overlap (Table 3)

Figure A2. Flowchart of the stochastic volcanic scenario selection procedure. Step 1: eruption library
comprising 15 events from Arfeuille et al. [39], classified into strong, moderate, and weak categories
by maximum stratospheric AOD. Step 2: exhaustive enumeration of all C(5,3) x C(5,1) x C(5,1) = 250
candidate scenarios using Python itertools, each comprising three strong, one moderate, and one
weak eruption. Step 3: random assignment of eruption years over 2025-2090, subject to a minimum
five-year inter-eruption interval. Step 4: multi-criterion scoring of each candidate scenario based
on four criteria—diversity of volcanic sources (weight 3), variance of total aerosol optical depth
loading (weight 2), correspondence of mean inter-eruption interval to the pool mean (weight 1),
and correspondence of cumulative AOD to the pool mean (weight 1). Step 5: selection of the
25 highest-scoring scenarios; representativeness of the selected subset relative to the full pool was
verified by 95% confidence interval overlap for three parameters (Table 3).
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