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The Supplementary Information primarily provides further detail and discussion that was not
possible to cover in the main text. It also contains several tables and figures referred to in the
main text and online methods.

Historical volcanic activity.

There exist various sources of estimates of volcanic forcing'“. We utilise a set of estimates
arising from ice-cores as detailed in the online methods which further describe how the 2,500
year series® is resampled to create plausible 21" century climate forcing futures. The original
proxy-based series are shown in Supplementary Figure 1. This figure highlights that there
exists considerable variability in volcanic forcing through time. The centennial-mean burden
historically has varied by a factor of five, and the twentieth century was towards the low-end
of the range of 25 centennial samples available. The thirteenth century had the most extreme
behaviour with no fewer than 4 eruptions that exceeded the magnitude of the recent Mt.
Pinatubo eruption in 1991 (which itself was the largest 20" century event). The three most
extreme members from the 60-member ensemble exceed slightly the thirteenth century time-
averaged burden (cf. Figure 1 in the main text), but such exceedance would be expected by
chance. This serves to reinforce how relatively quiescent the 20" century was and how poor a
guide it may be to future volcanic effects.

Realism of future volcanic forcing.

Our construction of plausible volcanic forcing oversimplifies real world volcanism, and there
is potential to refine the statistical representation of past volcanic activity in terms of
frequencies, magnitudes and geographic locations. The resampling approach does not account
for small eruptions that are not captured in ice-cores and provides a poor statistical
representation of the very large eruptions that have only a few occurrences in the 2,500-year-
long record” (Supplementary Fig. 1). Indeed, a comparison of our plausible forcing with the
original reconstruction indicates that the largest eruptions are potentially over-represented in
our forcing.

The statistics of reconstructed past and synthetic future volcanic activity are compared in
Supplementary Figure 2, which shows eruption frequencies for five selected size classes
(panel a) and three geographical regions (panel b) of reconstructed past and synthetic future
volcanic activity. While all frequencies of the future forcings fall within the 5-95% sampling
uncertainty range of the frequencies found in the reconstruction, the statistics indicate that our
future forcing ensemble by chance may over-represent the largest, Samalas-like eruptions and
under-represent Mt. Pinatubo-like eruptions as well as extratropical Northern Hemisphere
eruptions. After excluding the five strongest forcing members, the frequency of very large
eruptions in the synthetic forcing better matches that of the reconstruction. However, by
construction the ensemble is consistent with the underlying observed distribution which
implies that we cannot exclude the possibility that a scenario akin to one of these five
extreme members constructed may actually occur. The inclusion or exclusion of the strongest
forcing members has a measurable impact on the results but does not qualitatively change the
principal outcomes of the study (Supplementary Table 1).



Since the relationship of ice-core sulphate concentrations and stratospheric aerosol loading is
unknown for eruptions larger than Pinatubo (1991) the latter is more uncertain for very large
eruptions (e.g., Tambora 1815, Samalas 1257). Microphysics suggests that larger SO,
injections produce larger aerosol sizes with smaller radiative effects per mass unit sulphur’.
Thus, the linear Gao et al.' scaling may overestimate the radiative effects of the largest
eruptions in our model because the radiative effects are smaller for increased aerosol sizes’.
Crowley et al.> suggested a 2/3 power scaling for eruptions larger than Mt. Pinatubo to
mitigate these effects, something that should be considered in future applications. While
further research is required to better constrain the forcing of very large eruptions, our ice-core
based volcanic forcing is to first-order proportional to relevant surface temperature
reconstructions*’. In this study, the potentially too low sensitivity of the model and too strong
forcing from large eruptions partly compensate each other. Nevertheless, we likely
underestimate the effects of small-to-medium size eruptions and may overestimate the effects
of the largest eruptions.

These and other aspects may be improved in future through use of more sophisticated forcing
models based on extreme value theory”®, combined with longer records and improved
understanding of large volcanic eruptions’.

Impact of ensemble size on statistical robustness.

Given limited ensemble sizes, a concern is whether the quantified, volcanic induced changes
in probability density functions are robust over time. We tentatively addressed this point by
comparing the ensemble standard-deviation of annual-mean volcanic aerosol load with the
ensemble standard-deviation of annual-mean surface temperature (Supplementary Fig. 3).
The temporal variability in the ensemble spread of the volcanic aerosol load (panel a)
illustrates that considering individual years, 60 forcing futures are not sufficient for obtaining
stationary ensemble statistics. The corresponding temporal variability for surface temperature
(panel b) tends to follow that of volcanic aerosol load, illustrating how under-sampling of
volcanic forcing possibilities affects the projection outcome. Given the episodic and short-
lived nature of the forcing, we cannot expect that 60 forcing members are sufficient for
providing a good probabilistic representation on annual resolution possibilities (i.e. for each
individual year). It is thus unsurprising that the GMST spread of VOLC is uneven in time
(Fig. 2a) and roughly mirrors the evolution of the ensemble mean of volcanic aerosol load
(Supplementary Fig. 3a). Climate impact assessments are advised to use sufficiently large
time-windows in their computation of ensemble statistics to mitigate the problem.

A challenge remains that the ensemble must be large enough to adequately sample both
volcanic forcing possibilities and internal climate variability. Having only one simulation per
forcing possibility thus may compromise capturing combined effects'™'".

Changes in distribution statistics.

Supplementary Table 1 provides standard distributional statistics and summarizes
quantitatively the impacts presented in the main article. For all climate variables assessed in
the table, the distributional means of NO-VOLC significantly differ from those of VOLC-
CONST and VOLC, which, in turn, are very similar to each other. This result gives
confidence in the application of a constant background volcanic forcing in future climate
simulations if the main goal is to correctly predict the centennial mean shifts of the
distributions. Conversely, the variance of VOLC significantly differs from those of NO-
VOLC and VOLC-CONST, which, in turn, are very similar to each other. Thus, the



consideration of realistic volcanic forcing behaviour affects also the shape of distributions
and has a demonstrable impact on temporal climate variability and therefore uncertainty
ranges of climate projections.

Assessing model sensitivity.
Our results are based on a single model system, which has its own particular deficiencies in
the representation of the forced climate response and internal climate.

The comparison of the simulated to observed global temperature change following the Mt.
Pinatubo eruption (see Methods for experimental details) reveals a low bias of the global
climate sensitivity of the model (Supplementary Fig. 4). The ensemble-mean net radiative
effect at the top of the atmosphere of 2.2 W/m® (panel c) is 20% lower than observed but still
within the uncertainty range of observational estimates'” of 2.7+1 W/m” and towards the
lower range of the 2—4 W/m’ spread of CMIP5 models". The ensemble-mean maximum
global surface cooling after Mt. Pinatubo eruption of 0.3 K (panel b) is 25% lower than
ENSO-corrected observational estimates of 0.4 K'*'* and more than 50% lower than the
ENSO-corrected lower troposphere estimate of 0.7 K'°.

The simulated land precipitation response one year after Mt. Pinatubo eruption indicates a
large-scale weakening of the East Asian summer monsoon that is consistent with previous
findings'”"® (Supplementary Fig. 5). The summer precipitation response over the Sahelian
region is, in contrast, less strong than results of previous studies would suggest'. The latter is
indicative for a low sensitivity of the simulated variability in the position of Intertropical
Convergence Zone, which strongly influences Sahelian rainfall variability, to volcanic
forcing in our model. Like other climate models, our model generally underestimates the
volcanic impact on precipitation™.

Previous studies”*' found that current climate models — including NorESM — have problems
to reproduce the observed atmospheric circulation response to tropical eruptions that leads to
a winter time warming over the Northern Hemisphere continents. More recent studies®*’
partially recovered the observed response after limiting the analysis of the model output to
the first winter and to the largest eruptions of the late 19" century and 20* century. In
addition, the low-top of the atmospheric model may affect the dynamical response, but there
is no evidence that high-top models produce a more realistic response**. Deficiencies in the
atmospheric circulation response might have a small global effect, but may become important
for regional projections and partly explain a weak ocean circulation response in our
simulations.

Ocean circulation biases that cause overly efficient ocean heat uptake® lead to a strong
anthropogenic signal in steric sea level rise that potentially masks the volcanic impact.
Despite the existence of such biases, the impacts of volcanic activity on the ocean circulation
variability in our model agree well with those simulated by others models™.

The volcanic impacts on climate variability may also depend on existence and strength of an
ENSO response. Our model does not simulate a robust ENSO response to Mt. Pinatubo
forcing'?, supporting the absence of a causal relation between the 1991 Mt. Pinatubo eruption
and the subsequent El Nifio event”’. In turn, strong extratropical eruptions have been found to
cause a robust ENSO response in our model®.



The evidence for a low bias in NorESM's sensitivity to volcanic forcing by no means reduces
the relevance of the simulation findings. On the contrary, it indicates that the role of volcanic
effects may be larger than suggested in this study. A potential overrepresentation of largest
eruptions by chance due to sampling and also due to the linear scaling that we applied to
obtain the forcing (prior Sections) may, however, partially compensate for the low model
sensitivity.

Robustness of findings to errors in volcanic sensitivity and anthropogenic trend.
Another source of uncertainty stems from the simulated anthropogenic trend that depends on
the choice of the anthropogenic greenhouse gas scenario and the model's sensitivity to the
anthropogenic forcing. We would note that the anthropogenic concentration scenario
RCP4.5* is more pessimistic than the 2 K goal of the Paris agreement™, consistent with
which our simulated warming by end of Century exceeds 2.5 K (Fig. 2a), despite the low
model sensitivity”. In light of the Paris agreement, we deemed RCP4.5 the most likely
scenario of the available RCP scenarios. RCP dependence combined with deficiencies in the
model response are nevertheless expected to have some effect on the results.

The dependence on the anthropogenic trend is most obvious if measuring volcanic effects
relative to the anthropogenic climate change — like this study does for GMST and global sea
level rise — in which case the volcanic signal is expected to become relatively weaker for a
stronger anthropogenic trend. However, the presence of the anthropogenic trend does not
diminish the signal strength of volcanic effects in the same way as internal variability does
since the anthropogenic trend can be estimated (within uncertainty bounds) and removed
from the analysis. Thus, this effect is likely relatively small and we believe the most
important aspects of the study to be relatively insensitive to plausible anthropogenic
emissions futures such that our principal conclusions would still hold if one picked a different
RCP scenario. The same may also be expected to hold for another model with a different
climate sensitivity, although we would encourage one or more modelling groups to undertake
such experimentation to confirm this. We would stress that despite potentially lower relative
signal strength, volcanic induced climate variability would, all else being equal, become more
important in a high RCP world that is more vulnerable due to higher existent stresses on
society.

It is reasonable to assume that the volcanic effects on annual-to-decadal scale variability —
manifesting in an increase of ensemble spread — are to first order insensitive to the
anthropogenic background trend. Our results suggest volcanic effects increase the range of
annual to decadal variations, while anthropogenic change primarily shifts the entire
distribution. It is this increase in range — between negative and positive temperature extremes
— that the study highlights. However, the global warming dependence of the volcanic impact
on local extremes might be more non-linear and complex than implied herein. This should be
addressed in future studies that focus more on regional climate impacts.

For certain diagnostics we considered — like the probability of decade-long negative GMST
trends — volcanic effects become relatively more important under a stronger anthropogenic
scenario, because internal, unforced climate variability is less likely to offset the
anthropogenic trend. The same holds for ‘pauses’ in sea level rise and Arctic sea ice decline.
Nonetheless, for other quantities one would expect a relatively weaker volcanic signal if one
used a stronger anthropogenic emission scenario. For example, the volcanic effects on the
time when GMST change exceeds 1.5 K can be expected to be sensitive to the background



trend. However, there is only little difference between the RCP scenarios early in the century
(Knutti & Sedlacek’, their Fig. 1). Similarly, the volcanic effects on the time of emergence of
anthropogenic climate change are likely to some degree sensitive to the anthropogenic
background trend.

Consideration of broader forcing uncertainties.

In the earlier discussion limitations arising from ensemble size were discussed in the context
of the specific challenge of volcanic forcing. If in addition it is desired to consider various
plausible future anthropogenic forcing scenarios the challenge becomes yet more acute.
Future work should aim at optimizing the experimental design to answer as many scientific
and societally relevant questions as possible while ensuring statistical robustness and
simultaneously minimizing computational costs.

Specifically, our experimental design does not consider uncertainties in other external
forcings. Differences in our results for the late 21* century versus the entire period
demonstrate that the relative importance of volcanic impact depends on the anthropogenic
forcing trajectory (Fig. 3d-e). In addition to using a single anthropogenic forcing scenario in
our experiments, historical solar variability was repeated as suggested in the latest climate
projection protocols®™. A similar approach as the one presented for volcanic uncertainty could
be used to assess solar forcing uncertainty effects in future climate projections. This would be
more involved as it would need to properly account for the long-term memory processes
readily apparent in available solar reconstructions and the broad uncertainty apparent in the
range of available historical estimates.
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Supplementary Fig. 1 | Historical volcanic forcing. a, Stratospheric volcanic aerosol load
(Tg) reconstructed from sulphate depositions over the last 2,500 years in Greenland and
Antarctic ice-cores*. Centuries on y-axis and year of century on x-axis. b, Centennial mean

load.
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Supplementary Fig. 2 | Eruption size and location statistics. a, Annual eruption
probabilities for selected size classes derived from Sigl et al.* reconstruction (black),
VOLC forcing futures (solid red) and VOLC forcing futures after removing the five
strongest forcing members (stippled red). Sample uncertainties for the reconstructed data

are indicated by 5-95 and 25-75 bootstrap-percentiles (box-whiskers). b, As a, but for
location of eruptions.
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Supplementary Fig. 3 | Ensemble spread of global temperature versus ensemble spread
of volcanic aerosol load. a, Ensemble standard-deviation of annual mean stratospheric
volcanic aerosol load. b, Ensemble standard-deviation of global mean surface air
temperature. Correlation coefficient r=0.6 for lag O and r=0.75 for lag 1 (aerosol forcing
leading).
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Supplementary Fig. 4 | Radiation and temperature response to Mt. Pinatubo eruption.
a, Stratospheric volcanic aerosol load in NorESM's historical simulation, b, Top-of-
atmosphere net radiation balance (negative up) from 60 simulations with (blue) and
without (red) Mt. Pinatubo forcing. Monthly values with seasonal cycle removed of
ensemble means (solid), with 5-95% bootstrap confidence bounds (shading). ¢, Global
surface temperature change relative to 1990. The NASA GISS observational global
temperature estimate™ (black) is shown for comparison.
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Supplementary Fig. 5 | Boreal summer precipitation response to Mt. Pinatubo
eruption. Ensemble mean difference for 1992 May—September averaged precipitation over
land, computed from the output of 60 historical NorESM simulations with and without Mt.
Pinatubo forcing. Units are in mm/yr. The box (5-55°N, 60—135°E) marks the region Feng
et al.'” used for defining their warm season Asian precipitation index.
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Supplementary Fig. 6 | Spatiotemporal shape functions of volcanic forcing. Normalized
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Supplementary Fig. 7 | CMIPS versus ice-core reconstructed volcanic forcing of the
recent past. Forcing from the model's CMIPS5 historical integration™ (gray) versus an ice-
core based reconstruction® (red) as described in Methods.
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Supplementary Table 1 | Changes in distribution statistics. The distribution statistics
presented in the table complement the analyses of the main article and are computed along
the ensemble dimension and where applicable, also time dimension. Means are computed
relative to the year-1850 model climate. Standard-deviations are computed after subtracting
the time dependent ensemble-mean. Number in brackets denote 5-95% bootstrap confidence
intervals.

Variable Stats Units NO-VOLC VOLC-CONST VOLC

Fig.2 — Annual SAT

All years mean K 2.08 (2.07 - 2.09) 2.02 (2.00 - 2.04) 201 (2.00 -2.02)
std K 0.092 (0.090 - 0.093) 0.089 (0.086 - 0.092) 0.159 (0.146 - 0.172)

20162035 mean mean K 1.58 (1.57-1.59) 1.52 (1.53-1.54) 1.52 (1.51-1.54)
std K 0.032 (0.028 - 0.035) 0.032 (0.024 - 0.039) 0.075 (0.056 - 0.091)

dSAT > 1.5K mean  yr 2022.3 (2022.0 - 2022.5) 2024.3 (2023.8 - 2024.8) 2024.3 (2023.7 - 2025.0)
std yr 1.3(1.1-1.5) 1.5(1.0-1.8) 30 (24-3.6)

Fig. 3 — Decadal SAT

10-yr means std K 0.039 (0.037 - 0.041) 0.041 (0.038 - 0.044) 0.109 (0.097 - 1.121)

10-yr trends mean  K/10-yr 0.17 (0.17 - 0.18) 0.16 (0.16 - 0.17) 0.17 (0.16 - 0.17)
std K/10-yr  0.123 (0.118 - 0.127) 0.128 (0.121 - 0.136) 0.238 (0.216 - 0.261)
P(y<0) % 104 (9.6-11.2) 114 (9.8 -13.0) 16.8 (15.7-17.9)
P(y<0)* % 42 (32-53) 4.6 (3.0-6.1) 105 (8.5-12.5)

Fig. 4 — Decadal averages

TOA net mean  W/m2 1.26 (126 - 1.27) 1.23 (1.22-1.23) 1.21 (1.20 - 1.22)
std W/m2 0.06 (0.06 - 0.07) 0.06 (0.06 - 0.07) 0.21 (0.18-0.24)

Sea level mean  mm 139.3 (138.7-139.9) 1353 (134.4-136.3) 134.1 (1329 -135.2)
std mm 32(29-34) 34(3.0-3.7) 7.0 (60-7.8)

Monsoon precip. mean mm/yr 48.0 (46.9 - 49.2) 41.7 (40.2-43.1) 40.8 (39.2-424)
std mm/yr 156 (149-164) 163 (149-17.7) 19.1 (18.1-19.9)

AMOC strength mean  Sv -4.34 (436 --4.31) -4.20 (-4.25 - -4.15) -4.12 (-4.16 - -4.08)
std Sv 041 (0.39-043) 0.46 (0.40 - 0.50) 0.50 (0.47 - 0.53)

NH sea ice volume mean  10”m3  -28.4 (-28.5 - -28.3) -28.1 (-28.3--27.9) -279 (-28.1--27.7)
std 10> m3 1.3(12-14) 14(1.2-1.6) 1.5(14-1.7)

* analysis limited to 2005-2050



Supplementary Table 1 | Continued. The computation of VOLCS5S5 statistics omits the
simulation results from the five strongest forcing members shown in Figure 1.

Variable Stats Units VOLC VOLCS55

Fig.2 — Annual SAT

All years mean K 2.01 (2.00 - 2.02) 202 (2.01-2.03)
std K 0.159 (0.146 - 0.172) 0.147 (0.136 - 0.158)

20162035 mean mean K 1.52 (1.51-1.54) 1.53 (1.51-1.55)
std K 0.075 (0.056 - 0.091) 0.068 (0.050 - 0.083)

dSAT > 1.5K mean  yr 2024.3 (2023.7 - 2025.0) 2024.1 (2023.5-2024.8)
std yr 30(24-3.6) 30 2.2-3.6)

Fig. 3 — Decadal SAT

10-yr means std K 0.109 (0.097 - 1.121) 0.095 (0.085-0.104)

10-yr trends mean K/10-yr 0.17 (0.16 - 0.17) 0.17 (0.16-0.17)
std K/10-yr  0.238 (0.216 - 0.261) 0.214 (0.196 - 0.232)
P(y<0) % 16.8 (15.7-17.9) 160 (15.0-17.0)
P(y<0)* % 10.5 (8.5-12.5) 94 (75-11.3)

Fig. 4 — Decadal averages

TOA net mean  W/m2 121 (1.20-1.22) 122 (1.21-1.22)
std W/m2 0.21 (0.18 - 0.24) 0.19 (0.16-0.21)

Sea level mean  mm 134.1 (132.9-135.2) 1349 (133.7-136.0)
std mm 7.0 (6.0-7.8) 62 (52-72)

Monsoon precip. mean mm/yr 40.8 (39.2-424) 420 (406-434)
std mm/yr 19.1 (18.1-19.9) 18.3 (17.5-19.1)

AMOC strength  mean  Sv -4.12 (-4.16 - -4.08) -4.14 (-4.18 - -4.10)
std Sv 0.50 (047 -0.53) 049 (0.46-0.52)

NH sea ice volume mean 10" m3 =279 (-28.1 --27.7) -279 (-28.1--27.8)
std 10> m3 1.5104-1.7) 1.5 14-1.7)

* analysis limited to 2005-2050
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Matlab code for generating proxy-based volcanic forcing futures
% created 12 Oct 2016 (ingo.bethke@uni.no)

% read sulphate depositions from SI of Sigl et al. 2015, Nature
data=xIsread('nature14565-s6 xIsx',2);

% set missing data to zero
data(isnan(data))=0;

% extract fields

location_sigl15=data(:,2); % location flag (1=tropical, 2=NH, 3=SH)
deposition_north=data(:,3); % Greenland
deposition_south=data(:,5); % Antarctica

% convert to stratospheric volcanic aerosol mass (Tg) using
% scaling relation from Gao et al. 2007, J. Geophys. Res.
for n=1:length(location_sigl15)
if location_sigl15(n)==2
mass_sigl15(n)=0.57*deposition_north(n);
else
mass_sigl15(n)=deposition_north(n)+deposition_south(n);
end
end

% define ensemble size and time period for synthetic forcing
NMEMBER=60; % number of forcing members

YEAR1=2006;

YEARN=2099;

P=1./2500./12.; % probability for eruption to occur in specific month

% choose and seed random number generator

% The twister algorithm is default in python and new matlab versions.
% The below setting gives the same result as the numpy python

% implementation.

rand('twister',0);

% create forcing futures
for member=1:NMEMBER
count_future=0;
for y=YEARI1:YEARN
for m=1:12
for count_sigl15=1:length(mass_sigl15)
if rand<P
count_future=count_future+1;
year{member }(count_future)=y;
month{member}(count_future)=m:;
location{member}(count_future)=location_sigl15(count_sigl15);
mass{member}(count_future)=mass_sigl15(count_sigl15);
end
end
end
end
end

% save result
save futureVolcForcing.mat year month location mass



