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ABSTRACT: Volcanic super-eruptions have been theorized to cause severe global cooling, with the 74 kya Toba eruption
purported to have driven humanity to near-extinction. However, this eruption left little physical evidence of its severity and
models diverge greatly on the magnitude of post-eruption cooling. A key factor controlling the super-eruption climate response
is the size of volcanic sulfate aerosol, a quantity that left no physical record and is poorly constrained by models. Here we show
that this knowledge gap severely limits confidence in model-based estimates of super-volcanic cooling, and accounts for much
of the disagreement among prior studies. By simulating super-eruptions over a range of aerosol sizes, we obtain global mean re-
sponses varying from extreme cooling all the way to the previously unexplored scenario of widespread warming. We also use
an interactive aerosol model to evaluate the scaling between injected sulfur mass and aerosol size. Combining our model results
with the available paleoclimate constraints applicable to large eruptions, we estimate that global volcanic cooling is unlikely to
exceed 1.5°C no matter how massive the stratospheric injection. Super-eruptions, we conclude, may be incapable of altering
global temperatures substantially more than the largest Common Era eruptions. This lack of exceptional cooling could explain
why no single super-eruption event has resulted in firm evidence of widespread catastrophe for humans or ecosystems.

SIGNIFICANCE STATEMENT: Whether volcanic super-eruptions pose a threat to humanity remains a subject of
debate, with climate models disagreeing on the magnitude of global post-eruption cooling. We demonstrate that this
disagreement primarily stems from a lack of constraint on the size of volcanic sulfate aerosol particles. By evaluating
the range of aerosol size scenarios, we demonstrate that eruptions may be incapable of causing more than 1.5°C cooling
no matter how much sulfur they inject into the stratosphere. This could explain why archaeological records provide no
evidence of increased human mortality following the Toba super-eruption. Further, we raise the unexplored possibility
that the largest super-eruptions could cause global-scale warming.
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1. Introduction The most studied and debated super-eruption occurred at the

Volcanic impacts on climate have been implicated in the site of Lake Toba in Indonesia ~74 000 years ago. This Youn-

Roman Republic’s decline and political upheavals in ancient
Egypt (McConnell et al. 2020; Manning et al. 2017), among other

gest Toba eruption has been linked to a shift in glacial cycles
(Rampino and Self 1992) and the potential near-extinction of

crises Yet seen from longer time scales, the largest eruptions of
recent millennia could be considered modest. Compared to the
largest Common Era eruptions, super-eruptions inject into the
stratosphere many times more sulfur that forms sunlight-blocking
aerosol particles. This has been theorized to cause catastrophic
consequences on climate (Rampino and Self 1992; Robock et al.
2009) and human populations (Ambrose 1998; Rampino and
Ambrose 2000). However, knowledge of these eruptions and their
impacts is limited, as no super-eruption has occurred since the one
at Lake Taupo in New Zealand 25400 years ago (Vandergoes
et al. 2013). Here we use models and proxies to constrain super-
eruption temperature response as much as is possible with this
limited knowledge.
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humanity, possibly influencing human development (Ambrose
1998). For such extreme impacts, the Toba eruption would need
to have caused global cooling many times stronger than the
~0.3°C impact of the much smaller but relatively well-observed
1991 eruption of Mt. Pinatubo (Zanchettin et al. 2022). This
might be expected given Toba’s injection mass of 706600 Tg
sulfur dioxide (SO,) gas into the stratosphere (Black et al. 2021)
compared to Pinatubo’s 184 = 4.5 Tg SO, (Guo et al. 2004).
Stratospheric SO, undergoes chemical reactions and condenses
into liquid aerosol droplets that are primarily composed of sul-
furic acid (hereafter referred to as sulfate aerosol, sulfate par-
ticles, or simply aerosol). An extreme injection of stratospheric
sulfur is expected to form a dense layer of sulfate that reflects
considerable sunlight. However, efforts to identify a strong tem-
perature change contemporaneous with the Toba eruption have
proved elusive. Notably, attempts to link fluctuations in ice core
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temperature proxies to Toba’s occurrence have been inconsis-
tent with an attribution to volcanic cooling (Svensson et al.
2013; Crick et al. 2021). Although a millennium-scale cooling
was identified in ice core 6'30 records in close temporal prox-
imity to the eruption (Zielinski et al. 1996), this was later found
to be incompatible with simulations showing Toba’s impacts to
end within a few decades of the eruption (Robock et al. 2009).
Further drawing into question the Toba eruption’s severity, sites
where Toba’s tephra layer was identified have evidenced contin-
uous life across the eruption. Archaeological excavations in
northern India and South Africa have revealed continuous hu-
man settlement (Petraglia et al. 2007; Clarkson et al. 2020; Smith
et al. 2018). Additionally, analysis of Lake Malawi biota found
little change in post-eruption sediment composition (Lane et al.
2013; Yost et al. 2018). Claims of Toba’s catastrophic impact are
hence not substantiated by the available evidence.

Given the inability to use climate proxies to estimate cooling
following super-eruptions, evaluations have relied on global cli-
mate model simulations (Rampino and Self 1992; Robock et al.
2009; Timmreck et al. 2010; Brenna et al. 2020; Osipov et al.
2020; Black et al. 2021). This represents a bottom-up approach
whereby volcanic SO, mass estimates from sulfate deposited in
ice cores (e.g., Toohey and Sigl 2017) are input to climate mod-
els that then simulate the radiative forcings of the resulting sul-
fate layer and the associated climate responses. Contemporary
studies of Toba (Black et al. 2021; Timmreck et al. 2010; Osipov
et al. 2020; English et al. 2013) have relied on interactive aerosol
models, which include the chemical reactions that form sulfate
from volcanic SO, gas and the microphysics of the sulfate layer’s
formation and decay. The transition from early modeling studies
(Rampino and Self 1992; Robock et al. 2009) to interactive aero-
sol simulations has resulted in consensus around a reduced cool-
ing estimate. This reduction has been attributed to more realistic
prediction of volcanic aerosol size when simulating aerosol micro-
physical processes (Timmreck et al. 2010). However, despite con-
siderable technical advances over the last decades, interactive
aerosol model estimates of global cooling have continued to
widely disagree. Even for tropical super-eruptions of similar SO,
mass, estimates have ranged from extreme (>8°C) (Robock et al.
2009; Osipov et al. 2020) to more modest (2°4°C) global surface
cooling (Black et al. 2021; Timmreck et al. 2010).

Simulations have revealed that sulfate aerosol size increases
with injection mass, and that this aerosol size enhancement limits
solar reflectance and post-eruption cooling (Pinto et al. 1989;
Timmreck et al. 2010). However, actual sulfate aerosol sizes fol-
lowing very large eruptions remains unknown, as no eruption
emitting more SO, than Pinatubo (1991) has been observed with
modern methods. Aerosol size cannot readily be estimated from
ice cores, as preserved sulfate has undergone mixing and com-
paction that makes it unrepresentative of stratospheric aerosols.
Even post-Pinatubo sulfate aerosol size is uncertain, as in situ
measurements were taken at a limited number of locations
(Deshler 1994; Deshler et al. 1997; Goodman et al. 1994) and
flight trajectories (Pueschel et al. 1994; Wilson et al. 1993).
Global-scale reconstructions of post-Pinatubo aerosol size tend
to be approximations based on satellite aerosol extinction re-
trievals (Bingen et al. 2004; Thomason 1992), with no substantial
record of larger injection cases.
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Since no observations of super-eruption aerosol size exist, esti-
mates rely on empirical relationships or model process represen-
tations. To simplify our discussion of aerosol size, we will focus
on the area-weighted radius of the aerosol size distribution, a
standard metric known as effective radius (R.g) (Hansen and
Travis 1974). We will especially discuss its maximum global mean
value reached after the eruptions, which we refer to as peak Reg.
Compared to the peak R near 0.55 um that followed Pinatubo’s
1991 eruption (Sato et al. 2012), the peak R that follows erup-
tions injecting more stratospheric mass could theoretically vary be-
tween two bounds. These represent minimal aerosol size, with all
injected sulfur mass beyond that of Pinatubo forming new aero-
sols to keep peak R constant near 0.55 um, and maximal aerosol
size, with all additional sulfur mass depositing onto the same num-
ber of aerosols as had formed after Pinatubo.

Simple estimates treat the size of sulfate aerosols as increas-
ing with injected mass via a power-law scaling (Toohey et al.
2016; Crowley and Unterman 2013)

R = (Msoz)k’ (€]

where the constant k dictates the increase in sulfate aerosol size
from one injected mass (Msoz) to another, and is bounded be-
tween the unchanging aerosol size case (at k = 0) and the maximal
aerosol size increase case (at k = 1/3). This power-law scaling is
used to capture the complex microphysical interactions in a highly
approximated form. More specifically, for a generic eruption
(i) with Pinatubo as a reference case, the scaling law takes the form

Reiti = Rettpinatubo < (MSOZJ/ MSOZ,Pinatubo)k‘ @
While it has already been established that large sulfate aerosol
particle size reduces the surface cooling from super-eruptions
(Timmreck et al. 2010), this effect has not been explored beyond
individual uses of a single climate model. In this study we compare
prior model studies of large eruptions and show that these have
been unable to effectively constrain aerosol size. We then demon-
strate that the spread in aerosol size among modeling studies is
the main reason behind the spread in post-eruption cooling mag-
nitude. By exploring the physical limits of volcanic aerosol size,
we show that current knowledge is too limited for super-eruption
temperature impacts to be well constrained. We evaluate the scal-
ing between eruption mass and aerosol size in an interactive aero-
sol model, and test the compatibility of aerosol size scenarios with
the available data left by extremely large eruptions. We put for-
ward two unexplored possibilities that appear in our simulations:
(i) volcanic global cooling might be unable to exceed 1.5°C no
matter how much SO, is injected, and (ii) global-scale warming
may be a plausible response to the very largest eruptions.

2. Methods
a. Interactive volcanic aerosol simulations

To assess the scaling between injected sulfur mass and peak
sulfate aerosol size, simulations were carried out with GISS
ModelE2.1 coupled to the MATRIX interactive aerosol
chemistry and microphysics module (Bauer et al. 2008, 2020).



15 FEBRUARY 2024

MATRIX includes representations of the processes control-
ling volcanic aerosol size, among which sulfate-on-sulfate
coagulation, new aerosol formation, and condensation of
SO, gas onto pre-existing aerosols are most critical (Kremser
et al. 2016). ModelE2.1 has 40 vertical levels extending from
the surface to 0.1 hPa. Compared to the default version of
ModelE2.1 with MATRIX, our simulations also include aerosol
and SO, impacts on photolysis along with the SO, greenhouse
effect (Osipov et al. 2020). To correct for sulfate aerosols being
too small relative to Pinatubo (see Fig. 1) we also added coagu-
lation enhancement by Van der Waals forces using a parameter-
ization (Chan and Mozurkewich 2001) incorporated in previous
studies (English et al. 2013; Sekiya et al. 2016). Since a 13 Tg
SO, volcanic eruption with MATRIX closely matches Pinatubo
observations (Fig. 1), all mass injections input into MATRIX
were scaled such that the 13 Tg SO, injection represents an
18 Tg SO, Pinatubo eruption. This difference between injected
and observed stratospheric sulfur mass could reflect either that
much of the emitted sulfur did not reach the stratosphere
(Ukhov et al. 2023) or that processes removed sulfur shortly af-
ter the eruption (Mills et al. 2016). In our ModelE2.1 eruption
simulations, SO, is released between 20 and 26 km over the
equator. We also coinject 10 Tg H,O (Tg SO,) ! to account for
direct stratospheric injection of water vapor by the eruptions
(Sioris et al. 2016).

b. Prescribed volcanic aerosol simulations

To evaluate post-eruption radiative forcings and the accompa-
nying surface temperature responses, we have performed and
analyzed a large number of simulations with prescribed aerosols.
Compared to the interactive aerosol model version described
above, the prescribed aerosol configuration allows greater flexi-
bility for testing an extensive range of injected sulfur masses and
sulfate aerosol sizes. For this task, the GISS ModelE2.2 climate
model (Orbe et al. 2020) was used. ModelE is a high-top model
with 102 vertical levels up to 89 km, and more realistically simu-
lates stratospheric circulation than the lower vertical resolution
ModelE2.1 (Orbe et al. 2020). The model was set up as in a re-
cent study (DallaSanta and Polvani 2022), with a coupled prog-
nostic ocean and noninteractive chemistry, although we here use
unique volcanic inputs as described in the next paragraph.

Aerosol extinction and R time series were derived from the
Easy Volcanic Aerosol (EVA) module (Toohey et al. 2016) and
rescaled to various combinations of injection SO, mass and vol-
canic aerosol size. This method of scaling Pinatubo-based aero-
sol properties simplifies interpretation of results and reduces
computational expense compared to using an interactive aerosol
model for all experiments. EVA has been employed by the Vol-
canic Model Intercomparison Project (Zanchettin et al. 2016)
and offers a self-consistent framework for testing the impact
of varying eruption parameters. First, we used EVA to produce
aerosol extinction and size values for an 18 Tg SO, Pinatubo-
like equatorial eruption, with default values used for remaining
input parameters. EVA’s fittings are based on aerosol observa-
tions of Pinatubo’s 1991 eruption, so the spatiotemporal vari-
ability of all our aerosol inputs approximately replicates this
eruption. To represent distinct injection masses, we then rescaled
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FIG. 1. Simulation of Pinatubo with GISS ModelE’s interactive
aerosol model. Evolutions of global mean (a) stratospheric aerosol op-
tical depth (AOD) at 550 nm and (b) sulfate effective radius (Refr)
from ModelE/MATRIX simulations of a June volcanic eruption in-
jecting 13 Tg SO, into the stratosphere at the location of Mt. Pinatubo.
Shown is the MATRIX setup used herein (green lines) and prior to
the addition of Van der Waals coagulation enhancement (red lines).
The satellite-derived volcanic dataset (IACETH 2017) used in
CMIP6 is shown for comparison (dashed lines). The R values shown
are globally and vertically weighted by aerosol extinction to avoid rep-
resenting locations lacking aerosols.

the Pinatubo-based extinction and size values from EVA to a
range of eruption masses up to 2000 Tg SO,. First, we multiplied
extinction values by the new injection mass divided by 18 Tg
SO,. We next rescaled the sulfate aerosol size to distinct
scenarios between the bounds of zero and maximal aerosol
size increase (k = 0 and k = 1/3, respectively), resulting in
28 mass—size combinations. Along with the size rescaling,
extinction values were altered to preserve the theoretical
relationship MSO4 « Extinction X R, (Clyne et al. 2021)
while assuming sulfate and SO, vary proportionally. A limi-
tation of our prescribed aerosol setup is that it does not ac-
count for nonlinearities in the gravitational settling of aerosols,
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which may reduce the aerosol extinction for the largest erup-
tions and limit plausible aerosol size scenarios to a narrower
range than we explore (discussed further in section 7).

The resulting aerosol extinction and size values were used
as input to simulate eruptions across the two-dimensional
Msoz—peak R,; eruption parameter space under preindustrial
conditions. Peak temperature responses and aerosol radiative
forcings were then output from the model, and were interpo-
lated to cover the full mass-size space using a radial basis
function method (scipy.interpolate. Rbf in Python). The radia-
tive forcings were calculated using multiple radiation calls in
the coupled runs, rather than in separate fixed-SST runs, and
hence do not include rapid adjustments. For these simula-
tions, all eruptions were set for 15 January of the first simu-
lated year, as our separate analysis of specific eruption cases
(described below) found little influence of eruption season on
peak temperature response. To isolate the effect of aerosol
size, the eruptions start from identical initial conditions. The
response is defined with respect to the corresponding control
run and smoothed with a 12-month moving average. With this
procedure, sample uncertainty in the peak value is on the or-
der of 0.1 K, based on analysis of the large ensembles in
DallaSanta and Polvani (2022).

We also used this model setup to produce ensembles for two
case studies, described in sections 5 and 6. The first is the Toba
super-eruption, while the second is the largest eruption available
in tree ring reconstructions, that of Mt. Samalas in AD 1257. Dis-
tinct ensemble members were produced by initializing experi-
ments from different ENSO-neutral conditions in the long
control run used by DallaSanta and Polvani (2022).

C. Proxy temperature reconstructions

To constrain how sulfate aerosol size scales with injection
mass, we assessed whether simulations from the abovementioned
Samalas ensemble are consistent with tree ring temperature re-
constructions of this eruption. For this, temperature reconstruc-
tions of the years following the AD 1257 eruption (Guillet et al.
2017; Wilson et al. 2016; Schneider et al. 2015) were compared to
simulations as in a previous study (Wade et al. 2020). As these
proxies best represent Northern Hemisphere land during boreal
summer, we compared these with June—August (JJA) simulation
output averaged over land >40°N only. We additionally use re-
construction NH1 of Stoffel et al. (2015). While the proxy re-
constructions all indicate that a cooling likely followed the
Samalas eruption, temperature reconstructions disagree on this
cooling’s magnitude and whether it peaked in the first or sec-
ond post-eruption summer. Second summer peaks may indicate
a biological memory lag issue in the tree ring data (Zhu et al.
2020). A caveat of our model-proxy comparison is that the un-
certainties are not fully comparable, since proxy records report
instrumental uncertainties while model uncertainties represent
climate system variability (Wade et al. 2020; Zhu et al. 2020).

3. Sulfate aerosol size following super-eruptions

We start by exploring what range of sulfate aerosol sizes
are plausible after a super-eruption, and whether interactive
aerosol models are useful for bounding this further. The
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FIG. 2. Modeled sulfate aerosol size for eruptions larger than
Pinatubo, showing peak global mean sulfate aerosol sizes from in-
teractive aerosol model simulations plotted by injected mass of
sulfur dioxide (SO,). Circles represent simulations from prior stud-
ies while triangles are this study’s results using ModelE/MATRIX.
Also shown is a power-law fitting to the ModelE/MATRIX values
(green dotted line) and output from Easy Volcanic Aerosol
(orange dashed line). ModelE and EVA values were globally (and
for ModelE vertically) weighted by aerosol extinction to avoid rep-
resenting areas lacking sulfate. This results in a slight mismatch be-
tween the EVA values here and those presented in Toohey et al.
(2016). Other R values are shown as weighted and presented in
the cited studies.

above-described theoretical space between minimal and maxi-
mal aerosol size as a function of injection mass is illustrated
by the gray shaded area in Fig. 2. Here values are extrapo-
lated from Pinatubo, and we allow for a £0.10 wm uncertainty
to Pinatubo’s 0.55 wm peak R.g value. This forms the shaded
range between a constant 0.45 um R and a k = 1/3 scaling
starting from 0.65 um at Pinatubo’s mass.

We start by assessing aerosol size agreement among past
modeling studies that use interactive aerosol microphysics
and chemistry to assess eruptions larger than Pinatubo (Black
et al. 2021; Timmreck et al. 2010; Brenna et al. 2020; Osipov
et al. 2020; Clyne et al. 2021; Wade et al. 2020; English et al.
2013). From the text and figures in these studies, we compiled
the injected SO, masses and resulting peak global mean R
values. Information on the models used and eruptions simu-
lated is summarized in Table 1. Note that one of these studies
(Wade et al. 2020) contained simulations representing four
eruption scenarios, yet two of these (LO-HAL and LO-SO2)
had nearly identical results, which we averaged together and
treat as a single experiment. Note also that one of these stud-
ies (Clyne et al. 2021) had output from several models, while
the others each assessed one model only.

Among the assessed interactive aerosol simulations, we find
no consensus on peak sulfate aerosol size following large erup-
tions. The peak effective radius values in these studies (plotted
as circles in Fig. 2) span much of the range between the two ex-
treme theoretical scenarios described above. Among 2000 Tg SO,
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Toba experiments, peak global mean R, values vary from
0.75 um (Osipov et al. 2020) to 1.87 wm (English et al. 2013).
This reveals that interactive aerosol models are subject to con-
siderable uncertainties in microphysical and chemical process
rates. Further, there are reasons to doubt that the spread across
models in Fig. 2 represents the actual aerosol size uncertainty.
First, model diversity is severely lacking. Of the six studies we
compiled with eruptions > 150 Tg SO, (including this one), five
use either CESM/WACCM or ModelE. Second, we have lim-
ited confidence that models represent all relevant microphysics.
Previously, a lack of Van der Waals coagulation enhancement
was found to bias simulations toward small aerosol sizes
(English et al. 2013). With no observations to validate simu-
lated aerosol size following very large eruptions, we are un-
sure whether simulated microphysics has missing processes
or biases shared across models. We hence consider the theo-
retical boundaries (k = 0 to k = 1/3) as spanning the range
currently worth considering, rather than merely the inter-
model spread.

As described above, aerosol size is expected to scale with
injected mass following a particular curve. While a power-law
scaling [Eq. (1)] is a common assumption, we are aware of
only one study that tested this relationship with interactive
aerosol models (Aubry et al. 2020), and no study that specifi-
cally compared different eruption realizations (rather than
different months within simulations) or included injection
masses > 100 Tg SO,. Therefore, to test the validity of the
power-law functional form we ran GISS ModelE with the
MATRIX interactive aerosol model (Bauer et al. 2008, 2020)
over a wide range of SO, injection masses. Our results con-
firm that a power law emerges, with peak global mean effec-
tive radius values (green triangles in Fig. 2) closely following
a k = 1/4 power-law fitting to injected mass (dashed green
line in Fig. 2). This close match suggests that the power-law
form is appropriate. There may exist nonlinearities in aerosol
microphysics and removal processes that reduce the accuracy
of a power-law scaling, especially if considering aerosols of
sizes too large to stably be suspended in the stratosphere.
However, as these were not encountered in our ModelE/
MATRIX simulations we do not consider functional forms
other than that of a power law. To the extent that the models
in Fig. 2 (see circles) also follow a power law and replicate the
Pinatubo eruption, the intermodel R, disagreement suggests
disagreement in k. Overall, our analysis of prior interactive
model studies shows little confidence in these models’ ability
to constrain aerosol size, although our ModelE results support
the power-law scaling as a valid functional form.

4. Global surface temperature response to
super-eruptions

Next, we systematically explore the extent to which this un-
certainty in sulfate aerosol size causes uncertainty in post-
eruption surface cooling. We accomplish this by running the
GISS ModelE climate model over the potential range of aero-
sol sizes for injections varying from that of Pinatubo up to
2000 Tg SO, (the actual runs are shown as dark gray dots in
Fig. 3a, with interpolation used to cover the space). For this
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FIG. 3. Modeled post-eruption surface temperature anomalies
for eruptions larger than Pinatubo, showing (a) peak global mean
temperature responses from ModelE as a function of sulfate aero-
sol size and injection mass and (b) the range of peak surface tem-
perature responses in the ModelE simulations compared to values
from the prior studies.

we used the high-top version of GISS ModelE (Orbe et al.
2020; Rind et al. 2020) in a non-interactive-aerosol model, as
this allows us to prescribe a wide range of aerosol size and in-
jection mass scenarios. Our model runs demonstrate that the
uncertainty in aerosol size alone leads to a vast breadth of
peak global surface temperature responses (contour colors in
Fig. 3a). For eruption masses on the order of Pinatubo, the
influence of aerosol size on peak surface temperature is mod-
est. For a Toba-scale eruption of 2000 Tg SO,, however, our
simulations show the spread to be huge: from ~11 K cooling
to ~2 K warming.

We now explain the physical mechanism underlying the
sensitivity of super-eruption temperature response to sulfate
aerosol size. This can be understood from the sulfate’s inter-
actions with solar (shortwave) and terrestrial (longwave) radi-
ation (Fig. 4). Greater sulfur mass results in denser sulfate
plumes that reflect more sunlight, although increases in aerosol
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FIG. 4. How sulfate aerosol size influences post-eruption climate. Shown is a schematic demonstrating how sulfate aerosol size affects the
surface temperature response to very large eruptions.

size work against this tendency since large aerosol particles
are relatively weak scatterers of solar radiation. Sulfate layers
concurrently absorb outgoing terrestrial radiation, and this ef-
fect also increases with injected mass yet is less sensitive to
aerosol size. For larger aerosol sizes, the additional absorption
of terrestrial radiation increasingly offsets the additional re-
flection of solar radiation, and at R.¢ ~ 2 wm the radiative im-
pact of the absorption fully cancels that of the reflection, as
has been demonstrated in Lacis et al. (1992). As injection
mass is increased, growth of both shortwave and longwave ra-
diative forcings yields progressively larger sensitivity in net
forcing (see Fig. 5a) and temperature response (Fig. 3a) to aero-
sol size. While both terms become weaker on an efficiency-per-
mass basis for more massive eruptions (Fig. 5b), aerosol size
controls whether or not the shortwave effect remains dominant.
With modest sulfate aerosol sizes, the shortwave forcing leads
to surface cooling. Conversely, if sufficiently large aerosol sizes
develop, the longwave effect offsets or exceeds the shortwave
effect, and weak cooling or even warming can result. We note
that none of the interactive aerosol models shown in Fig. 2
attained 2 um R.g, though one did get close (1.87 um) and—as
described in section 3—these model estimates may not be
definitive.

If aerosol size indeed scales with injection mass via a power
law, how does the value of k influence super-eruption im-
pacts? In Fig. 6a we show four representative mass-size scal-
ings for eruptions injecting more mass than Pinatubo’s 18 Tg
SO,. The peak surface temperature responses from Fig. 3a
along these scalings (shown in Fig. 6b) diverge greatly as in-
jected mass is increased, demonstrating the critical need to
constrain this scaling. The panels in Fig. 6c show how, among
the different scalings, the radiative forcings result in divergent
temperature responses as injected mass is increased. For the
two weakest growth scalings (kK = 0 and k = 1/10), shortwave
forcing continuously dominates. This results in continually
stronger cooling up to the 2000 Tg SO, mass of the largest
evaluated super-eruptions. By comparison, for the scaling
with strongest aerosol increase (k = 1/3), the positive
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longwave forcing from sulfate absorbing terrestrial radiation
overtakes the shortwave forcing from reflection of solar radia-
tion. This causes a net positive forcing that induces surface
warming following the largest super-eruptions. For the
k = 1/4 scaling, near 300 Tg SO, further injection results
in equal shortwave and longwave forcing enhancement, pre-
venting larger eruptions from causing significantly more cooling.
Note that some mismatch exists between net volcanic aerosol
forcing and temperature transitions marking the injection mass
where each saturates or reverses. This is partly due to rapid ad-
justments, which are not included in the shown forcing. A sec-
ond reason is that the time scale in which the atmosphere
thoroughly adjusts to stratospheric aerosol is significant com-
pared to the duration of the peak forcing, rendering top-of-
atmosphere forcing a less precise indicator of surface response
than it is for a sustained perturbation.

We next evaluate if the assessed aerosol size spread is the
likely cause of disagreement among past studies with interac-
tive aerosol models. For this task, we interpolated the peak
surface temperature responses from our ModelE simulations
to the injected mass and peak global mean aerosol size from
several recent interactive aerosol model simulations of large
eruptions (Fig. 7, left panel). Accounting for these two values
alone (left panel), our model experiments are able to repro-
duce remarkably similar peak temperature responses as the
original studies found. This is in spite of differences in the
model used, the simulated eruption season, the injection lati-
tude and height (within the shared criteria of tropical injec-
tions into the lower stratosphere), the initial conditions, and
inclusion of coinjected species (see Table 1). By comparison,
if only the injected masses of the prior studies are used, the
peak surface temperature responses cannot be reproduced.
Instead of using the peak R values in those studies’ simula-
tions, we here estimate peak R.g from injected mass accord-
ing to various power-law scalings (with k = [0, 1/4, 1/3] tested
here). In that case, shown in the right column of Fig. 7, predic-
tion is poor regardless of the assumed scaling. Controlling for
injection mass, variations in aerosol size thus account for
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tainties at any injection mass are shown as distance across the
shaded region. Arrows indicate that larger aerosol particles result
in more positive (or less negative) forcings in all cases.

nearly all of the peak temperature response disagreement in
previous interactive aerosol model studies of large eruptions.
Hence, model disagreement in the temperature response to
large SO, injections may largely be characterized as disagree-
ment in sulfate aerosol size.

Post-eruption temperature responses in the prior modeling
studies cover a large portion of the range found with our ModelE
runs (comparing circles to the shaded region in Fig. 3b).
However, no previous modeling study has reported global
mean warming or weak-to-negligible cooling, as our simula-
tions show could result from super-eruptions that drive strong
aerosol growth. Previous studies have included simulations
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with nearly the maximum theoretical sulfate aerosol size, but
not for the most massive eruptions (see Fig. 2). In fact, maximal
sulfate aerosol size is a common assumption in simple extrapo-
lations from Pinatubo to larger injection eruptions (Toohey
et al. 2016; Crowley and Unterman 2013), including the popu-
lar Easy Volcanic Aerosol generator (orange dashed line in
Fig. 2). Inputting volcanic sulfate properties based on these
extrapolations into a climate model for eruptions larger than
Pinatubo thus results in considerably weaker post-eruption
cooling than found in the available interactive aerosol model
studies. As we will show, strong sulfate growth super-eruption
cases cannot readily be deemed unrealistic and hence are wor-
thy of consideration.

5. Post-Toba climate scenarios

Using model simulations, we have shown that a broad range
of global surface temperature responses are theoretically possi-
ble following a Toba-sized eruption (Fig. 3a). Now we describe
three distinct post-Toba scenarios as they appear in our GISS
ModelE simulations, and compare the simulated post-eruption
climates to records of life in the Toba period and prior model in-
terpretations. The explored scenarios represent strong global
mean cooling, moderate cooling, and moderate warming. For
this we created three ensembles of a 2000 Tg SO, Toba injection,
as is most frequently used in Toba modeling studies (Black et al.
2021; Osipov et al. 2020; English et al. 2013), using our ModelE
version with prescribed volcanic aerosol (see section 2a). The
simulated volcanic sulfate was set to have peak global mean aero-
sol sizes of R.i = [1.41, 1.79, 2.64] um across ensembles, as or-
dered from the most cooling scenario to the warming one
(equivalent to extrapolating k = [1/5, 1/4, 1/3] power-law scalings,
respectively, from a Pinatubo peak R.g of 0.55 um at 18 Tg SO,).
As the eruption season is unknown, each ensemble consists of
three simulations each for eruptions on 15 January and 15 July
(six total for each ensemble).

The resulting surface temperature responses are spatially het-
erogeneous and starkly dissimilar among scenarios. Depending
on sulfate aerosol size, there is pronounced post-eruption cooling
or warming over most of Earth’s land (Fig. 8a). This includes the
northern India and Lake Malawi sites where continuous evidence
of life was found across Toba’s occurrence (Petraglia et al. 2007,
Clarkson et al. 2020; Smith et al. 2018) (see Fig. 8b for local tem-
perature anomalies over time). Over the South African site as-
sessed in Smith et al. (2018) (also in Fig. 8b), only a few months
of pronounced warming are found possible and specifically
after a winter eruption. However, more robust warming is sim-
ulated nearby and over most of southern Africa (see Fig. 8a).
Only our peak R.; = 1.41 um scenario directly disagrees with
observations, as it produces post-eruption cooling beyond the
estimated 4°C threshold to cause extinction of Lake Malawi bi-
ota inconsistent with chemical analyses (Lane et al. 2013). This
leaves moderate cooling and moderate warming as consistent
with records of life across the Toba eruption.

As in Black et al. (2021), we find that temperature anoma-
lies at the three sites are poorly representative of the global
mean response. However, in most of our simulations, post-
eruption temperature anomalies at the northern India and
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Lake Malawi sites are similar or stronger than on global aver-
age for the tested scenarios. This disagrees with Black et al.’s
theory that these locations acted as climate shelters from
global-scale disruption. Our results suggest that climate shel-
ters are not needed to reconcile the extreme cooling found in
some modeling studies with their lack of evidence at archaeo-
logical and paleoclimate sites. The peak R.;y = 1.79 and
2.64 um ModelE experiments suggest that even for a 2000 Tg
SO, representation of Toba, modest temperature responses
are possible both at the assessed sites and on global average.
Further, at inland midlatitude locations like the northern
India archaeological site (Fig. 8b), the most potential for cool-
ing was simulated to occur during summer (and warming in
winter). This seasonality could have reduced the threat from
Toba over these regions regardless of aerosol size scenario.
We emphasize that knowledge from a handful of locations
may have limited utility for assessing Toba’s widespread im-
pact, as is clear from the preceding discussion. Simulated tem-
perature responses exhibit large spatial heterogeneity, e.g., as
our model showed within southern Africa. Hence, records of
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a single site may poorly represent even regional impacts. Fur-
ther, the spatial structure disagreement between this study’s
simulations and those of Black et al. (2021) implies that con-
clusions on how local responses link to widespread changes
will vary strongly depending on the model and experimental
setup used, and are hence not robustly known. The available
paleoclimate and archaeological records of life across Toba
hence have little utility for constraining the post-Toba tem-
perature response. In the next section, we attempt to con-
strain Toba’s response using temperature records of a better
constrained but smaller eruption.

6. Constraining super-eruption outcomes with data from
the largest Common Era eruption

In this section we evaluate what super-eruption temperature
responses are most likely, based on information from two large
eruptions of dissimilar magnitude. We first estimate what aero-
sol size likely followed the largest eruption of the Common Era,
that of Mt. Samalas in AD 1257 (Lavigne et al. 2013). Then we



21 0 . o
® Wade et al 2020 Reff°<M§/o32 ,..,a
0 ® Blacketal 2021 —44 s
® Timmreck et al 2010 . A 7
PR ® Brenna et al 2020 ° /" —81 o R-am
O -24 e Osipov etal 2020 // -
~ --=- identity line ,

‘g Vil 0 1 Refrx Mégt 4
|\m —4 ,,’ [ ] o W
< /7 -4 4 ,/’

° 4 ’
9 6 /l ° -84 7 r=004
O 4 ’
© s e
o ] s ’
5 .,/ R2=0.87 0- Reff—O.SSpm,
), A4
/, /‘.
, —4 A ’
-10 4 e
-8 1 /’- R?=-0.34
’” .
-12 T T T T T d T T 1
-12 -10 -8 -6 -4 -2 0 -12 -8 -4 0

actual ATg,r (°C)

FIG. 7. Reconstructed post-eruption surface temperature re-
sponses made by (left) interpolating post-eruption temperatures
from ModelE (Fig. 3a) to the injected SO, mass and peak sulfate
aerosol size of prior studies and (right) using only the injected
mass. For the reconstructions using only mass, three simple as-
sumptions on the size of sulfate aerosols are tested: Pinatubo-sized
aerosols at all injected masses (peak Ry = 0.55 wm) and two
power-law scalings having £ = 1/3 and k = 1/4 extrapolated from
the 0.55 um Pinatubo case using Eq. (2). R* values less than zero,
which are possible when linear interpolation is not the prediction
method, indicate poorer predictors than assuming the average
among the actual ATy,s in all cases.

use this estimate, along with information on the 1991 Pinatubo
eruption, to extrapolate the aerosol size to super-eruption injec-
tion masses, and finally we constrain their climate outcomes, as
described in sections 6a to 6¢. This method yields a new esti-
mate of the likely global mean surface temperature following
super-eruptions, and is meant to complement the estimates
from site-specific records. The latter, we have argued, are poten-
tially poor indicators of global-scale climate impacts.

a. Estimating sulfate aerosol size following the AD 1257
Samalas eruption

We begin by demonstrating that relatively large sulfate
aerosol sizes are most compatible with the available data on
the Mt. Samalas eruption. This analysis is based on consistency
between our ModelE simulations of the Samalas event and the
post-Samalas temperatures in the tree ring reconstructions de-
scribed in section 2c. The tree ring reconstructions cover millen-
nium-length periods during which Samalas is the largest known
SO, injection, prompting our focus on this eruption.

For our ModelE simulations, we ran a separate five-member
ensemble for each of four aerosol size scenarios using pre-
scribed aerosol properties (as described in section 2a). The four
simulated post-Samalas aerosol sizes were chosen to span from
zero to maximal aerosol size increase with mass, as extrapolated
with Eq. (2) from a peak post-Pinatubo R of 0.55 um at 18 Tg
SO, to Samalas at 120 Tg SO,, which is near the middle of the
estimated 97-140 Tg SO, *1o range (Toohey and Sigl 2017).
The chosen post-Samalas peak global mean R, values were
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0.55, 0.66, 0.88, and 1.04 wm (equivalent to k = [0, 1/10, 1/4,
1/3], respectively, from this 0.55 wm origin). We set the eruption
to occur at the equator in summer (specifically 15 July here), as
in previous studies (Wade et al. 2020; Stoffel et al. 2015). We
then compared the simulated post-Samalas temperature anoma-
lies to those in the four tree ring records described in section 2c,
as shown in Fig. 9a. To best represent the tree ring reconstruc-
tions, all temperature values used in this comparison are aver-
ages over Northern Hemisphere extratropical land (>40°N)
during the summer (JJA) season.

Our comparison shows that the two largest aerosol size en-
sembles (red and brown vertical bars in Fig. 9a) produce tem-
perature anomalies that are most consistent with the tree ring
estimates. Conversely, the two smallest aerosol size cases
(teal and purple bars) produced incompatibly strong cooling
in our simulations. This suggests that a scaling having strong
aerosol size increase with mass (high k) is most able to recon-
cile the simulated and reconstructed temperatures.

We next systematically estimate the range of global mean
peak R.g values that enable simulations to match the temper-
ature anomalies of the tree ring records. Here we simplify our
comparison to only evaluating temperature anomalies in the
year during which each ensemble or reconstruction has its
maximum (hereafter peak) anomaly between 1257 and 1261.
This enables a straightforward comparison despite a mismatch
whereby peak cooling occurs in 1258 in simulations yet a year
or two later in most reconstructions, which may reflect a
memory lag issue in tree rings (Zhu et al. 2020). We first in-
vert our ModelE results from 1258 (horizontal bars in Fig. 9b,
colored as in Fig. 9a) to show which peak post-Samalas tem-
perature anomalies are within each ensemble’s bounds. We
next construct continuous bounds on aerosol size as a function
of temperature anomaly, shown as the gray shaded area in
Fig. 9b. This we designed to traverse the model results be-
tween quadratic fittings for minimum and maximum aerosol
sizes (light gray lines in Fig. 9b). Note that aerosol sizes
above 1.22 pum (dashed black line) are not considered, as
these would exceed the maximum theoretical aerosol size ex-
trapolated from a Pinatubo mass injection of 18 Tg SO, to a
Samalas mass of 120 Tg SO, [under Eq. (2) with our 0.65 pm
high bound on peak Pinatubo R.g].

Averaging the peak post-Samalas temperature anomalies
in the four evaluated tree ring reconstructions (black ticks
along the horizontal uncertainty bars at the bottom of Fig. 9b)
results in a 1.03°C mean post-Samalas cooling over Northern
Hemisphere land. Our assessment finds that peak R.g values
approximately ranging from 0.86 to 1.22 um (orange vertical
bar in Fig. 9b) can produce consistent cooling as in the ModelE
simulations. Further, peak R.g values in excess of 1 wm are
compatible with all four assessed tree ring reconstructions. This
evaluation indicates that Samalas’ large injection mass likely re-
sulted in substantially larger aerosol particles than those from
Pinatubo.

b. Bounding sulfate aerosol size from super-eruptions

We next use these results to extrapolate sulfate aerosol size
to much larger stratospheric SO, injections than Samalas. In
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section 3 we had confirmed that extrapolating aerosol size with
a power-law scaling [Eq. (1)] is a sound approximation. While
direct evidence of super-eruption aerosol size is lacking, this
finding suggests that if the sulfate aerosol size following two dif-
ferently sized volcanic injections is known, super-eruption aero-
sol size can to first order be estimated by extrapolating to a
larger injection mass. Using Pinatubo and Samalas, we therefore
now estimate the aerosol size for super-eruptions.

In Fig. 10a, we show four possible scaling curves consis-
tent with both our 0.45-0.65 um bounds on peak R.g for
Pinatubo and our 0.86-1.22 um bounds for Samalas. The
Rer pinatubo and k values that constitute each scaling are pre-
sented in Fig. 10a. These four scalings, which encompass the
three bounding combinations of the two R.y unknowns
(scalings a, b, and d) and the means of both unknowns (scal-
ing c), all show substantial increase in aerosol size from
Samalas to injections of larger mass. Note that the range of
plausible scalings would have been moderately broader if
we had tested for a range of Samalas injection masses (e.g.,
the 97-140 Tg SO, *1o ice core uncertainty range) rather
than only 120 Tg SO,. For a 2000 Tg SO, super-eruption,
looking at the range spanned by our four scalings, one can
see that only aerosol sizes larger than 1.3 wm are compatible
with the assessed Pinatubo and Samalas evidence. Hence
the large sulfate aerosol sizes we find most compatible with
Samalas suggest that more massive eruptions result in even
larger aerosols.
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c¢. Constraining the temperature response to
super-eruptions

Last, we use the preceding findings to constrain super-eruption
surface temperature responses. Conclusions here are based on an
assessment of the four aerosol size scalings in Fig. 10a, which in
this panel are shown overlaid on the ModelE global mean tem-
perature response contours from Fig. 3. For clarity the tempera-
ture anomaly curves along each scaling are shown in Fig. 10b.

We begin by assessing the plausibility that cooling from
super-eruption aerosol is severely limited. As scaling (b) traver-
ses the mean of both our Pinatubo and Samalas R.¢ bounds, we
treat this as our best estimate for how aerosol size scales with in-
jection mass. Following the temperature curve in Fig. 10b that
results from this scaling, it is evident that simulated cooling in-
creases only up to 200 Tg SO, (a black filled circle marks this
maximum), beyond which more SO, results in Jess volcanic
cooling. If this or a scaling producing even larger aerosols (e.g.,
scaling a) were the true scaling, no tropical eruption would be
able to cause more than 1°C global mean cooling regardless of
injection mass. Further, scalings a and b raise the possibility that
no tropical eruption can cause significantly more cooling than
Samalas even if it emits far more SO,. Note how the cooling for
the Samalas eruption (120 Tg SO, here) is between the masses
of maximum achievable cooling on scalings a and b, shown as
filled black circles. A maximum cooling of even 1.5°C is on the
high end of most compatible scalings. Of all scalings that could
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FIG. 9. Comparison between model simulations and tree ring re-
constructions of the years following the AD 1257 Samalas eruption.
Shown are (a) Northern Hemisphere extratropical land tempera-
tures compared to ModelE simulations of various aerosol size sce-
narios and (b) estimated peak R.¢ bounds as a function of simulated
post-Samalas temperature anomaly. In (a), the vertical extent of the
simulation results (vertical bars) represents the range among ensem-
ble members. In addition to the best-estimate values from four re-
constructions (points), we also shown the uncertainty bounds of
the Schneider et al. (2015) and Stoffel et al. (2015) reconstructions
(tan and salmon shaded regions, respectively). In (b), the estimated
range peak Ry values for each potential post-Samalas temperature
anomaly is represented by gray shading, with peak post-Samalas tem-
perature anomalies shown at the bottom using best estimates (black
ticks) and uncertainty ranges (colored horizontal lines). Figure layout
of (a) was based on Fig. 1 of Wade et al. (2020), which we note showed
a spline-fit version of the Wilson et al (2016) datset not used here.

possibly link our Pinatubo and Samalas R bounds, none re-
sults in more than 5°C simulated cooling within the 0-2000 Tg
SO, assessed injection range, as is demonstrated with scaling
(d). We hence deem cooling beyond 5°C highly unlikely.

We have shown that volcanic cooling potentially peaks at a fi-
nite mass given constraints on sulfate aerosol size. For aerosol
size scalings that result in such a critical injection mass, further
mass results in less volcanic cooling and may ultimately result in
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shown overlaid on the ModelE global mean temperature responses
from Fig. 3a, plus (b) the temperature responses along each scaling.
Critical masses of maximum global cooling are marked as filled
black circles, while transitions from volcanic cooling to warming
are marked with hollow black circles.

warming. Warming is evident in both scalings a and b at masses
within 1000 Tg SO,. These transitions from cooling to warming
are denoted in Fig. 10 as hollow black circles.

Overall, the magnitude of post-Samalas cooling in tree ring
records appears too weak to support the severe super-volcanic
cooling hypothesis. The central fit between the Pinatubo and
Samalas cases (scaling b) could not be extrapolated to a strong
cooling outcome at any injection mass, but instead follows the
post-eruption scenario of highly limited global cooling, or a warm-
ing scenario if mass is sufficiently high and aerosol size > 2 um
can be sustained. Extrapolating data from Pinatubo and Samalas
to larger eruptions has required several assumptions, as have
been described. We also note that further effort with interactive
aerosol models is needed to determine the extent to which each
of the presented scalings is realistic. However, the assessment of
this section bolsters the credibility of these super-eruption climate
scenarios, which in section 4 had been presented as within the
physical range of our experiments and in section 5 as unable to be
readily falsified by the limited records of life across Toba.

7. Discussion and conclusions

First, our assessment has revealed that a broad range of tem-
perature anomalies following super-eruptions are plausible given
the limited available evidence. A large and drastic cooling of the
surface is only one of several plausible post-eruption scenarios,

Unauthenticated |

Downloaded 01/29/24 06:52 PM UTC



15 FEBRUARY 2024

and from our model evaluations appears unlikely. We have
demonstrated that uncertainty in the size of sulfate aerosols ex-
plains most disagreement among past modeling studies, yet pre-
vents a firm constraint on super-eruption temperature response
from being made. Depending on the aerosol size, these erup-
tions could induce a broad range of climate responses from
strong global cooling all the way to warming. We also demon-
strated that the available data suggests super-eruption cooling is
severely limited, and possibly does not exceed 1.5°C at a critical
point beyond which more sulfur mass would reduce this cooling.
Moreover, the large sulfate aerosol sizes that result in moderate
warming may be possible if super-eruption injection masses are
truly on the upper end of estimates and large aerosol particles
can be sustained in the stratosphere.

Considering these results, we propose that super-eruptions
may pose substantially less of a global threat than has previously
been suggested. Our results build on the relatively modest post-
Toba cooling estimate of Timmreck et al. (2010). Our simulations
indicate that super-eruptions may cause far less cooling than even
that study’s 3.5°C estimate, no matter how much SO, they inject
into the stratosphere. At their most severe, the global tempera-
ture anomalies posed by super-eruptions would be of similar
magnitudes to that from greenhouse gas warming within the next
decades, yet of opposite sign and lasting only a few years. How-
ever, we also note that if a near-future super-eruption were to in-
ject on the order of 2000 Tg SO, into the stratosphere and
produce large enough sulfate aerosols to drive a warming re-
sponse, this might pose an enhanced threat by exacerbating the
temperature anomaly from greenhouse gases.

The possibility that sulfate from super-eruptions could drive
global mean warming may be worth further consideration, as
this scenario cannot be ruled out with current evidence. Its po-
tential occurrence expands the possible explanations for paleocli-
mate and archaeological findings: for instance, it could explain
the evidence of a lasting technological advance in southern
Africa following Toba (Smith et al. 2018; Brown et al. 2012).
Given our findings, this could be interpreted not only as humans
adapting to a threat from cooling (Smith et al. 2018), but possibly
to the harm or benefits from warming in parts of the region. al-
though we have focused only on surface temperature shifts,
other perceived global threats of super-eruptions could poten-
tially be beneficial or at least inflict little harm. An example is
that while super-eruptions might be perceived as a threat to food
supplies by blocking sunlight used in photosynthesis, Pinatubo’s
eruption was actually found to enhance photosynthesis through
the benefits of diffuse light (Gu et al. 2003). Thus, it could be
worthwhile to reassess the overall global-scale threat posed by
large volcanic eruptions.

Although we have focused specifically on uncertainty in peak
global mean aerosol size, this is itself a product of uncertainties
in microphysics, chemistry, and dynamics. There also exist addi-
tional uncertainties that could reduce confidence in temperature
response estimates. Uncertainty in super-eruption SO, mass
remains a major issue. Post-eruption warming might be more
prominent if we had tested for Toba injecting more than 2000 Tg
of stratospheric SO,, as multiple injection mass estimates indicate
is possible (Costa et al. 2014; Zielinski et al. 1996). We note that
ice core analysis may underestimate erupted mass due to
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sedimentation of large sulfate aerosols prior to reaching ice core
locations, as these estimates use simple scalings based on more
modest eruptions that produce smaller, more readily transported
aerosols. Our surface temperature response bounds would also
likely be larger if we had accounted for such unknowns as
sulfate aerosol composition or aerosol size heterogeneity.
Conversely, the available simulations with interactive aerosol
microphysics—including our own with ModelE/MATRIX—
support a narrower range than our prescribed aerosol experi-
ments and did not attain sufficiently large aerosols for warming.

Important caveats should be noted regarding our use of simula-
tions lacking interactive microphysics and chemistry for assessing
surface temperature impacts. Our prescribed aerosol experiments
with ModelE did not scale aerosol extinction values to account for
larger aerosol sizes causing sulfate to gravitationally settle faster
than during Pinatubo. That sedimentation strengthens with aero-
sol size (Pinto et al. 1989) could narrow the physically sustainable
range of aerosol sizes to less than examined here, reducing the
plausibility of aerosol-induced warming. An interactive represen-
tation of gravitational sedimentation could also shorten the esti-
mated duration of peak effective radius, as well as that of the
temperature anomalies resulting from sulfate’s presence in the
stratosphere. These simulations also did not explicitly include
eruption impacts on stratospheric OH, which influences the chem-
ical formation rate of volcanic sulfate (Pinto et al. 1989). Eruptions
can either deplete (Pinto et al. 1989) or augment (Zhu et al. 2022)
stratospheric OH supply, but this depends on the amount of co-
emitted water vapor, which is unknown following super-eruptions.
Despite these omissions, we were able to effectively estimate the
global mean peak temperature responses from contemporary in-
teractive aerosol models using the simpler prescribed aerosol
setup (cf. Fig. 7). However, we encourage further use of
interactive aerosol models to test whether larger sulfate particles
can survive in the stratosphere for a climate-relevant duration.
For this to be possible, large aerosol particles would need to be
sustained in the tropical stratosphere for a duration of months
without being removed by poleward transport or gravitational
settling. Currently, models heavily disagree in the relevant circu-
lation strengths, which may account for part of their inability to
agree on volcanic aerosol size (Aubry et al. 2021; Timmreck et al.
2018). To more rigorously constrain aerosol size than we have
done here, one way forward would be to develop a comprehen-
sive super-eruption model intercomparison project (MIP). Such a
MIP would replicate identical super-eruption scenarios—such as
Toba for both low and high sulfur mass estimates—in several
Earth system models with interactive microphysics and chemistry,
mirroring past experiments involving smaller eruptions (Clyne
et al. 2021; Timmreck et al. 2018). Until a more concerted effort
is made to constrain super-eruption aerosol size, we recommend
that prescribed aerosol experiments use not only the maximal
scaling factor of k = 1/3, as is currently standard, but additionally
test a lower aerosol size scenario such as the k = 1/4 scaling we
found to be supported by ModelE/MATRIX. We additionally
express caution in prescribing R values above 2 um, as it has
not been established that such aerosols can be sustained in the
stratosphere.

Our findings highlight that attempts to attribute large-scale
destruction of societies and ecosystems to rare volcanic
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eruptions through the bottom-up approach of modeling tend
to be simplistic and highly speculative. Records of life across
the Toba eruption offer more direct evidence of whether extreme
climate disruption has occurred, yet are of limited quantitative
utility and do not confidently represent changes over wider re-
gions. Along with improved estimates of SO, injection mass, a
deeper understanding of the factors determining volcanic aerosol
size may be the most promising path to constraining the climate
impacts of Toba and other super-eruptions. This could potentially
be achieved through a mix of laboratory and model experiments
of dense sulfate layers under stratospheric conditions. One ave-
nue would be additional interactive aerosol simulations exploring
how aerosol size scales with injection mass, as we tested here
with ModelE/MATRIX but exploring pertinent sensitivities in
microphysics, chemistry, and dynamics. Until considerable pro-
gress is made, surface temperature responses to very large erup-
tions will remain poorly constrained, and model-based estimates
of their impacts should therefore be communicated as having
considerable uncertainty.
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