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Abstract 21 

 22 

The Toba eruption ~74,000 years ago was the largest volcanic eruption since the start of 23 

the Pleistocene, and represents an important test case for understanding the effects of 24 

large explosive eruptions on climate and ecosystems. However, the magnitude and 25 

repercussions of climatic changes driven by the eruption are strongly debated. High-26 

resolution paleoclimate and archaeological records from Africa find little evidence for 27 

disruption of climate or human activity in the wake of the eruption, in contrast with a 28 
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controversial link with a bottleneck in human evolution and climate model simulations 29 

predicting strong volcanic cooling for up to a decade after a Toba-scale eruption. Here we 30 

use a large ensemble of high-resolution Community Earth System Model (CESM1.3) 31 

simulations to reconcile climate model predictions with paleoclimate records, accounting 32 

for uncertainties in the magnitude of Toba sulfur emission with high and low emission 33 

scenarios. We find a near-zero probability of annual-mean surface temperature anomalies 34 

exceeding 4 °C in most of Africa, in contrast with near 100% probabilities of cooling this 35 

severe in Asia and North America for the high sulfur emission case. The likelihood of 36 

strong decreases in precipitation is low in most of Africa. Therefore, even Toba sulfur 37 

release at the upper range of plausible estimates remains consistent with the muted 38 

response in Africa indicated by paleoclimate proxies. Our results provide a probabilistic 39 

view of the uneven patterns of volcanic climate disruption during a crucial interval in 40 

human evolution, with implications for understanding the range of environmental impacts 41 

from past and future super-eruptions. 42 

 43 

 44 

 45 

  46 
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Significance statement 47 

 48 

The Younger Toba Tuff is the largest volcanic eruption of the past 2 million years, but its 49 

climatic consequences have been strongly debated. Resolving this debate is important for 50 

understanding environmental changes during a key interval in human evolution. This 51 

work uses a large ensemble of global climate model simulations to demonstrate that the 52 

climate response to Toba was likely to be pronounced in Europe, North America, and 53 

central Asia and muted in the Southern Hemisphere. Our results reconcile the simulated 54 

distribution of climate impacts from the eruption with paleoclimate and archaeological 55 

records. This probabilistic view of climate disruption from Earth’s most recent 56 

supereruption underscores the uneven expected distribution of societal and environmental 57 

impacts from future very large explosive eruptions. 58 

 59 

 60 

  61 
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Main text 62 

 63 

The eruption of the Younger Toba Tuff from Toba caldera in Sumatra, Indonesia, 64 

expelled a ~2,800 km
3
 dense-rock equivalent volume of magma, generating an eruption 65 

column and co-ignimbrite cloud that reached an altitude of 30-40 km  (1, 2). As the 66 

largest eruption of the past 2 million years, the Toba eruption represents an important 67 

benchmark for understanding the climate consequences of supereruption-scale volcanism. 68 

However, the environmental effects of the 73.88 ± 0.32 ka Toba eruption are strongly 69 

contested, especially in Africa  (3-7). The eruption occurred during a critical juncture in 70 

hominin evolution, when early humans were poised to expand more broadly beyond 71 

Africa  (8). Ash from the eruption was transported thousands of kilometers, forming a 72 

widely used chronologic marker for stratigraphic sections across Africa and Asia  (9, 10). 73 

The recent identification of Toba cryptotephra in two archaeological sites in southern 74 

Africa demonstrates that early humans in these locations flourished through the eruption 75 

interval  (11). These records contrast with the controversial proposal that a severe 76 

volcanic winter  (12-14) decimated early humans  (15).  Tephrochronologically calibrated 77 

records from Lake Malawi in Eastern Africa also reveal a striking lack of cooling or 78 

ecological disruption directly following the eruption  (4, 7), underscoring the discrepancy 79 

between some model-based expectations and recorded climate effects from Toba.  80 

Sulfate aerosols from large explosive eruptions are known to cause a net decrease 81 

in downwelling shortwave radiative flux, with repercussions for Earth’s surface 82 

temperatures, ocean circulation, hydrology, and the large-scale circulation of the 83 

atmosphere  (16-18). However, aerosol-climate models suggest that there is a non-linear 84 
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relationship between the severity of these effects and increasing eruption size, with more 85 

rapid aerosol settling and less efficient radiative interactions as aerosol sizes increase 86 

with successively larger SO2 emissions from explosive eruptions  (19, 20). Estimated 87 

sulfur emissions from the Toba eruption span two orders of magnitude, ranging from 88 

70−6,600 Tg of SO2, equivalent to approximately 10-360× the sulfur emissions from the 89 

1991 eruption of Mt. Pinatubo  (21, 22). Previous climate model simulations of the Toba 90 

eruption have included single idealized simulations (23) and individual aerosol 91 

simulations used to force a small climate ensemble with five ensemble members  (3, 24). 92 

Timmreck et al.  (3) found a peak aerosol optical depth of ~14 around one year after the 93 

eruption, and a maximum global-mean cooling of ~3.5 °C, with a maximum summertime 94 

cooling of ~12 °C over northern hemisphere continental interiors. For comparison, the 95 

estimated maximum global- annual-mean cooling after the 1991 eruption of Mt. Pinatubo 96 

was ~0.5 °C  (25).  97 

Effects of Toba on regional climate in Africa are of particular interest because of 98 

the potential implications for human populations there. Climatic variability in eastern and 99 

southern Africa is dominated by changes in effective moisture and precipitation driven by 100 

seasonal shifts in the intertropical convergence zone (ITCZ;  (26, 27)). Rainfall in most of 101 

eastern Africa is concentrated into the boreal spring “long rains” and boreal autumn 102 

“short rains” of the east African monsoon  (28). Just as warming due to increased 103 

greenhouse gas emissions can intensify the global hydrological cycle (29), surface 104 

cooling due to volcanic sulfate aerosols can temporarily spin down the hydrological 105 

cycle, leading to a reduction in global-mean precipitation (17, 18), with significant 106 

regional variability that is broadly inverted from the climate response expected under 107 
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future warming  (30). Prior modeling of the climate response to the Toba eruption 108 

identified a strong global precipitation anomaly, with the potential for disruption of the 109 

Indian monsoon for the first two years after the eruption in addition to decreases in 110 

precipitation and primary productivity in Africa  (3, 24). Tropical eruptions may also 111 

weaken the West African monsoon, one of several proposed mechanisms linking 112 

explosive volcanic eruptions with El Niño-like events  (31-34).  113 

Significant uncertainties in the climate effects of prehistoric volcanic eruptions 114 

arise from the magnitude of sulfur emissions, eruption time of year, background climate 115 

state, and sulfur injection altitude. Background climate state is known to strongly 116 

influence the climate effects of volcanic aerosols, including hemispheric bias in 117 

dispersion of the aerosol cloud driven by shifts in stratospheric circulation  (24, 35, 36). 118 

Likewise, increasing masses of sulfur emission display a broad—though non-linear and 119 

complex—correlation with increased cooling  (37, 38). The effects of emissions altitude 120 

include impacts on aerosol residence time  (35, 37, 39). In this study we employ a large 121 

ensemble comprising 42 simulations in which we consider a range in each of these 122 

parameters (Table S1), including initialization from different climate background states 123 

(at least 5 per sulfur emission scenario) branched from our control run, which does not 124 

include the volcanic emissions. We also considered four different times of year for the 125 

eruption (Table S1), to account for seasonal changes in stratospheric circulation and 126 

aerosol dispersion. By bracketing a plausible range of possibilities for these key 127 

parameters, this approach enables us to make a probabilistic assessment of the range of 128 

climatic disruptions from Toba. We use the Community Earth System Model version 1.3 129 

(CESM1.3), a three-dimensional (3-D) global climate model that couples atmosphere, 130 
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ocean, and sea-ice components  (40). The atmospheric component of CESM1.3 is the 131 

Whole Atmosphere Community Climate Model version 4 (WACCM) (41), which we 132 

employ to simulate the physical and chemical impacts of the Toba eruption. WACCM is 133 

a chemistry−climate model, with its top boundary located near 140-km geometric 134 

altitude. It has a horizontal resolution of 1.9° × 2.5° (latitude × longitude), and variable 135 

vertical resolution of 1.25 km from the boundary layer to near 1 hPa, 2.5 km in the 136 

mesosphere, and 3.5 km in the lower thermosphere, above about 0.01 hPa. We use the 137 

Community Aerosol and Radiation Model for Atmospheres (CARMA), a detailed 138 

sectional aerosol microphysics model (42-44) within the CESM framework (see 139 

Methods), to investigate both the global climate response to the Toba supereruption and 140 

the regional climate response in southern and eastern Africa. This same model version 141 

was recently used to simulate the climate impacts associated with soot release following 142 

the Chicxulub impact  (44). In particular, this model represents the oxidation of volcanic 143 

SO2 and the nucleation, coagulation, growth, and removal of sulfate aerosols  (43).  144 

Each simulation was run for 10 years, sufficiently long to capture the peak climate 145 

impact in the atmosphere and upper ocean and the overall recovery  (45). We consider 146 

sulfur emissions of 200 and 2000 Tg SO2 (see Methods for discussion). For comparison, 147 

previous Toba aerosol simulations by Timmreck et al.  (3, 24) and English et al.  (23) 148 

assumed 1700 Tg SO2 and 2000 Tg SO2 respectively.  Uncertainties in the timing of the 149 

Toba eruption relative to the Marine Isotope Stage 4/5 boundary translate to uncertainties 150 

in the stadial or interstadial background climate state prior to the eruption  (24, 46). We 151 

consider boundary conditions appropriate for an interstadial climate state in our 152 

simulations, neglecting possible differences in patterns of vegetation cover related to 153 
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stadial versus interstadial boundary conditions  (24). Records of charcoal and plant fossils 154 

in cores from Lake Malawi do not show large variations in vegetation across the Toba 155 

interval  (7). Within each ensemble, simulations were initialized from different states of a 156 

108-year control run, spaced two years apart to ensure we capture different phases of the 157 

El Niño Southern Oscillation (ENSO). This large ensemble approach permits us to 158 

account for some of the uncertainties related to background climate state including the 159 

phase of ENSO  (36). 160 

 161 

2. Evolution of the Toba sulfate aerosol cloud  162 

 163 

 Our simulations show strong (>1-2 ˚C) global-mean surface temperature changes 164 

lasting a half-decade or more in response to a Toba eruption emitting 200-2000 Tg SO2, 165 

with significant regional variability in the simulated changes (see the following section). 166 

Global-mean surface temperatures do not fully recover within the 10-year span of the 167 

2000 Tg SO2 simulations. In the ocean, the residual thermal effects of large-scale 168 

volcanic eruptions have also been shown to extend to multi-decadal timescales (47). In all 169 

simulations, the Toba eruption leads to peak aerosol optical depths and maximum surface 170 

cooling 6-30 months after the eruption (Fig. 1). Aerosol optical depth (AOD) reaches 171 

maximum monthly zonal mean values of 1-2 or 8-10 for 200 or 2000 Tg SO2 emissions 172 

respectively (Figures S1-S3). The global monthly mean AOD reaches a maximum value 173 

of ~1.5-2 from 1-2 years after a 2000 Tg SO2 release, and ~0.4-0.7 after a 200 Tg SO2 174 

release (Fig. 1, Figs. S1 and S2). Optical depth peaks earlier and aerosol sizes are slightly 175 

smaller at 100 hPa for the lower (18-25 km) sulfur injection altitude (Figs. 1, S3, S4), and 176 
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the residence time of the aerosol cloud in this ensemble is shorter, consistent with 177 

previous work  (39), but the hemispheric transport of the aerosol cloud is not strongly 178 

impacted by injection altitude (Figs. S2, S3;  (35, 37)).  179 

 Extratropical eruptions generate larger aerosol loading in the hemisphere of 180 

eruption. For tropical eruptions such as Toba, seasonal shifts in the large-scale Brewer-181 

Dobson circulation in the stratosphere further modulate the distribution of volcanic 182 

aerosols  (37, 48). Consequently, eruption seasonality can strongly influence forcing and 183 

climate response  (36). Hemispherically asymmetric forcing has been linked with 184 

migration of the ITCZ away from the hemisphere with stronger volcanic forcing  (49, 50) 185 

and with divergent consequences for the El Nino Southern Oscillation  (51). In line with 186 

results from Toohey et al.  (48), our simulations with September and December eruptions 187 

show higher AOD in the northern hemisphere (Figs. S1,S3). AOD after the June eruption 188 

ensemble is roughly hemispherically symmetric, while AOD following a March eruption 189 

is stronger in the southern hemisphere (SH), though the March ensemble in particular 190 

shows some spread among ensemble members (Fig. S3). 191 

 Maximum global-mean cooling is 2.3±0.4 ˚C (1 s.d.) for 200 Tg SO2 release, and 192 

4.1±0.3 ˚C (1 s.d.) for 2000 Tg SO2 release (Figure 1), emphasizing the non-linearity of 193 

the radiative effects of larger SO2 release magnitude  (3, 19). Maximum global-mean 194 

cooling is somewhat sensitive to the time of year of the eruption; maximum cooling for a 195 

September eruption is ~1 ˚C larger than for a March eruption (Fig. 1, Fig. S3).  For all 196 

ensembles, maximum global mean cooling is significant at the 2-sigma level (Fig. 1). 197 

Cooling is much more protracted after 2000 Tg SO2 release, with global-mean surface 198 

temperature anomalies exceeding 2 ˚C spanning up to five years after the eruption. 199 
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Global-mean surface temperatures recover more slowly than AOD, in particular for the 200 

2000 Tg SO2 scenario, pointing to slow recovery of ocean heat content  (47, 52). Global 201 

mean cooling of ~1˚C persists after 10 years in the 2000 Tg SO2 cases. 202 

For the 200 Tg SO2 eruption scenarios, global-mean precipitation remains largely 203 

within the range of natural variation (Fig. 2). For the 2000 Tg SO2 eruption scenario, 204 

however, precipitation shows a strong decline, with global mean precipitation that is 205 

significantly (at the 2-sigma level) outside the range of natural variation lasting ~5 years 206 

following the eruption (Fig. 2). This is consistent with slowing of the hydrological cycle 207 

associated with a global cooling  (53). 208 

 209 

3. Regional temperature response patterns and the role of the ocean in modulating the 210 

climate response 211 

 212 

We next consider the regional climate response to a Toba-scale eruption, focusing 213 

particular attention on Africa and India, where paleoclimate proxy and archaeological 214 

records synchronized with Toba cryptotephra have been used to evaluate the 215 

consequences of the eruption for climate and human populations (6-8, 10, 54). Our 216 

simulations show that in the aftermath of a Toba-scale eruption, the regional climate 217 

response in southern and eastern Africa is weaker than the global-mean response in terms 218 

of both surface temperature and precipitation (Figures 3 and 4). Ultimately, this finding 219 

implies that the full range of Toba emissions investigated here (from 200 Tg SO2 to 2000 220 

Tg SO2) can be reconciled with the muted climate response observed in proxy records 221 

from Africa and possibly India.  222 
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For the 200 Tg SO2 simulations, NH temperature anomalies reach 4-5 °C (Fig. 223 

S5), and regional temperature changes in the second year after the eruption are significant 224 

with >90% confidence with the exception of some areas in Africa, Antarctica, and South 225 

America in the high altitude emissions scenario (Figure S5). As expected, the most severe 226 

global and regional temperature impacts occur for emissions of 2000 Tg SO2. In that 227 

case, we find widespread Northern Hemisphere (NH) cooling, regionally exceeding 8-10 228 

°C (Fig. 3) in interior North America and Eurasia, consistent with the strong summertime 229 

cooling in these regions found in prior simulations (20, 24). These changes are significant 230 

with >90% confidence with the exception of some areas in Antarctica and Africa (Fig. 231 

3A). The likelihood of annual-mean cooling greater than 4 °C in NH continental interiors 232 

approaches 100% for the 2000 Tg SO2 simulations (Figure 5).  233 

For both sulfur emissions levels, we find a more muted surface cooling in 234 

response to Toba in the Southern Hemisphere. Even in the March eruption scenario (Fig. 235 

S6) in which distribution of the Toba aerosol cloud is primarily in the SH, the climate 236 

signal in the SH is relatively weak. The likelihood of annual-mean SH cooling greater 237 

than 4 °C is near-zero for both levels of sulfur release (Figure 5).  In the absence of an 238 

established critical threshold for ecosystem damage from transient cooling, the 4 °C 239 

threshold was selected because it approximates the maximum cooling in Africa inferred 240 

in previous Toba modeling studies  (20, 24) and therefore represents a common point of 241 

comparison for previous paleoclimate proxy studies (6, 7). For context, 4 °C cooling is 242 

~4× the magnitude of global warming from 1880-2012 (IPCC AR5). The muted cooling 243 

in the Southern Hemisphere, which is consistent with prior work (32, 44, 55, 56), 244 

highlights the role of the ocean in modulating the cooling (45, 57) from the stratospheric 245 
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volcanic aerosol cloud.  In addition, the fact that the aerosol cloud is located over the 246 

Northern Hemisphere in the majority of our simulations (Figs. S1-S3) leads to a more 247 

strongly asymmetric response relative to, for example, CO2 forcing.  This is similar to the 248 

asymmetry in the distribution of present-day anthropogenic tropospheric aerosols, which 249 

are mostly concentrated in the Northern Hemisphere, and for which the climate response 250 

is also concentrated in the Northern Hemisphere  (58). 251 

In terms of zonal-mean annual-mean land surface temperature response, we find 252 

that the largest impact in the Southern Hemisphere is approximately three times weaker 253 

than in the Northern Hemisphere.  This result holds true over the full range of SO2 254 

emission magnitudes (200-2000 Tg SO2), indicating that this is likely a robust feature of 255 

these simulations.   Importantly, because the background climate in Africa is relatively 256 

temperate, below-freezing temperatures are also much less frequent in Africa than in 257 

North America or Asia (Fig. S7), even for the 2000 Tg SO2 scenario.  258 

Precipitation is another important factor in climate stability, with implications for 259 

human activity and ecology  (59). Parts of southern Africa and India show marked 260 

regional decreases in precipitation in the case of the largest sulfur emission (Figs. 4, S8). 261 

While the patterns of precipitation change do reflect a slight ITCZ shift away from the 262 

hemisphere with more aerosol  (49, 50), in most simulations there is significant aerosol in 263 

both hemispheres, and the resulting pattern of ITCZ disruption is complex (Fig. S8).  264 

Cooling of the surface ocean, which buffers temperatures on land but leads to a reduction 265 

in evaporation  (52), provides a potential explanation for the broadly complementary 266 

patterns of precipitation and temperature change. The distribution of precipitation 267 

changes is consistent with results from Timmreck et al.  (24), who found significant 268 
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decreases in precipitation in the Ganges/Brahmaputra catchment in the first several years 269 

after an eruption, followed by increases in years 4 to 5 after an eruption. Impacts on 270 

precipitation are less pronounced (Fig. 2, Fig. 5) for the 200 Tg SO2 simulation 271 

ensembles. 272 

In summary, we identify significant regional and hemispheric differences in 273 

response to a Toba-scale eruption. The temperature response in Southern Africa is 274 

notably smaller in amplitude than the global-mean response, especially in the 0-30 °S 275 

latitudinal band. In conjunction with the relatively warm background climate of Africa, 276 

this muted cooling only rarely causes temperatures below freezing (Fig. S7). In addition 277 

to identifying this mild surface temperature response in Africa—even under the most 278 

extreme emissions scenario—we also identify regions showing a more severe surface 279 

temperature response, in particular in NH continental interiors. We therefore expand the 280 

discussion in the next section to consider the potential implications for hominin 281 

populations, using the full range of experiments. 282 

 283 

4. Comparison with records of paleoclimate and human activity 284 

 285 

The effects of the Toba eruption on both climate and hominin populations has 286 

been strongly debated for decades  (4, 5, 9, 11). Toba tephra and cryptotephra enable the 287 

eruption interval to be pinpointed within paleoclimate and archeological records, 288 

permitting temporally precise model-proxy comparisons of the climate and cultural 289 

response to the eruption.  290 
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At the time of the Toba eruption 74 ka, southern and eastern Africa hosted 291 

significant population centers for anatomically modern humans. Substantial controversy 292 

surrounds the timing of human dispersal from Africa and thus which hominin populations 293 

were present in India and other regions at the time of the Toba eruption  (8, 54, 60, 61). 294 

In southeast Asia, Middle Paleolithic cultures may have been well established in the 295 

Jurreru and Middle Son River valleys  (8, 54). Neanderthal populations in Europe were 296 

on the eve of a decline that culminated around 40 ka, broadly coinciding with the 297 

expansion of anatomically modern humans  (62). The emerging archaeological consensus 298 

points to striking continuity in hominin activity across the eruption interval in southern 299 

Africa and India  (8, 11, 54), contrary to early proposals of a volcanic winter that caused 300 

a bottleneck in human evolution  (15).  301 

One possible interpretation of the archaeological consensus is that of hominin 302 

resilience in the face of changing environmental conditions  (8). An alternative 303 

interpretation is that the environmental disruption due to Toba was modest. This 304 

interpretation finds support from paleoclimate records from Lake Malawi, which do not 305 

reveal any dramatic changes in the thermal structure of the lake across the Toba interval 306 

even at sub-annual resolution  (4). This apparently stable climate through the eruption 307 

interval is at odds, however, with a cooling of ~4 °C or more predicted from previous 308 

climate modeling studies  (3, 14, 24).  309 

  Our simulations point to a third possibility: that Toba may have had strong 310 

effects on surface temperatures, but not in the regions where anatomically modern 311 

humans were thriving. We find that there is a <5% likelihood of annual-mean surface 312 

cooling exceeding 4 °C across virtually all of sub-Saharan Africa and India, even in 313 
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response to 2000-Tg SO2 emissions (Figure 5). This level of SO2 emissions is an upper 314 

bound on the estimated sulfur release from Toba  (21, 22), and the chance of >4 °C 315 

cooling after a 200 Tg SO2 injection is even smaller. Because the muted climate response 316 

in Africa—consistent with paleoclimate evidence—is a feature of both our 200 Tg SO2 317 

and 2000 Tg SO2 simulations, our results do not allow us to independently exclude either 318 

emissions scenario. In contrast with the modest changes in surface temperature in Africa, 319 

both levels of sulfur emission are likely to cause strong cooling in Europe and Asia (Figs. 320 

5 and S5).  321 

Our simulations thus suggest that Africa and India could have served as shelters 322 

from transient cooling in the aftermath of Toba. As discussed above, in the 2000 Tg SO2 323 

Toba scenario, strong reductions in precipitation are possible in India, with less 324 

pronounced changes in precipitation in the 200 Tg SO2 Toba scenario. If the Toba 325 

eruption did indeed release 2000 Tg SO2 rather than lower estimates—which remains 326 

uncertain—it implies that the hominin populations inhabiting India continuously across 327 

the eruption interval exhibited substantial resilience in the face of transient disruption to 328 

precipitation patterns. 329 

   For all of our Toba scenarios, climate conditions in Europe and most of Asia are 330 

predicted to be severe following the eruption. For the highest sulfur emissions we 331 

considered, our simulations indicate annual-mean cooling of up to 10 °C in Europe and 332 

Asia. Europe was home to significant populations of Neanderthals at this time, while the 333 

related Denisovan lineage occupied southern Siberia (Figures 3A and 4A;  (60, 63)). 334 

Although the available archaeological evidence is insufficient to evaluate effects on 335 
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hominin populations in those regions, the effects of Toba on these populations thus merit 336 

future investigation, in particular if Toba cryptotephra can be identified.  337 

 338 

5. Probabilistic climate effects of very large explosive eruptions 339 

 340 

In addition to the specific application to the Toba eruption ~74,000 years ago, our 341 

large ensemble results also offer more general insights into large explosive tropical 342 

eruptions. The range of sulfur emissions we consider, from 200 to 2000 Tg SO2, would 343 

be representative of a sulfur-rich explosive eruption with a Volcanic Explosivity Index of 344 

7 to 8. The 1257 Samalas eruption injected an estimated 126-150 Tg SO2 into the 345 

stratosphere  (64), whereas the Tambora eruption of 1815 released ~50-60 Tg SO2  (57). 346 

The 21.8 Ma Fish Canyon Tuff, the largest known silicic eruption, may have released 347 

~10
4
 Tg SO2  (21).  348 

Uncertainties and gaps in records of sulfur emissions for older eruptions challenge 349 

precise determination of the frequency distribution of large-magnitude stratospheric 350 

sulfur injections. However, the presence of at least two Plinian eruptions in the past 351 

millennium with SO2 release >100 Tg SO2—Kuwae in 1453 and Samalas in 1257—352 

suggests that explosive eruptions with sulfur emissions within a factor of two of the lower 353 

end of our simulated emissions range are likely to recur on millennial timescales. 354 

Because of the complex effects of volcanic eruptions on the climate system, no shelter is 355 

likely to be completely isolated from volcanically induced climate signals. However, our 356 

simulations, in conjunction with other modeling studies  (32, 57), indicate that southern 357 

Africa and India are relatively insulated from the cooling caused by equatorial or 358 
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northern hemisphere large explosive volcanic eruptions, and therefore may have been 359 

partial shelters from climatic stress related to prehistoric explosive volcanism.  360 

We address the uncertainty in the background state of the stratospheric circulation  361 

(66) by considering an ensemble spanning summer, fall, winter, and spring. We note that 362 

the availability of paleorecords of eruption time of year would improve constraints on the 363 

expected climate response. The Lake Challa record, which promises even higher 364 

temporal resolution than the Lake Malawi record  (4, 67), may enable determination of 365 

the season of the Toba eruption.  366 

In summary, our results indicate that regional changes in climate in response to 367 

the Toba eruption have complex distributions and depart markedly from the magnitude of 368 

global-mean signals. Large ensembles of climate simulations provide a valuable tool to 369 

obtain probabilistic estimates of the distribution of expected climate impacts of eruptions. 370 

Understanding regional climate response is necessary to relate volcanic perturbations to 371 

proxies for local- to regional-scale climate, to understand temporal changes in climate 372 

relevant to hominin evolution and migration, and to inform estimates of the climate 373 

effects of large-scale sulfur release from future explosive eruptions. 374 

  375 
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Methods 376 

 377 

 CESM 1.3 is a global climate model that includes detailed sub-models of the 378 

Earth’s atmosphere, oceans, land, and sea ice to comprehensively simulate coupled Earth 379 

systems  (40). For this work we include the high-top version of the atmosphere model, 380 

the Whole Atmosphere Community Climate Model (WACCM;  (68)), which extends 381 

through 66 vertical levels to an altitude of approximately 140 km. To track the evolution 382 

of the Toba aerosol cloud, we include the Community Aerosol and Radiation Model for 383 

Atmospheres (CARMA), a three-dimensional sectional (binned) aerosol microphysical 384 

model  (42-44) that includes 30 aerosol size bins. WACCM/CARMA includes reactions 385 

among sulfur-bearing species as tabulated in (43) with reaction rates from  (69).  The 386 

model tracks oxidation of S-bearing gases (in this case SO2) and nucleation to form 387 

sulfate aerosols; condensational growth and coagulation; deposition and sedimentation 388 

(see (37) for more detailed discussion of the model). Tracking these processes is critical 389 

to accurately computing the radiative effects of very large eruptions because of self-390 

limiting microphysical and chemical processes  (19). We completed 22 simulations with 391 

2000 Tg SO2 emissions and 20 simulations with 200 Tg SO2 emissions in which we 392 

varied sulfur release altitude, time of year of eruption, and background climate through 393 

initialization from different states of the control run (see Table S1).  394 

Volcanic forcing. The sulfur release from the Younger Toba Tuff (YTT) eruption is 395 

uncertain. Constraints from petrology and ice core records each incorporate significant 396 

unknowns  (22). The YTT has been correlated with one of the largest sulfur peaks in the 397 

GISP2 ice core, representing sulfur loading of 1100-2200 Tg SO2  (70); however this 398 

correlation is somewhat circular in that the attribution of the sulfate peak in the ice core is 399 

primarily based on the expectation of strong YTT sulfur loading. More recent work has 400 

identified several bipolar sulfate peaks in Greenland and Antarctic ice core records in the 401 

interval 74.1–74.5 ka that are candidates to represent the YTT eruption  (46, 71). 402 

Petrologically, sulfur concentrations in the rhyolitic Toba magma are likely to be lower 403 

than in more mafic magmatic systems like that of Mount Pinatubo  (22). Indeed, sulfur 404 

concentrations in YTT melt inclusions overlap with sulfur in matrix glasses  (72). Owing 405 

to the tendency of sulfur to partition into a coexisting fluid phase  (73, 74), the sulfur 406 

yield depends strongly on the extent of excess sulfur. Sulfur partitioning into a fluid 407 

phase depends on oxygen fugacity  (21). Scaillet et al.  (21) argued that the YTT magma 408 

chamber likely lacked an exsolved S-rich fluid, and therefore suggested limited sulfur 409 

degassing of only ~70 Tg SO2. However, estimates of oxygen fugacity in the quartz-410 

bearing YTT magmas relative to the Ni-NiO buffer range from approximately ΔNNO=-411 

0.5 to +1.1  (75, 76). This corresponds to an order of magnitude variation in sulfur 412 

partitioning between fluid and melt  (21), implying sulfur from coexisting fluid could 413 

potentially have been more important than recognized by (21).  414 

Given uncertainties in YTT sulfur yields, and to explore the sensitivity of our 415 

results to sulfur emissions, we therefore considered high and moderate sulfur injection 416 

scenarios in our simulations. For consistency with the study of  (23), we selected 2000 Tg 417 

SO2 as our high sulfur injection scenario and 200 Tg SO2 as our more conservative sulfur 418 

injection scenario. For comparison, these emissions scenarios respectively represent 419 
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~100× and ~10× the estimated stratospheric sulfur injection of the 1991 eruption of 420 

Mount Pinatubo in the Philippines. The 1257 Samalas eruption in Indonesia released 421 

158±12 Tg SO2  (64), similar to the lower emissions scenario. Recent ice core-based 422 

estimates for several candidate YTT layers range from ~150-350 Tg SO2, bracketing this 423 

lower emissions scenario (71). We recognize that the 2000 Tg SO2 scenario may well 424 

exceed the actual sulfur release from the YTT eruption. This is by design, and yields the 425 

advantage that because this scenario represents the most extreme case, it enables us to 426 

evaluate the potential for sheltered regional climates even assuming a very severe global 427 

volcanic event. 428 

 Estimates of the YTT eruption column height range from 30-42 km  (77). Based 429 

on ash dispersal modeling with modern windfields, Costa et al.  (77) inferred a best-fit 430 

altitude of 42 km, and a best-fit duration of 15 hours. This high plume altitude is 431 

consistent with recently reported mass-independent fractionation of sulfur in several 432 

candidate YTT layers (71). In most simulations, we therefore distributed SO2 emissions 433 

between 35 and 40 km in the model, spanning 1.9 °S to 13.3 °N and 93.8 °E to 116.2 °E, 434 

centered above the Toba caldera. Because sulfur emissions may be distributed over a 435 

range in altitude, and to test sensitivity to altitude, we included an ensemble of ten 200 Tg 436 

SO2 simulations at 18-25 km altitude (Table S1).  437 

  438 

Statistical significance. To test the statistical significance of surface temperature and 439 

precipitation anomalies, we use a Wilcoxon ranked sum test, implemented as the 440 

rankedsum function in MATLAB. For each grid cell, we compare the distribution of 441 

monthly temperature and precipitation anomalies in Toba simulations with the 442 

distribution of monthly temperature and precipitation anomalies relative to a monthly 443 

climatology based on our 20-year control run. We specify a p-value of 0.1 for rejection of 444 

the null hypothesis that these distributions cannot be distinguished from each other.  445 

 446 

 447 
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Figures 462 

 463 

 464 

Figure 1. Global-mean aerosol optical depth and surface temperature anomaly following 465 

200 and 2000 Tg SO2 Toba eruption scenarios. Ensemble means are shown as black lines. 466 

2-sigma variability of ±0.4 °C in global mean monthly surface temperature in a 20 year 467 

control run is also shown. 468 

 469 

 470 

 471 

 472 

Figure 2. Global-mean precipitation anomaly following 200 and 2000 Tg SO2 Toba 473 

eruption scenarios. Gray shaded area shows natural variability, calculated as two standard 474 

deviations of the monthly global temperature anomaly in a 20-year control run relative to 475 

a monthly climatology.  476 

 477 

 478 

 479 

Figure 3. Surface temperature anomalies on land in the second year following the Toba 480 

eruption. A. Annual mean global map, represented as the mean over 20 ensemble 481 

members for the 2000 Tg SO2 Toba eruption scenario, with varying initial conditions. 482 

Hominin ranges from  (60) and key proxy record and archaeological sites mentioned in 483 

the text are also shown. Hominin ranges are approximate, and incorporate significant 484 

uncertainty, for example due to continuing debate regarding the timing of dispersal of 485 

anatomically modern humans from Africa into Asia  (61). B. Zonal means for 20 486 

ensemble members for the 2000 Tg SO2 scenario and 10 ensemble members for each 200 487 

Tg SO2 scenario. C. Annual mean map of Africa (inset region from A) D, Zonal means 488 

on land for the region shown in C. In A and C, cross-hatched areas indicate temperature 489 

anomalies that are not significant at the 90% level as determined with a Wilcoxon ranked 490 

sum test, compared with a monthly climatology from a 20-year control simulation.  491 

 492 

 493 

 494 

Figure 4. Precipitation anomalies on land in the second year following the Toba eruption. 495 

A. Annual mean global map, averaging across 20 ensemble members for the 2000 Tg 496 

SO2 eruption scenario as in Figure 3A. B. Zonal means on land with annual zonal-mean 497 

background precipitation on land shown as blue shaded areas. C. Enlargement of 498 

precipitation anomalies in Africa. D. Zonal means on land for the region shown in C. In 499 

A and C, cross-hatched areas indicate precipitation anomalies that are not significant at 500 

the 90% level as determined with a Wilcoxon ranked sum test, compared with a monthly 501 

climatology from a 20-year control simulation. 502 

 503 

 504 

 505 

  506 
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 507 

 508 

Figure 5. Likelihood of cooling and decreases in annual-mean precipitation reaching a 509 

specified threshold across 20 ensemble members with 2000 Tg SO2 (panels A and B), 10 510 

ensemble members with 200 Tg SO2 at 35-40 km (panels C and D) and 10 ensemble 511 

members with 200 Tg SO2 at 18-25 km (panels E and F). Panels A, C, and E  show the 512 

fraction of runs predicting at least 4 °C cooling; panels B, D, and F show the fraction of 513 

runs predicting at least 40% decreases in precipitation on land for given regions. 514 

 515 

 516 

 517 

 518 

 519 
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