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Abstract  17 
 18 
Volcanic eruptions impact climate, subtly and profoundly. The size of an eruption is only 19 
loosely correlated with the severity of its climate effects, which can include changes in 20 
surface temperature, ozone levels, stratospheric dynamics, precipitation, and ocean 21 
circulation. We review the processes—in magma chambers, eruption columns, and the 22 
oceans, biosphere and atmosphere—that mediate the climate response to an eruption. A 23 
complex relationship between eruption size, style, duration, and the subsequent severity 24 
of the climate response emerges. We advocate for a new, consistent metric, the Volcano-25 
Climate Index (VCI), to categorise climate effects of eruptions independent of eruption 26 
properties and spanning the full range of volcanic activity, from brief explosive eruptions 27 
to long-lasting flood basalts. A consistent metric for categorising the climate effects of 28 
eruptions that differ in size, style, and duration is critical for establishing the relationship 29 
between the severity and the frequency of volcanic climate effects, aiding hazard 30 
assessments, and furthering understanding of volcanic impacts on climate on timescales 31 
of years to millions of years.   32 
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1.  Introduction 33 
 34 
Volcanic eruptions are a major driver of climate variability (e.g., Hegerl et al 2003, 35 

Humphreys 1913, Schurer et al 2013) and volcanism has played an important role in the 36 
short and long-term evolution of the atmosphere, climate, and habitability through 37 
outgassing of sulfur, carbon dioxide and water from Earth’s interior (e.g., Kasting & 38 
Catling 2003). Volcanic eruptions differ in size, duration, and style, which results in 39 
differences in the severity of the climate response.  Records of the size-frequency 40 
distribution of explosive eruptions enable estimation of the likelihood of a given eruption 41 
during a time period of interest, and are thus a powerful tool for planning for volcanic 42 
hazards (e.g., Papale and Marzocchi, 2019). Similarly, records of the frequency 43 
distribution of different levels of volcanically-driven climate disruption would lay the 44 
foundation for understanding the risks related to volcanic effects on climate, and even 45 
how these are expected to change in a warming world (Aubry et al., 2021). Establishing 46 
such a volcano-climate severity-frequency distribution cannot simply be based on 47 
eruption scale (i.e. size and duration) because other factors including eruption style, 48 
injection height, magma composition, eruption magnitude, and emission flux, as well as 49 
atmospheric processes and atmospheric background conditions affect the resulting 50 
climate response in a complex manner.  51 

There are established metrics that characterise the size or magnitude of an 52 
eruption such as the Volcanic Explosivity Index (VEI; Newhall & Self 1982) or the 53 
magnitude scale (Pyle 2015). In addition there are ice core-based indices that 54 
characterise the atmospheric sulfur loading (e.g., Gao et al 2008). These metrics were 55 
not intended to characterize the climate response to a volcanic eruption but rather the 56 
VEI is a geological index of explosiveness, and the ice core-based indices characterise 57 
the volcanic forcing (or initial perturbation) of the climate system. Surface temperature 58 
observations following historic eruptions clearly show that there often is no systematic 59 
correlation between eruption size as represented by the VEI or eruption magnitude and 60 
the severity of the climate response (e.g., Newhall & Self 1982, Rampino & Self 1982, 61 
Rampino & Self 1984a, Self et al 1981, Self et al 1993). Indeed, as Figure 1 illustrates, 62 
eruption size does not necessarily correlate with either the amount of SO2 emitted by 63 
individual eruptions (Figure 1a) or the severity of the climate response (Figures 1b and 64 
1c). For example, despite being highly explosive, the VEI 5 Mt. St. Helens eruption in 65 
1980 released a relatively small mass of sulfur and caused negligible effects on global 66 
climate (Gerlach & McGee 1994). In addition, successively larger SO2 emissions do not 67 
result in proportionally larger surface temperature changes (Figure 1c), mainly as a result 68 
of atmospheric processes limiting climate response in a non-linear manner with respect 69 
to the mass of SO2 emitted (Pinto et al., 1989) as has been demonstrated, for example, 70 
for the 1257 Samalas eruption with a VEI of 7 (Timmreck et al 2009, Wade et al 2020).  71 
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In this review we synthesize understanding of processes—in magma chambers, 72 
eruption columns, and the oceans, biosphere and atmosphere—that mediate the climate 73 
response to an eruption. Motivated by increasing recognition of the diversity of volcanic 74 
activity, and the complex interactions between the style and scale of volcanic eruptions 75 
and climate consequences, we look beyond the paradigm of relatively large explosive 76 
eruptions such as 1991 Mt. Pinatubo (as reviewed in Robock 2000). While the climate 77 
consequences of sulfate aerosols are commonly considered, different types of volcanic 78 
activity can release different mixtures of gases, and gases can interact, for example  79 
through heterogeneous chemistry on aerosol or ash particle surfaces. We discuss 80 
halogen emissions and implications for ozone. We show how volcanic CO2 is irrelevant 81 
for climate on short (days to months) timescales and for explosive eruptions but becomes 82 
highly climate-relevant for Large Igneous Province (LIP) eruptions – emphasizing the 83 
need to adapt expectations for the climate consequences of volcanic eruptions in the 84 
context of eruption style and duration. We advocate for expanded inclusion of data 85 
tracking geochemistry, degassing, and climatic changes alongside data tracking of 86 
eruption size and style in databases of volcanic eruptions (e.g., Global Volcanism 87 
Program). Although the size of eruptions bears a strong relationship to their frequency 88 
(Figure 2), databases tracking eruption magnitude or VEI cannot be straightforwardly 89 
used to quantify the frequency of specific levels of climate effects from volcanic eruptions 90 
(Newhall & Self 1982) (see also Figure 1). We illustrate a path toward classifying the 91 
climate effects of volcanic eruptions by formulating a Volcanic Climate Index (VCI) to 92 
categorise the climate consequences of volcanic eruptions. The VCI is determined after 93 
an eruption and without dependence on eruption parameters, and is thus complementary 94 
to existing metrics of eruption size, explosivity, or sulfur emissions. It can be applied to 95 
categorize the climate response to eruptions spanning scales and styles, from explosive 96 
eruptions to basaltic fissure eruptions to LIP episodes. Categorising the climate effects of 97 
volcanic eruptions creates a basis for establishing a volcano-climate severity-frequency 98 
distribution, analogous to the severity-frequency distribution of other geological hazards 99 
such as earthquakes. Such information, which is currently non-existent for volcanic 100 
effects on climate, can aid planning for and mitigation of societal impacts of volcanic 101 
eruptions. 102 
 103 
2.  Eruption styles, magnitudes and recurrence rates 104 
 105 
2.1  Beyond the paradigm of 1991 Mt. Pinatubo 106 
 107 
Observational understanding of volcanism is biased towards eruptions that are sufficiently 108 
large to leave a mark in contemporary records but sufficiently small (and therefore 109 
frequent) that they have occurred within the recent past. The 1982 El Chichón and 1991 110 
Mt. Pinatubo eruptions resulted in a wealth of direct measurements (e.g., Rampino & Self 111 



 5 

1984a, Self et al 1993) and subsequent research efforts focused mainly on the radiative, 112 
dynamical and chemical effects of sulfate aerosol particles formed after these and other 113 
large magnitude explosive eruptions (for a review see Robock 2000). For instance, 114 
following the 1991 Mt. Pinatubo eruption, stratospheric sulfate aerosol particle mass and 115 
number concentrations increased above stratospheric background levels lasting until 116 
around 1999. Measurements following the eruption suggest a peak global mean near-117 
surface temperature reduction of ~0.4-0.5 K in mid-1992 (e.g., McCormick et al 1995, 118 
Soden et al 2002, Thompson et al 2009) and a warming of up to 3.5 K in the tropical 119 
stratosphere (Labitzke 1994, Labitzke & McCormick 1992) although the surface 120 
temperature response was likely influenced by the strong El Niño event in 1991-1994 121 
(e.g., Lehner et al 2016) and other dynamical feedbacks (Soden et al 2002).   122 

Volcanic activity on Earth is highly diverse, differing in size, magma composition, 123 
crystal contents, storage depth, volatile budget, the type of wall-rock, ascent rate, 124 
explosivity, and duration of activity. Understanding these differences among volcanic 125 
eruptions is central to understanding how the potential climate effects vary from eruption 126 
to eruption, and for eruptions that differ strongly from the style exemplified by the 1991 127 
eruption of Mt. Pinatubo.  128 

The style of volcanic eruptions ranges from effusive lava-producing and weakly 129 
explosive Strombolian-style eruptions to high-discharge basaltic fire fountaining and 130 
explosive sub-Plinian to Plinian eruptions. Eruption style depends broadly on mass 131 
eruption rate, degassing regime, and viscosity (e.g., Cassidy et al 2018, Gonnermann & 132 
Manga 2013), and is thus related to eruption size, magma composition, volatile contents, 133 
and crystallinity. Magma ascent rate is thought to play a key role in explosivity (e.g., 134 
Gonnermann & Manga, 2007; Cassidy et al., 2018). Rapid magma ascent—especially for 135 
viscous silicic magmas—favors closed system degassing, in which gases are unable to 136 
efficiently decouple and escape from the magma, driving explosive fragmentation 137 
(Cassidy et al., 2018). Basaltic fissure eruptions—which can span months to years with 138 
multiple phases of eruptive activity—resist classification with the VEI scale, but can cause 139 
substantial climate impacts. The 1783-1784 eruption of Laki in Iceland produced >1 km 140 
high basaltic fire fountains with ~10 distinct episodes of stratospheric sulfur injection 141 
totaling ~100 Tg (1 Tg = 1012 g) SO2 (Thordarson & Self 2003), causing up to ~1 K cooling 142 
of surface temperatures in the northern hemisphere (Zambri et al 2019) despite its 143 
classification as a VEI 4 eruption. 144 

The role of small-magnitude explosive eruptions in increasing the opacity of the 145 
stratosphere and thus affecting climate is widely recognized (e.g., Miles et al 2004, Pyle 146 
et al 1996, Rampino & Self 1984b, Santer et al 2015, Schmidt et al 2018, Solomon et al 147 
2011, Vernier et al 2011). Based on contemporary measurements and climate model 148 
simulations, it is thought that global-scale surface temperature effects from a single 149 
explosive eruption are detectable for SO2 injections of at least 5 Tg of SO2 into the 150 
stratosphere. Analysis of satellite data for the period 1979-2014 suggest that injections 151 
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as low as ~0.1 Tg of SO2 stemming from small-magnitude explosive eruptions result in 152 
detectable changes in stratospheric aerosol levels (e.g., Ridley et al 2014, Solomon et al 153 
2011, Vernier et al 2011). Eruptions emitting in excess of ~1 Tg SO2 are discernable in 154 
measurements of tropospheric (Santer et al 2014) and stratospheric temperatures 155 
(Stocker et al 2019) amongst other metrics of climate change (Santer et al 2015).  156 

Weakly explosive, continuously degassing or effusive eruptions, emitting gas 157 
and volatile species mainly into the lowermost troposphere, have for a long time received 158 
very limited attention in the climate science community because of the short lifetime (i.e. 159 
days to weeks) of sulfur species and aerosols in the troposphere. There is now, however, 160 
a clear recognition of the role of these eruptions in cooling Earth’s climate via the 161 
modification of cloud microphysical properties in low-level liquid water clouds (i.e. 162 
aerosol-cloud interactions or aerosol indirect effects) as well as direct interactions of 163 
particles with radiation (i.e. aerosol-radiation interactions or aerosol direct effects) 164 
(Ebmeier et al 2014, Gassó 2008, Gettelman et al 2015, Graf et al 1997, Malavelle et al 165 
2017, Schmidt et al 2012, Schmidt et al 2010, Toll et al 2017, Yuan et al 2011).  166 

Phreatomagmatic eruptions involve explosivity driven by interactions between 167 
magma and external water. The abundant water present in phreatomagmatic plumes may 168 
play an important role on both column stability (Van Eaton et al 2012) and scavenging of 169 
sulfur and halogens (Textor et al 2003). 170 

Earth’s deep past has witnessed volcanism on scales far beyond that 171 
encompassed by the historical record. The largest explosive eruptions (greater than ~500 172 
km3 magma), known as supereruptions (e.g., Self 2006, Sparks et al 2005), can engulf 173 
the planet with sulfate aerosols. While sulfur emissions from the 74 ka Toba eruption 174 
(~5300 km3 dense rock equivalent volume) are highly uncertain (Costa et al 2014, Crick 175 
et al 2021, Oppenheimer 2002), climate model simulations predict maximum global mean 176 
cooling of up to 4 K (Black et al 2021, Timmreck et al 2010, Timmreck et al 2012).   177 

By contrast with explosive eruptions lasting days to weeks, large igneous 178 
province magmatism emplaces enormous volumes of ‘flood basalt’ lavas across 179 
multiple eruptive episodes, cumulatively spanning 105-106 years (e.g., Burgess & Bowring 180 
2015, Kasbohm & Schoene 2018, Sprain et al 2019) with total volumes encompassing 181 
millions of km3 of magma erupted and intruded into the lithosphere. Through Earth’s 182 
history, multiple instances of LIP magmatism have temporally coincided with periods of 183 
profound environmental changes including mass extinctions (e.g., Bond & Wignall 2014, 184 
Clapham & Renne 2019, Jones et al 2016b, Wignall 2001). Prominent examples include 185 
the ~252 Ma Siberian Traps, which coincided with the end-Permian mass extinction 186 
(Burgess and Bowring, 2015) and the ~201 Ma Central Atlantic Magmatic Province, which 187 
coincided with the end-Triassic mass extinction (Blackburn et al., 2013), and the 66 Ma 188 
Deccan Traps, which overlapped in time with both the Chicxulub impact and the end-189 
Cretaceous mass extinction (Sprain et al 2019) but is increasingly thought to have played 190 
a subordinate role to the Chixculub event in driving end-Cretaceous climate shifts (Hull et 191 
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al 2020). Understanding and quantifying the mechanisms by which LIPs could have 192 
triggered mass extinctions is a major, multi-disciplinary challenge for the geoscience 193 
community (e.g., ERUPT 2017).  194 

 195 
2.2  Characterizing the size-distribution of volcanic activity 196 

 197 
The distribution of eruption sizes in time is known as the size-frequency 198 

distribution. In general, smaller eruptions occur more frequently (Figure 2). Explosive 199 
eruptions involve violent ejection of gas, molten fragments, and at times external water 200 
into the atmosphere. The mass eruption rate (also known as eruption intensity, Carey & 201 
Sigurdsson 1989) during climactic phases determines energy available for transfer to 202 
eruption columns via explosive activity. In turn, this determines the altitude that eruption 203 
columns can reach (e.g., Glaze et al 2017, Mastin 2014, Woods 1988). Depending on 204 
latitude and season, the injection altitude influences the removal rate of volcanic species 205 
and their climate effects (see Section 4).  206 

VEI (Newhall & Self 1982) is a semi-quantitative ordinal metric that combines 207 
information about ejecta mass, plume height, and style of eruption to assign a numerical 208 
value between 0 (non-explosive) and 8 (cataclysmic) to each eruption. The size of 209 
volcanic eruptions can also be quantified as a magnitude, defined as M= log10(erupted 210 
mass in kg) -7 (Pyle 2015). While in principle a measure such as magnitude enables 211 
quantification of a broader range of eruptions, including effusive eruptions, for historical 212 
reasons and because mass can be challenging to determine for pre-historic eruptions, 213 
more data are available classifying recent explosive eruptions by VEI (e.g., Global 214 
Volcanism Program).  215 

Metrics of size and explosivity break down in the context of Large Igneous 216 
Provinces, which recur at intervals of ~107 years on average and include extremely 217 
voluminous outpourings of lava known as flood basalts that can have individual eruption 218 
volumes of 103-104 km3 (e.g., Chenet et al 2008, Thordarson & Self 1998).  219 

Both small and large eruptions suffer from preservation biases—small eruptions 220 
because they are easier to miss and also easier to efface through erosion, and large 221 
eruptions because of their rarity through geologic time. LIPs have been identified from the 222 
Archean through the Cenozoic (Ernst et al 2021), but reconstructing original volume is 223 
challenging for older LIPs. Understanding the size-frequency distribution of volcanic 224 
activity across scales—in particular for small and very large eruptions—thus remains a 225 
major hurdle for assessing their relative contributions to emissions and climate forcing. 226 

 227 
3.  Magmatic controls on volcanic emissions 228 

  229 
Although current metrics for eruption size focus on the mass of magma and the 230 

explosivity of the eruption, the critical scale for volcanic forcing of climate is the emission 231 
budget. Gas emissions are proportional to magma mass, but also depend on the volatile 232 
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content of the bulk magma, solubility (which depends on magma chemistry), the mass of 233 
exsolved vapor, and the extent of degassing. Consequently, the largest eruptions do not 234 
necessarily deliver the highest emissions (Crick et al., 2021); rather, gas emission rates 235 
display a complex relationship with eruption magnitude. The scale of the forcing further 236 
depends on where in the atmosphere the gas species are injected: this is less important 237 
for CO2, but is optimized by injection into the upper troposphere or stratosphere for SO2 238 
and halogens. In this section we focus on processes within the magmatic system that 239 
modulate gas emissions.  240 

 241 
3.1.   Scale of magmatic systems and initial volatile budgets 242 

 243 
The volatiles carried by magmas depend on initial mantle melting and the 244 

subsequent history of crystallization—which concentrates volatiles in the melt—and 245 
assimilation of any surrounding magmas or rocks (with particular sensitivity to volatile-246 
rich rocks such as carbonates). These factors depend on tectonic setting. They also 247 
determine the major element chemical composition of the magma, which determines 248 
whether a magma is classified as basaltic or rhyolitic, for example. In turn, volatiles, 249 
crystals, and the chemical composition of the magma, along with the magma 250 
decompression rate and the nature of the subvolcanic plumbing system,  influence the 251 
explosivity of eruptions. Thus, volatiles, magma type, eruptive style, and tectonic setting 252 
are all linked. Intensive effort has been devoted to the study of volatiles in magmas 253 
because of their importance for magma rheology, crystallization, ascent, and eruptive 254 
style in addition to climate effects (e.g., Gonnermann & Manga 2007, Wallace et al 2021).  255 

Information about volatiles comes from petrology (experiments, modeling, and 256 
melt inclusions, Wallace et al 2021), measurements of gas plumes at volcanoes (e.g., 257 
Aiuppa et al 2007, Allard et al 2000, Edmonds et al 2018, Ilyinskaya et al 2017, Liu et al 258 
2020), ice core records (Zielinski et al., 1996; Crick et al., 2021), and satellite retrievals 259 
(Carn 2016, Carn et al 2016). These approaches show that the gases released by 260 
volcanoes of different types and in different locations can vary by orders of magnitude, as 261 
exemplified by the CO2/SO2 ratio measured in eruptive or quiescent plumes (Aiuppa et al 262 
2021) and the HCl/SO2 ratios in melt inclusions (Table 1; Figure 3). We see a major need 263 
to expand datasets that combine ground- and satellite-based and petrologic constraints 264 
to understand gas emissions across the range of volcanic activity.  265 

  266 
3.2  Volatile exsolution and the ‘excess’ degassing problem 267 

 268 
Degassing is the exsolution of volatile species from the melt to form vapor or fluid 269 

bubbles. If volatiles do not degas, they will not reach the atmosphere. The degassing 270 
process depends on whether volatiles are saturated in a melt, the rate of decompression 271 
and the sensitivity of solubility to changes in pressure, and kinetic effects on nucleation 272 
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and diffusion-driven bubble growth (e.g., Mangan & Sisson 2000). The principal volatile 273 
species listed in order of decreasing solubility and therefore typical degassing efficiency 274 
include CO2, H2O, SO2, HCl, and HF. The solubilities of CO2 and H2O are strongly 275 
pressure-dependent. The volatility of sulfur species, in particular, depends on the valence 276 
state of sulfur (either 6+ or 2-) and therefore on the redox state of the magma (Gaillard et 277 
al 2015, Scaillet et al 1998, Wallace & Edmonds 2011). Arc magmas tend to be more 278 
oxidizing than mid-ocean ridge basalts, and as a consequence can dissolve up to an order 279 
of magnitude more sulfur (Jugo 2009). Chlorine solubility in magmas depends strongly 280 
on magma composition, with lower chlorine solubility in silicic magmas (Webster et al 281 
1999). Submarine basalts degas most of their CO2, some H2O, and limited SO2 (Dixon et 282 
al 1991).  Gases released by magmas intruded or stored in the middle to lower crust are 283 
typically very CO2-rich (Iacovino 2015). 284 

Once exsolved, volatiles are mobile and can decouple from the magma from which 285 
they originated and partition into a co-existing vapor phase. Excess volatiles released 286 
from a co-existing vapor phase need not correlate with erupted magma volume, and 287 
therefore represent a major complication for relating the scale of volcanism to emissions 288 
and the expected climate response. Comparison of satellite-based measurements of 289 
volcanic sulfur emissions with estimates of dissolved sulfur from melt inclusions reveals 290 
that volcanoes frequently release more sulfur than expected from dissolved melt 291 
concentrations (e.g., Shinohara 2008, Wallace 2001, Wallace & Edmonds 2011). This 292 
excess sulfur is thought to result from recharging mafic magmas at depth that transfer 293 
sulfur and other species into a co-existing fluid or vapor phase that can contribute to 294 
eruptive gas release even if the majority of the mafic magma itself does not erupt 295 
(Christopher et al 2015, Wallace & Edmonds 2011). Crystallization in the magma 296 
reservoir can also drive volatile exsolution, prompting sulfur to partition strongly into the 297 
exsolved volatile phase (Scaillet et al., 1998; Vidal et al., 2016). Excess sulfur can in many 298 
cases form the dominant proportion of total volcanic sulfur release-- corresponding to a 299 
sulfur-rich exsolved phase that comprises 1-5 wt% of the total mass of the magma 300 
reservoir (Edmonds and Woods, 2018)—but is difficult to quantify with traditional 301 
petrologic methods. As an example, petrologic estimates of sulfur yield from the Younger 302 
Toba Tuff span two orders of magnitude (Oppenheimer 2002), because dissolved sulfur 303 
in the rhyolitic melt is very low (Chesner & Luhr 2010) and the presence and extent of 304 
exsolved volatiles are highly uncertain (Scaillet et al 1998).  305 

In parallel with the excess sulfur problem, excess carbon is likely a near-universal 306 
feature of volcanic activity, because CO2 saturation can occur relatively deep in the crust 307 
owing to strong decreases in CO2 solubility with decreasing pressure, enabling 308 
decoupling and transfer of CO2 from magmas that do not erupt. Indeed, high CO2 309 
concentrations can drive melt volatile saturation and development of a co-existing fluid 310 
into which sulfur also partitions (Pistone et al 2021), implying potential coupling of excess 311 
volatiles. The question of excess carbon has received less attention than that of excess 312 
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sulfur because CO2 is challenging to detect by satellite (Burton et al 2013), much of the 313 
exsolved CO2 may be released via diffuse degassing during quiescent intervals (Werner 314 
et al 2019), and CO2 from individual explosive eruptions carries negligible climate 315 
consequences.  For LIP-scale eruptions, quantifying the contribution of carbon exsolved 316 
and transferred from deeper intrusive magmas represents a critical question for 317 
understanding observed carbon cycle perturbations (Armstrong-McKay et al 2014, 318 
Hernandez Nava et al 2021).  319 

Table 1 lists degassing efficiencies (the proportion of the initially dissolved amount 320 
of a given volatile that exsolves) for a range of magmatic systems and volatiles. These 321 
data suggest that although degassing efficiency is related to magma composition and 322 
eruption style, it does not vary systematically based on the size of the volcanic eruption. 323 
In other words, the fraction of initially dissolved sulfur released during the VEI 3 eruption 324 
of Anatahan is similar to the fraction of initial sulfur released during the VEI 4 eruption of 325 
Nabro (Carn et al 2016, Donovan et al 2017), although the latter released three times 326 
more sulfur. Because these melt inclusion data do not account for volatile release from 327 
an exsolved phase, they represent a lower bound on potential sulfur release. Volatiles 328 
pass through multiple stages—from dissolution in the melt, to exsolution, to gases in an 329 
eruptive plume—en route to the atmosphere. Datasets tracking volatiles through these 330 
stages could shed light on both the role of excess volatiles and the proportion of volatiles 331 
that pass through each stage of the eruptive gauntlet to reach the atmosphere.  332 

 333 
4.  Processes that modulate the climate response to volcanic emissions 334 
 335 

In this section we discuss the processes—from those within the eruption column 336 
to atmospheric chemistry to dynamic interactions within the atmosphere, ocean, 337 
biosphere, and with background climate—that modulate the climate response to volcanic 338 
emissions. Processes in the eruption column in particular depend on eruption style as 339 
discussed in Section 3. The interdependencies of magmatic volatiles, eruption style, 340 
efficiency and altitude of gas delivery to the atmosphere, and atmospheric processes 341 
across multiple timescales (Figures 3 to 5) combine to explain the eventual break-down 342 
of the relationship between eruption size and the severity of the climate response. 343 

 344 
4.1.  Eruption column processes and scavenging of climate-relevant gases 345 
 346 
Eruption columns are buoyant mixtures of hot gases and particles that provide 347 

express pathways capable of transporting volcanic emissions to the troposphere or 348 
stratosphere (Sparks et al 1997). Chemical and physical processes as well as thermal 349 
conditions within eruption columns influence which species reach the stratosphere, and 350 
therefore constitute a key area of research for understanding the consequences of 351 



 11 

volcanic halogen (Cl, Br, and I) and sulfur release on climate and stratospheric ozone 352 
chemistry.  353 
Owing to its low solubility in liquid water, scavenging of sulfur gas species in eruption 354 

columns is insignificant (Tabazadeh & Turco 1993) unless, as discussed in Section 4.3, 355 
volcanic ash is co-emitted (Ayris et al 2013, Delmelle et al 2018, Rose 1977, Zhu et al 356 
2020), or ice particles are formed within the eruption column (Textor et al 2003). Work by 357 
Textor et al (2003) suggests that growing ice particles could remove up to 30% of the SO2 358 
mass, however, uncertainties are large.  359 
Halogen solubility is about four orders of magnitude greater than that of SO2, and 360 

therefore halogens such as HCl are effectively scavenged when enough liquid water is 361 
present in the eruption column, which in turn depends on eruption and atmospheric 362 
background conditions. While early work by Tabazadeh and Turco (1993) suggested that 363 
less than 1% of volcanic HCl reaches the stratosphere, Textor et al (2003) estimated a 364 
somewhat lower scavenging efficiency of ~50-90%, with HCl removal dominated by 365 
incorporation into ice particles. Textor et al (2003) concluded that >25% of initially 366 
degassed volcanic HCl could reach the stratosphere in a sufficiently high eruption plume, 367 
along with ~80% of SO2 emissions. Climate modeling studies show that if eruptions such 368 
as the Minoan eruption of Santorini or the eruption of Samalas in 1257—both large VEI 369 
~7 but not super-sized eruptions—delivered even ~1-2% of their total halogen emissions 370 
to the stratosphere, strong halogen-catalyzed ozone depletion would be expected 371 
(Cadoux et al 2015, Wade et al 2020).  372 
Observed ozone decreases after the 1991 Pinatubo eruption were primarily attributed 373 

to heterogeneous reactions on aerosol surfaces involving anthropogenic rather than 374 
volcanic halogens (e.g, Mankin et al 1992, McCormick et al 1995, Solomon 1999, Wilka 375 
et al 2018). A 40% increase in column HCl in the region of the El Chichón eruption cloud 376 
(Mankin & Coffey 1984) was linked with the unusual circumstance of evaporite 377 
assimilation into the magma. More recently, the microwave limb sounder instrument on 378 
the Aura satellite has demonstrated the capacity to track volcanic HCl exceeding 0.2-0.4 379 
ppbv above 100 hPa (Carn et al 2016), revealing significant stratospheric injection of HCl 380 
(Table 1). A review of melt inclusion, ground-based, and satellite-based volcanic HCl/SO2 381 
ratios (Figure 4, Table 1) shows a reduction in plume HCl/SO2 of one to several orders of 382 
magnitude relative to melt inclusions and ground-based measurements, suggesting that 383 
HCl scavenging efficiency remains an open question. Ground-based and satellite 384 
detections of BrO in volcanic plumes (Bobrowski et al 2003, Oppenheimer et al 2006, Rix 385 
et al 2012, Theys et al 2009) further underscore the need to better understand halogen 386 
chemistry within plumes as well as consequences of trace halogens for stratospheric 387 
ozone chemistry. Bromine is ~2 orders of magnitude less abundant in magmas than HCl 388 
(Bureau et al 2000), but BrO is less vulnerable to scavenging from volcanic plumes than 389 
HCl and is ~60x more effective at destroying stratospheric ozone. A sparse but growing 390 
body of work provides data on bromine budgets in magmas (e.g., Cadoux et al 2015, 391 
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Kutterolf et al 2013, Vidal et al 2016). Using an aerosol-climate model, Staunton-Sykes 392 
et al (2021) show that co-emission of volcanic halogens and sulfur from large explosive 393 
volcanic eruptions leads to an increase in the magnitude and duration of the volcanic 394 
forcing when compared to just sulfur emissions in the contemporary atmosphere.  395 

In the case of LIPs, some LIP magmas pass through sedimentary basins that 396 
contain hydrocarbon and evaporite deposits, creating the potential for large-scale 397 
generation of halogen-bearing gases such as CH3Cl (Svensen et al 2009) that can bypass 398 
eruption columns entirely. The lifetime of CH3Cl released in the troposphere (2-3 years) 399 
is sufficiently long that CH3Cl mixes into the stratosphere, with the potential for strong 400 
ozone depletion from thermogenic degassing even without high-altitude volcanic eruption 401 
columns (Black et al 2014). Ozone depletion due to magmatic and thermogenic halogens 402 
from the Siberian Traps LIP is one proposed mechanism to contribute to the end-Permian 403 
mass extinction (Beerling et al 2007, Benca et al 2018, Black et al 2014).  404 

Results from modeling studies of past events and advances in ground-based and 405 
satellite detection suggest the consequences of volcanic halogen degassing for 406 
stratospheric ozone merit further investigation, especially for large or unusually halogen-407 
rich eruptions. How HCl and BrO injection efficiency into the stratosphere vary with 408 
eruption size and style remains an open and important question.   409 
 410 
4.2 Chemical and microphysical processes impacting sulfate aerosols 411 
 412 

Here we focus on the chemical and microphysical processes that shape the 413 
climate effects of volcanic sulfate aerosols for eruptions of different sizes and styles in the 414 
absence of co-emitted water and ash. In Section 4.3 we discuss the interplay with volcanic 415 
ash and H2O emissions.  416 

In the relatively dry and cloud-free stratosphere, gas-phase volcanic SO2 is 417 
oxidized by reaction with hydroxyl radicals (OH-) and water (H2O) to form sulfuric acid 418 
vapour (H2SO4) via reactions R1 to R3 on a timescale of weeks (Read et al 1993): 419 
 420 

SO2 + OH + M → HSO3 + M      (R1) 421 
HSO3 + O2 → SO3 + HO2       (R2) 422 
SO3 + H2O + M → H2SO4 + M      (R3) 423 

 424 
In the humid and cloudy troposphere, partitioning of volcanic SO2 into the aqueous phase 425 
can dominate over the gas-phase oxidation pathway via OH in particular for emissions 426 
into the boundary layer and lowermost free troposphere. Aqueous phase oxidation of SO2 427 
with dissolved hydrogen peroxide (H2O2) or ozone (O3) leads to the formation of 428 
tropospheric sulfate aerosols on a timescale of days to weeks (Stevenson et al 2003).   429 

Oxidation chemistry contributes to a non-linear relationship between the amount 430 
of SO2 emitted and the resulting surface temperature change (Figure 1). In model 431 
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simulations, OH can become depleted when SO2 concentrations are high (Bekki 1995), 432 
which lengthens the time it takes to convert SO2 to sulfate aerosol, affecting aerosol 433 
growth and thus the severity and duration of the climate response. Pinto et al (1989) 434 
suggested OH depletion becomes relevant for SO2 emissions in excess of 10 Tg of SO2, 435 
but further work is needed to test the role of this mechanism for a range of emissions 436 
rates and durations. As discussed in Sections 4.2.1 and 4.3 changes in stratospheric 437 
water vapour concentrations could in theory replenish OH concentrations (LeGrande et 438 
al 2016).  439 

Once formed, H2SO4 rapidly condenses even at low partial pressures in the 440 
stratosphere, leading to changes in particle size and increases in particle number 441 
concentrations after volcanic eruptions (Figure 5) via the following processes: 1) 442 
nucleation (or new particle formation), 2) condensation and evaporation, 3) 443 
coagulation, 4) removal, and 5) transport. Stratospheric volcanic sulfate aerosols are 444 
commonly assumed to be composed of around 75% H2SO4 and 25% H2O with radii 445 
between 0.05 μm and 1.0 μm (Kremser et al 2016 for reviews, Thomason et al 2006) 446 
although to date there are relatively few composition measurements after volcanic 447 
eruptions and the exact composition will depend on the background composition of the 448 
atmosphere and the age of the aerosol cloud (e.g., Andersson et al 2013).  449 

Volcanic sulfate aerosol is extremely efficient at scattering incoming solar 450 
(shortwave) radiation (i.e. via aerosol-radiation interactions) because of the small particle 451 
size, which is similar to the wavelength of visible light. Vivid twilight colours, milky skies 452 
or, on occasion, the appearance of a green or blue moon and sun (Wullenweber et al 453 
2021) are all evidence for interaction of volcanic aerosol with solar radiation. Post-454 
volcanic surface cooling is a result of the enhanced scattering of solar radiation and on 455 
land typically lasts for as long as the aerosol resides in the atmosphere but it takes 456 
decades to centuries for the oceans to reach equilibrium (Section 4.3). Sulfate aerosols 457 
also absorb solar radiation in the near-infrared and outgoing terrestrial (longwave) 458 
radiation, which causes stratospheric warming. Aerosol-cloud interactions are much more 459 
significant for eruptions that emit SO2 into the troposphere than for purely stratospheric 460 
eruptions for which aerosol-radiation interactions dominate (e.g., Schmidt et al 2016). 461 
Sedimentation and transport of stratospheric aerosol into the troposphere likely result in 462 
some aerosol-cloud interactions (Schmidt et al 2018). 463 

Aside from the mass of SO2 emitted, it is the sulfate aerosol size and altitude that 464 
have a critical bearing on both the efficiency at which volcanic aerosols scatter incoming 465 
solar (shortwave) radiation and aerosol removal timescales (e.g., Marshall et al 2019). 466 
Enhanced coagulation of numerous small particles (formed via nucleation) after an 467 
eruption results in rapid shifts in the particle size distribution towards very large sizes. 468 
Large sulfate aerosol particles limit the climate response in a non-linear way because 1) 469 
they are removed rapidly because particle fall speed is approximately proportional to 470 
particle radius squared, and 2) they have a reduced light-scattering efficiency because in 471 
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the visible spectrum the solar radiative forcing per unit mass is greatest for effective radii 472 
of around 0.20 μm with a marked drop in scattering efficiency for smaller and larger sizes. 473 
For example, Timmreck et al (2009) used a climate model to simulate an explosive 474 
eruption the size of 1257 Mt. Samalas and demonstrated that for the same sulfate aerosol 475 
burden the global-mean surface temperature response differed by 1.4 °C for variations in 476 
effective aerosol radius between 0.2 μm and 1.3 μm.  477 

The complex dependencies of the chemical and microphysical processes affecting 478 
sulfate aerosol formation, growth and removal underscore how two eruptions with 479 
essentially the same eruption parameters could affect climate very differently (Figure 5 480 
and also discussed further in Section 6). Background atmospheric conditions, eruption 481 
season, latitude, injection height and eruption style further complicate the picture (e.g., 482 
Aubry et al 2016, Marshall et al 2019, Toohey et al 2011). Eruption season is particularly 483 
important for high-latitude eruptions because of varying insolation and its effects on 484 
oxidation chemistry. For example, Schmidt et al (2010) showed that a hypothetical Laki-485 
type eruption occurring during northern hemisphere winter produces around 20% less 486 
volcanic sulfate aerosol than a summertime eruption of the same magnitude (mainly as a 487 
result of slower photochemistry and subsequent changes to microphysical processing of 488 
the sulfate aerosol during the wintertime eruption). Larger sulfur emissions during brief 489 
explosive eruptions can favor growth of larger aerosol particles (Figure 5), limiting the 490 
climate effects of successively larger SO2 emissions (Pinto et al 1989). Figures 1b and 491 
1c illustrate this point by applying SO2 emissions estimates shown in Figure 1a and as 492 
derived from ice-core sulfate deposition records (Toohey & Sigl 2017) and satellite 493 
retrievals (Carn et al 2016) in an aerosol forcing emulator (Aubry et al 2020) and a simple 494 
climate model (Smith et al 2018) assuming brief equatorial injections into 25 km altitude. 495 
Under these assumptions a decrease in the peak global-mean cooling per Tg of SO2 496 
emitted becomes evident for eruptions emitting more than 40 Tg of SO2 (Figure 1c). While 497 
illustrative for tropical eruptions with SO2 injection altitudes of 25 km and calculated using 498 
relatively simple models, the cooling efficiency for eruptions emitting up to 40 Tg of SO2 499 
from Figure 1c is in close agreement with that reported in Toohey et al (2019) for historic 500 
tropical eruptions (that had different injection altitudes and latitudes). 501 

Figure 5 illustrates that the self-limiting chemical and physical processes may 502 
operate differently and less effectively in the case of protracted basaltic fissure eruptions 503 
such as the ~66 Ma Deccan Traps that may only have straddled the troposphere and 504 
likely had SO2 emissions rates that are one or two orders of magnitude greater than 505 
typical VEI 6 explosive eruptions. Schmidt et al (2016) used a model to show that the 506 
sustained release of large amounts of SO2 into the upper troposphere/lower stratosphere 507 
during episodes of continental flood basalt (CFB) volcanism thought to be 508 
representative of volcanic activity that formed the Deccan Traps (~66 Ma) and the 509 
Columbia River Flood Basalt Province (~16.5 Ma to 14.5 Ma) leads to a sustained 510 
depletion of OH, which limits the conversion of SO2 to sulfate aerosol to a degree that 511 
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any unoxidized SO2 offsets some of the aerosol-induced cooling by causing a warming 512 
(given SO2 is a greenhouse gas). In addition, the relatively fast removal of sulfate aerosols 513 
stemming from Deccan-style CFB eruptions limits their growth, which in turn can lead to 514 
more efficient scattering of aerosol stemming from CFB eruptions than from typical VEI 515 
6-7 explosive eruptions per unit of SO2 mass emitted. Background climate conditions, 516 
eruption column heights, duration of eruption episodes, and the details of the emission 517 
budget for LIP volcanism all affect the magnitude of the climate response and are highly 518 
uncertain. 519 

 520 
4.3 Role of co-emissions of volcanic ash and water vapour 521 
 522 
Co-emissions of species such as volcanic ash or water vapour can affect the chemical 523 

and microphysical processes discussed in Section 4.2 and thus amplify or dampen the 524 
climate effects induced by volcanic SO2, along with possible additional impacts discussed 525 
below. Co-emitted halogens are discussed in Section 4.1. 526 

The role of volcanic ash as a forcing agent has been recognized in the past (e.g., 527 
Jones et al 2007, Jones 2015, Niemeier et al 2020, Niemeier et al 2009, Turco et al 1983) 528 
and more recent observations suggest that fine ash (<30 µm) remains in the atmosphere 529 
for several months (Vernier et al 2016). Climate models, however, only begin to account 530 
for the effects of co-emissions of volcanic ash. Zhu et al (2020) demonstrated that fine 531 
ash emitted by the small-magnitude eruption of Kelut in 2014 can affect sulfur oxidation 532 
chemistry by changing photolysis rates, which could affect OH, and by removing SO2 via 533 
heterogeneous reactions on ash surfaces (Ayris et al 2013, Delmelle et al 2018, Maters 534 
et al 2017) as summarized in Figure 5. Laboratory studies also suggest that ash can act 535 
as a sink for other species such as halogens and ozone (Delmelle et al 2018, Gutiérrez 536 
et al 2016, Maters et al 2017). In addition, ash has been suggested to have the potential 537 
to influence eruption column dynamics and aerosol properties of the dispersing cloud by 538 
acting as a site for ice nucleation (Durant et al 2008, Isono et al 1959, Seifert et al 2011). 539 
Ash can also cause radiative heating that leads to changes in vertical velocity and thus 540 
the altitude of other volcanic species (Muser et al 2020). Volcanic ash deposition to 541 
oceans can supply micronutrients, particularly iron (Fe), to marine phytoplankton and 542 
affect the carbon cycle (e.g., Browning et al 2015, Jones 2015, Langmann 2014). 543 
Terrestrial continental-scale ash blankets can (depending on the underlying surface type) 544 
increase surface albedo and reflectance of solar radiation, which in turn can induce large-545 
scale changes to atmospheric dynamics and the hydrological cycle (Jones et al 2007, 546 
Jones 2015). However, the ramifications of continental-scale ash deposits remain 547 
understudied, in particular for supereruptions such as the 2.1, 1.3, and 0.64 Ma 548 
Yellowstone eruptions and the 74 ka Toba eruption.  549 

Water vapour is a strong greenhouse gas and is often the most abundant volcanic 550 
species (e.g., Textor et al 2003), thus any increases in its concentrations in the otherwise 551 
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relatively dry stratosphere would act to reduce the net cooling induced by sulfate aerosols. 552 
For volcanic eruptions there are three mechanisms that are relevant: 1) heating of the 553 
tropical tropopause due to volcanic sulfate aerosols, which can lead to increases in 554 
stratospheric water vapour concentrations as was observed after the 1991 Mt Pinatubo 555 
eruption (e.g., Joshi & Shine 2003); 2) direct injections of water vapour into the 556 
stratosphere (e.g., Glaze et al 1997, Joshi & Jones 2009, Kroll et al 2021), and 3) global 557 
warming that leads to increases in stratospheric water vapour concentrations (e.g., 558 
Dessler et al 2013). Some observational evidence of direct water vapour injections into 559 
the stratosphere exists (Burnett & Burnett 1984, Murcray et al 1981) but there is large 560 
uncertainty and the water vapour enhancements are likely short-lived (Sioris et al 2016a, 561 
Sioris et al 2016b). In addition, there are complex chemical and microphysical feedbacks 562 
at play that require further quantification to understand how direct water vapour injections 563 
or changes in background stratospheric water vapour might modulate OH concentrations 564 
(Figure 5), nucleation rates and the net effects on climate (LeGrande et al 2016).  565 
 566 
4.4 Dynamical responses in the atmosphere, the ocean and the biosphere 567 
 568 
Measurements and climate models show that radiative heating of the lowermost 569 

tropical stratosphere following tropical explosive eruptions leads to an increased 570 
meridional temperature gradient and enhanced upwelling in the tropics (Robock 2000 and 571 
references therein). These volcanically-induced changes to stratospheric dynamics lead 572 
to complex chemical and radiative feedbacks and indirect effects on large-scale 573 
circulation patterns, surface temperature changes and ozone levels across a range of 574 
timescales (Figure 3). For example, the increased meridional temperature gradient can 575 
lead to a strengthening of the Northern Hemisphere polar vortex during winter and a shift 576 
of the North Atlantic Oscillation to a positive phase, which in turn has been suggested to 577 
explain the observed winter warming pattern over the continents in the Northern 578 
Hemisphere. However, consensus is lacking on the physical mechanism behind the 579 
response (e.g., Bittner et al 2016, DallaSanta et al 2019, Driscoll et al 2012, Polvani et al 580 
2019, Toohey et al 2014, Zambri et al 2017). In addition, heating of the tropical lower 581 
stratosphere leads to lifting of ozone-poor air to higher altitudes (Kinne et al 1992) and 582 
enhanced transport of ozone from the tropical stratosphere towards higher latitudes, 583 
which enhances polar ozone loss (Robock 2000 and references therein, Solomon 1999). 584 
Generally, dynamical, chemical and microphysical processes are deeply intertwined, 585 
which can lead to disproportional effects on ozone and surface temperatures. For 586 
example, measurements in 2015 that reveal that the Antarctic ozone hole was particularly 587 
large and long-lasting, which in models and observations has been attributed to a 588 
combination of a very cold and undistributed stratospheric polar vortex and the 2015 VEI 589 
4 eruption of Calbuco in Chile (Stone et al 2017, Wilka et al 2018, Zhu et al 2020).  590 
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Observations and climate models also reveal that explosive eruptions can cause 591 
reductions in global precipitation with complex regional precipitation responses (e.g., 592 
Haywood et al 2013, Iles et al 2013) including a weakening of the Asian and African 593 
summer monsoon circulations following high-latitude eruptions such as 1783-1784 Laki 594 
(e.g., Oman et al 2006b, Zambri et al 2019).  595 

The thermal inertia of the oceans leads to delays in the full-scale climate response 596 
after volcanic eruptions, which is evident from decade to century-long negative anomalies 597 
in ocean heat content after explosive volcanic eruptions with implications for sea level 598 
(via thermal contraction) (e.g., Gleckler et al 2006, Gregory 2010). Coupled ocean-599 
atmosphere dynamics such as El Niño-Southern Oscillation (ENSO) after an eruption also 600 
affect the duration and magnitude of post-eruption cooling. Based on available sea-601 
surface temperature observations it has been suggested that the likelihood of El Niño 602 
within two years following an eruption is increased, but there is no consensus on the 603 
physical mechanism driving such a response (e.g., Khodri et al 2017 and references 604 
therein). The ENSO state prior to an eruption can partially obscure volcanic surface 605 
temperature changes (e.g., Lehner et al 2016, Nicholls 1988, Robock & Mao 1995).  606 

There are substantial uncertainties in dynamical responses of atmosphere and 607 
oceans and subsequent modulation of the climate effects of LIPs, originating in part from 608 
the lack of suitable proxies in deep time.  What is known is that for LIP-scale eruptions, 609 
CO2 emissions can exceed 104 Pg C (Black & Gibson 2019), reaching levels sufficient to 610 
disrupt the carbon cycle and cause global warming on 105-106 year timescales (e.g., Chen 611 
et al 2015, Schaller et al 2011). Sulfur emission during intense LIP episodes spanning 612 
decades to centuries can drive 101-102 year intervals of cooling punctuating longer-term 613 
warming (Black et al 2018, Schmidt et al 2016). Modeling studies predict that surface 614 
temperature changes driven by LIP CO2 and SO2 emissions could cause striking shifts in 615 
hydrology and ocean circulation (Black et al 2018, Landwehrs et al 2020).  616 

Dynamical responses of the land biosphere to volcanic emissions include 617 
temperature-induced changes to the growth rate of crops and vegetation (Lucht et al 618 
2002), enhanced photosynthesis due to changes in the diffuse fraction of solar radiation 619 
(Mercado et al 2009), soil moisture changes that may lead to decreased plant and 620 
heterotrophic respiration (Jones & Cox 2001), and damage to vegetation due to depletion 621 
of stratospheric ozone levels and acid rain (Black et al 2014). Collectively these 622 
biophysical responses can have significant effects on the carbon cycle with models and 623 
observations suggesting a decrease in the global land carbon sink by about 1.5 PgC in 624 
the third year after the 1991 Mt. Pinatubo eruption (Jones & Cox 2001, Lucht et al 2002, 625 
Mercado et al 2009). Dynamical responses in the marine biosphere include the role of 626 
volcanic ash in supplying Fe--an important micronutrient—to the surface ocean, 627 
influencing marine primary productivity and biogeochemical cycling (Duggen et al 2010).  628 
 629 
4.5 Role of background atmospheric and climate state 630 
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 631 
The background atmospheric and climate state can affect the magnitude and 632 

duration of the climate response to eruptions of all styles and magnitudes.  633 
Apart from size-dependent removal of aerosol particles, large-scale atmospheric 634 

dynamics exerts a key control on the dispersion range (and lifetimes) of volcanic species. 635 
In the troposphere, sulfate dispersion is typically restricted to regional or hemispheric 636 
scales. In the stratosphere volcanic sulfate aerosol can disperse globally with preferential 637 
transport towards the winter hemisphere (e.g., Hitchman et al 1994) for tropical eruptions. 638 
For high-latitude eruptions the majority of the aerosol tends to remain in the hemisphere 639 
of origin but some cross-hemispheric transport can take place (Marshall et al 2021, 640 
Schmidt et al 2010, Toohey et al 2016a). Local meteorological conditions, eruption 641 
latitude, SO2 injection height and season further influence the lifetime and dispersion of 642 
volcanic species (e.g., Jones et al 2016a, Marshall et al 2019, Toohey et al 2011).  643 

Aubry et al (2021b) used model simulations to show that the radiative forcing from 644 
large-magnitude tropical explosive eruptions of Pinatubo size will be amplified in a warmer 645 
climate, mainly as a result of a faster Brewer-Dobson circulation and a decrease in 646 
volcanic sulfate aerosol size. In contrast, the climate forcing of moderate-magnitude 647 
explosive eruptions in the tropics the size of the 2011 Nabro eruption will be reduced 648 
because of a rise in tropopause height in a warmer climate, leading to a lower 649 
stratospheric aerosol burden for these eruptions. Independently of the change in the 650 
magnitude of the volcanic forcing, Fasullo et al (2017) showed that the greater 651 
stratification of the global oceans in a warmer climate will lead to a reduction in the surface 652 
cooling induced by volcanic eruptions.   653 

Schmidt et al (2012) have shown tropospheric volcanic aerosol stemming from the 654 
SO2 emission of continuously degassing volcanoes exert a global mean radiative effect 655 
of -1.06 W m-2 under pre-industrial atmospheric conditions via aerosol-cloud interactions. 656 
The radiative effect is halved under present-day atmospheric conditions due to higher 657 
tropospheric background aerosol levels stemming from anthropogenic emissions. 658 
Hopcroft et al (2018) suggest a similar effect of anthropogenic background aerosol levels 659 
in the troposphere on the radiative forcing of explosive volcanic eruptions.  660 

The duration of eruptions influences their sensitivity to background climate. For 661 
example, flood basalt eruptions, which are thought to last decades to centuries, are likely 662 
less sensitive to short-term variations in background climate such as seasonal variations 663 
in the Brewer Dobson circulation. However, even flood basalt eruptions are influenced by 664 
background climate factors such as the climate sensitivity to CO2, which may have varied 665 
substantially through Earth history (Farnsworth et al 2019), controlling the extent of 666 
warming. For a given climate sensitivity, periods of low background CO2 will also yield a 667 
stronger climate response to a given mass of CO2 emissions as a result of the absorption 668 
capacity becoming saturated at high atmospheric background CO2 levels. Finally, if LIPs 669 
release sufficient cumulative CO2 to cause global warming on 105-106 year timescales, 670 
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they can effectively alter the background climate. Global warming is expected to cause 671 
increases in tropopause heights and changes in volcanic plume rise heights (Aubry et al 672 
2016), which implies that through the course of LIP emplacement, CO2-induced warming 673 
could cause a diminishing proportion of sulfur and halogens to reach the stratosphere.  674 
 675 
5.   Towards a Volcano-Climate Index to establish the severity-frequency 676 
distribution of volcanic climate effects  677 
 678 

Previous efforts to systematically quantify volcanic effects on climate (see Robock 679 
2000 for a review) include metrics such as the Ice Core Volcanic Index, focused on ice 680 
core sulfate levels (Gao et al 2008, Robock & Free 1995), Lamb’s Dust Veil Index, which 681 
integrates information about eruption properties as well as the surface temperature and 682 
wind response (Lamb 1970), the volcanic sulfur dioxide index (VSI) (Schnetzler et al 683 
1997), and an index of the stratospheric aerosol loading following explosive volcanic 684 
eruptions (Bluth et al 1997). These prior efforts have generally focused on the forcing or 685 
initial perturbation to the climate system by estimating sulfur emissions and sulfate 686 
aerosol loadings from explosive eruptions as opposed to the climate response. For 687 
eruptions that differ substantially from the paradigm of large explosive eruptions such as 688 
Mt. Pinatubo in 1991, we suggest that a broader metric—encompassing local effects of 689 
volcanic plumes on climate to long-lasting global climatic consequences of LIP 690 
magmatism—is desirable. As discussed in the preceding sections, processes in the 691 
magmatic system, the eruption column, background climate state, and the atmosphere 692 
can modulate the climate response to subsurface magma input (Figures 3 and 5). Primary 693 
criteria that encompass solely the climate response, rather than properties of the eruption 694 
(such as the explosivity or amount of SO2 emitted), are therefore more appropriate to 695 
capture the recurrence intervals of different levels of volcanic climate impact.  696 

We formulate an index to categorize the severity of the climate impacts of volcanic 697 
eruptions across scales and eruption styles (Table 2), which we refer to as the Volcano-698 
Climate Index (VCI). While the full climate response to volcanic eruptions can encompass 699 
atmospheric chemistry and coupled atmosphere-ocean-biosphere dynamics (Figure 3), 700 
we focus on changes in surface temperature as the clearest criteria for categorizing the 701 
climate response with the VCI. We deliberately exclude eruption properties and measures 702 
of volcanic forcing such as optical depth from these criteria as the VCI is based soley on 703 
the climate response to an eruption. The VCI scale ranges from negligible climate effects 704 
from individual eruptions (VCI 0) to the long-lasting or even catastrophic global disruption 705 
(VCI 6+) that coincides with some LIP events. The main criteria for assignment of a VCI 706 
value (from 0 to 6+) are decreases in surface temperatures after an eruption (criteria 1 707 
and 2 in Table 2). An additional criterion (for VCI 6+) is global-mean surface warming 708 
induced by volcanic CO2 emissions. For all but LIP-scale volcanism, CO2 emissions from 709 
individual events (1991 Mt. Pinatubo released around 0.01 Pg C, Gerlach 2011, and 710 
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1783-1784 Laki released a total of 0.1-0.3 Pg C, Hartley et al 2014) are miniscule relative 711 
to the ocean-atmosphere reservoir (~40,000 Pg of C) or the effects of anthropogenic 712 
emissions (~10 Pg/year of C; Gingerich 2019), and thus CO2-induced surface warming is 713 
negligible.  714 

 715 
5.1 Assignment of a VCI value 716 
 717 
 The purpose of the VCI is to categorise volcanic climate effects as opposed to 718 

predicting these in near real-time. Assigning a VCI value to a contemporary eruption 719 
should therefore take place after the event once instrumental records of the temperature 720 
changes are available as this will enable the most accurate assignment of a VCI value. It 721 
is also possible to use near real-time information on SO2 flux, injection height, and the 722 
resulting stratospheric aerosol optical depth during or shortly after an eruption in synergy 723 
with climate models in order to predict the resulting surface temperature changes and 724 
thus assign a predictive VCI. We recommend that such a near real-time assignment is 725 
always confirmed with instrumental temperature measurements once they become 726 
available. 727 

To merit a specific VCI value, an eruption should satisfy at least one main criteria 728 
(surface cooling or surface warming) listed in Table 2. The flow chart shown in Figure 6 729 
illustrates the iterative process of assigning a VCI value. A web-based tool to determine 730 
a best-estimate VCI for an eruption given available constraints is also available [link to be 731 
provided]. The main criterion for assignment is the change in global monthly-mean peak 732 
surface cooling, which should be estimated as the temperature anomaly with respect to 733 
the five years prior to an eruption. For the vast majority of eruptions, the peak in global-734 
mean surface temperature change will occur during the first 6 to 24 months after an 735 
eruption, but as discussed in the previous sections, eruption style, slow recovery of the 736 
volcanic cooling signal in the oceans and sea-ice feedbacks as well as eruptions 737 
occurring in short succession may prolong the surface cooling beyond these timescales. 738 
With the exception of LIP volcanism (VCI = 6+), a VCI should be assigned for individual 739 
eruptions even if two eruptions occur in close succession. Sulfate aerosol-induced 740 
heating of the tropical stratosphere and changes in ocean heat content (discussed in 741 
Section 4.3) are considered further effects; while not the main criteria for assigning a VCI 742 
value to an eruption, they can guide assignment of an appropriate VCI value.  743 

For eruptions prior to the instrumental record, proxy records of temperature 744 
changes (e.g., Anchukaitis et al 2017, Sigl et al 2015, Wilson et al 2016) or climate 745 
modeling studies using either complex climate models (e.g., Black et al 2021, Marshall et 746 
al 2021, Wade et al 2020) or idealized models (Aubry et al 2020, Toohey et al 2016b) 747 
provide constraints on the VCI value. Indices such as the ice core volcanic forcing index 748 
(Gao et al 2008) or estimates of sulfur emissions to the stratosphere (Bluth et al 1997) 749 
can be used as inputs for modeling studies, as can near real-time information on SO2 flux 750 
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and/or the perturbation to stratospheric aerosol optical depth. Tree-ring based estimates 751 
of hemispheric summertime surface temperature changes are available for eruptions that 752 
occurred during the past 2000 years. To assign a VCI value based on tree-ring 753 
temperature proxy data, the hemispheric summertime temperature changes should be 754 
calculated by averaging across different tree-ring proxy datasets (instead of using only 755 
one type of proxy as there is large variability) and with respect to the 5 years prior to an 756 
eruption.  757 

For eruptions in deep time (i.e., millions of years old, predating the oldest ice core 758 
records), available paleoclimate proxy records such as oxygen isotopes in marine 759 
sediments (e.g., Westerhold et al 2020) generally have fairly coarse temporal resolution. 760 
This limited resolution prevents detection of volcanic sulfate aerosol-driven cooling on 761 
annual to decadal timescales, but in some cases oxygen isotope variations are thought 762 
to record warming on longer timescales driven by CO2 release from LIPs (e.g., Chen et 763 
al 2015, Hernandez Nava et al 2021). Absent higher-resolution proxy records, 764 
assessments of the severity and distribution of sulfate aerosol surface cooling to assign 765 
a VCI will likely depend on climate modeling studies (Figure 6). 766 

In general, uncertainties on the VCI value will be greater for eruptions prior to the 767 
instrumental record than for contemporary eruptions, and different climate models or 768 
proxies may differ in their estimates of the climate response, therefore assigning a range 769 
in estimated VCI is encouraged as appropriate (e.g., VCI 3-4). Eruptions that follow the 770 
1991 Mt. Pinatubo paradigm will likely dominate the VCI record and have the least 771 
uncertainty attached to the VCI assignment.  Eruption style also affects the certainty by 772 
which a VCI value can be assigned. LIP events provide clear examples of the difficulties 773 
in correctly characterizing climate consequences, mainly because of the multiple 774 
timescales (decades to millennia for individual eruptions or eruption series; hundreds of 775 
thousands of years for the main phase of LIP activity comprising tens to hundreds of 776 
individual eruptions) involved in both volcanic activity and the climate response, and the 777 
varying style of volcanic activity across these timescales. Furthermore, deeper in the past, 778 
determining short-timescale climate changes in response to specific eruptions becomes 779 
increasingly challenging. Sulfate aerosol cooling predicted during LIP volcanism (Black 780 
et al 2018, Landwehrs et al 2020, Schmidt et al 2016) cannot currently be resolved in 781 
available proxy records. In such cases, estimates of the climate response and therefore 782 
the VCI must rely on modeling, at least until appropriate paleoclimate records become 783 
available. Because of these challenges in assessing the climate response, within the VCI 784 
6+ category, there is a large range in the apparent severity of climate and environmental 785 
disruption. The Siberian Traps and Central Atlantic Magmatic Province LIPs coincided 786 
with major mass extinction events (e.g., Bond & Wignall 2014), whereas other LIPs 787 
coincided with still-major disruptions such as ocean anoxic events (Courtillot & Renne 788 
2003) but did not lead to mass extinctions. Ideally these levels of disruption could be 789 
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distinguished in a system such as the VCI, however, the environmental changes 790 
responsible for these distinct evolutionary outcomes remain debated. 791 

 792 
5.2 Potential applications of the VCI scale  793 
 794 
  Despite the hurdles described above, and indeed driven by the complexity of the 795 

relationship between the scale and style of eruptions and the climate response, we argue 796 
that a consistent metric such as the VCI would represent a valuable tool for categorising 797 
the climate effects of volcanic eruptions and for establishing a volcano-climate severity-798 
frequency distribution similar to what is done for other geological hazards such as 799 
earthquakes. Establishing a volcano-climate severity-frequency distribution will enable 800 
assessment of the scale and recurrence frequency of volcano-climate disruption. Such 801 
information is currently not available but is essential for planning purposes and ultimately 802 
for mitigation of societal impacts. The color-coding in Table 2 refers to the expected 803 
severity and extent of the climate effects with green referring to negligible effects for VCI 804 
category 0, yellow to minor effects on local to hemispheric scales for VCI categories 1 to 805 
2, orange to substantial global-scale effects for VCI categories 3 to 4, red to strong global-806 
scale effects lasting several decades for VCI category 5, and dark red to major and 807 
potentially catastrophic global-scale climate effects on a range of timescales for VCI 808 
category 6+. As discussed in Section 4, specific volcanic climate effects such as changes 809 
to precipitation patterns do not manifest themselves evenly across the globe, thus the 810 
VCI should be seen as a guide to the scale of disruption but regionally varying impacts 811 
need to be assessed separately. Over time it will be possible to build up a picture of the 812 
expected regional impacts for each VCI category. Other potential applications of the VCI 813 
scale include assessing the cumulative VCI over certain time periods, e.g. decades since 814 
the year 1850 in order to assess correlation between volcanic activity with decadal-scale 815 
climate variability.  816 

 817 
6.     Summary and outlook  818 

 819 
The largest explosive eruptions occur once every million years, on average (Mason 820 

et al 2004). Subplinian explosive eruptions occur on a yearly basis. Understanding the 821 
relationship between the scale and type of volcanism and climate consequences forms 822 
the starting point for estimating the likelihood of different types and severities of climate 823 
impacts from eruptions in the past and in the future, and thus ultimately for understanding 824 
risks related to volcanic impacts on climate, and follow-on consequences for economic 825 
activity and human health. Challenges originate from the magmatic system, from 826 
atmospheric injection, and from the complex interplay of chemical and physical processes 827 
in the atmosphere with dependencies on eruption style and background climate state 828 
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(Figures 3 and 5). These complexities underscore the point that the size of an eruption 829 
cannot be considered in isolation.  830 

Indeed, the geologic and historical records show that is not necessarily the 831 
eruptions with the biggest VEI values that have the strongest climate consequences. 832 
Examples include 2015 Calbuco (unexpectedly strong ozone depletion), 74 ka Toba 833 
(unexpectedly weak cooling in southern hemisphere), and LIPs (which fall outside the VEI 834 
scale altogether, and can cause very different climatic and ecological outcomes and 835 
comprise individual eruptions with different fluxes and durations despite similar total 836 
province volumes). Because of the complicated relationship between the scale of 837 
volcanism and the severity of the climate response, we argue that the climate effects of 838 
volcanic eruptions should be categorised systematically based on the climate response 839 
alone and thus independently from VEI, magnitude, and other eruption properties. We 840 
explore a path toward doing so with the Volcano-Climate Index (Table 2). The length of 841 
the instrumental temperature record paired with more than four decades of satellite data 842 
on eruption occurences and climate responses make a metric such as the VCI more 843 
feasible than in the past. Clearly, uncertainties and challenges remain, in particular for 844 
accurately quantifying climate effects of prehistoric eruptions.  845 

In a list of Future Issues, we highlight key directions for future research that we 846 
see as critical to quantifying the climate effects of volcanism across scales and styles. 847 
The size and duration of volcanic eruptions on Earth each span more than 10 orders of 848 
magnitude (e.g., ERUPT, 2017). In this context, the eruptions of Agung in 1963, El 849 
Chichón in 1982, and Mt. Pinatubo in 1991—despite their historic significance in 850 
unlocking the climatic importance of volcanic eruptions—represent just a small corner of 851 
the full range of volcanic activity. Understanding the climate consequences of eruptions 852 
that differ strongly from the paradigm of explosive eruptions such as 1991 Mt. Pinatubo—853 
from small eruptions to flood basalts, and everything in between—represents an essential 854 
frontier for quantifying the impacts of volcanism in the past and future.  855 
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 856 Future issues list 
We highlight key directions for future research that we see as critical to quantifying the 
climate effects of volcanic eruptions across scales and styles. 
 
• Integrating datasets from the magmatic system to emissions to climate 
response. New initiatives (e.g., Subduction Zone 4D) to instrument multiple 
volcanoes to capture  in-progress eruptions offer an opportunity to relate 
observations of eruption precursors, gas release eruption, plume dynamics, and 
climate response.  

• Including volatiles in databases of volcanism. Existing databases of volcanic 
activity (e.g., the Global Volcanism Program or the Independent Eruption Source 
Parameter Archive (Aubry et al 2021a)) are beginning to incorporate information 
about SO2 emission rates. Expanded efforts to consistently include melt inclusion, 
ground-based, and satellite-based emission datasets alongside other parameters in 
new and established databases will fill a major gap.  

• Excess degassing. Excess degassing is a major unknown for eruptions predating 
the satellite era, and in particular for eruptions predating reliable ice core records. 
New petrologic techniques, perhaps utilizing correlations between volatiles and trace 
elements (Iacovino et al 2016), are needed to quantify the magnitude of volatile 
degassing from a co-existing vapor phase fed by deeper mafic magmas that may not 
themselves erupt. 

• Scavenging efficiency of halogens and sulfur in the volcanic eruption column. 
Measurements and modeling are needed to quantify halogen and sulfur scavenging 
rates and how these vary for different eruption sizes and styles. 

• Detailed measurements of chemical processes and aerosol properties. Sulfate 
aerosol growth and its size distribution strongly determine the severity of the climate 
response, yet measurements are limited to mainly explosive eruptions the size of 
1991 Mt. Pinatubo (e.g., Deshler et al 1992) and some persistently degassing 
volcanoes (e.g., Mather et al 2003). More measurements of the chemical conversion, 
as well as nucleation and aerosol growth rates are needed for eruptions of different 
styles and sizes similar to what has been done for the 2010 eruption of Eyjafjallajökull 
(Boulon et al 2011). 

• Co-emissions. Measurements and modeling are needed to better understand the 
emerging importance of heterogeneous chemistry on ash and sulfate aerosol 
surfaces, as well as the role of water vapour, which can both affect sulfur oxidation 
and ozone chemistry (LeGrande et al 2016, Maters et al 2017, Zhu et al 2020).  

• Oceans. Oceans prolong the climate response to explosive volcanic eruptions of 
different magnitudes (e.g., Gleckler et al 2006, Santer et al 2015) but the interplay of 
volcanic emissions, radiative changes, and shifts in ocean heat content and 
circulation for super-eruptions and LIP eruptions is largely unknown. 

• Biosphere. A better quantification of the biosphere response and implications for the 
carbon cycle—both in the oceans and on land--after volcanic eruptions is needed, as 
uncertainties on the magnitude and nature of the biophysical effects at play remain 
large.   

• Volcanoes and climate change. Background climate conditions affect stratospheric 
dynamics and the aerosol lifecycle. A better understanding of volcano-climate 
interactions is needed for eruptions of different styles and scales. 



 25 

Terms and Definitions 857 
 858 
Aerosol-cloud interactions are the indirect effects of a perturbation to cloud microphysical 859 
properties due to aerosols acting as cloud condensation nuclei or ice nuclei, which can affect 860 
radiative balance, cloud lifetime, and precipitation. 861 
 862 
Aerosol-radiation interactions are direct interactions of aerosol with radiation (in the absence 863 
of clouds). These radiative effects can lead to rapid adjustments in form of, for instance, changes 864 
to clouds due dynamical effects induced by radiative heating for example.  865 
 866 
Assimilation is the incorporation of wall rock into the magma, which can change magma 867 
composition.  868 
 869 
Basaltic fissure eruptions combine effusive lava flows with fire fountains--jets of molten rock--870 
and this type of eruption can last months to decades or more. Sufficiently intense fire fountaining 871 
can produce eruption columns that reach the stratosphere. Examples include Laki 1783-1784 in 872 
Iceland and flood basalt eruptions. 873 
 874 
Climate response refers to the ways the climate system changes in response to volcanic forcing.  875 
 876 
Condensation and coagulation of H2SO4 are key processes leading to growth of the aerosol to 877 
sizes relevant for aerosol interactions with radiation.  Condensation is dependent on H2SO4 878 
concentrations and is inversely proportional to particle radius up to particle radii of 20 μm and 879 
thus plays a key role throughout the lifetime of a volcanic aerosol cloud. Coagulation refers to the 880 
coalescence of two colliding particles into one particle, thus the particle mass is preserved but the 881 
particle number is reduce, resulting in an increase in particle volume and size. Coagulation is 882 
most efficient when particle number concentrations are high, which is the case shortly after an 883 
eruption when H2SO4 vapour concentrations are high as result of the gas-phase oxidation of SO2 884 
by OH.  885 
 886 
Continental flood basalts (CFBs) are flood basalt lavas emplaced in intraplate continental 887 
settings, in contrast with oceanic plateau lavas emplaced in oceanic settings. 888 
 889 
Continuously degassing refers to volcanic activity in which gases are continuously emitted into 890 
the lowermost atmosphere. Examples include activity at Kilauea volcano between 1983 and 2018. 891 
 892 
Crystallization is the formation of a solid phase mineral from a melt, which occurs at a range of 893 
temperatures depending on mineral composition. 894 
 895 
Degassing efficiency is the proportion of volatiles initially dissolved in the magma that exsolves 896 
and escapes to the atmosphere.  897 
 898 
Effusive eruptions produce dominantly lava flows that flow from the vent without major explosive 899 
activity. 900 
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 901 
Eruption column refers to the ascending, vertical part of the mass of erupting debris and gases 902 
that rises directly above a volcanic vent. 903 
 904 
Eruption or aerosol cloud refers to the mass of erupted ash, gases and aerosols that is 905 
dispersed away from the volcanic vent. 906 
 907 
Evaporation occurs at altitudes above around 30 km where sulfuric acid droplets become 908 
thermodynamically unstable and thus evaporate. 909 
 910 
Excess sulfur is the mass of sulfur released to the atmosphere beyond the mass expected from 911 
dissolved sulfur concentrations (as recorded by melt inclusions, for example). Excess sulfur is 912 
thought to originate from a combination of crystallization-driven exsolution and recharging mafic 913 
magmas at depth that transfer sulfur to a co-existing vapor phase that is released during an 914 
eruption, even if some or most of the source mafic magmas themselves do not erupt.  915 
 916 
Forcing refers to the volcanic drivers of climate shifts, including sulfate aerosols and their effects 917 
on Earth’s energy budget. 918 
 919 
Large Igneous Provinces (LIPs) are extremely voluminous intraplate magmatic provinces that 920 
form through processes distinct from typical plate boundary melting, that comprise 105-106 km3 921 
magma emplaced as flood basalt lavas at the surface and intrusions in the lithosphere (Ernst et 922 
al., 2021). 923 
 924 
Magnitude (M) and intensity are important volcanological measures of the size of an eruption. 925 
Magnitude is the total mass of an eruption. Intensity is the mass eruption rate of an eruption 926 
(mass per time).  927 
 928 
Mantle melting occurs when the mantle temperature, at a given pressure, exceeds its solidus 929 
temperature. 930 
 931 
Nucleation or new particle formation leads to a large number of small molecular clusters of 932 
particles that are too small to lead to significant interactions with radiation.  933 
 934 
Plinian eruptions are powerful explosive eruptions that produce stratospheric eruption columns.  935 
 936 
Small-magnitude explosive eruptions are explosive eruptions with a VEI 3-5. Examples include 937 
2011 Nabro, 2007 Sarychev, and 2015 Calbuco. 938 
 939 
Strombolian eruptions are moderately explosive eruptions that produce tropospheric eruption 940 
columns. 941 
 942 
Sub-Plinian eruptions are similar to Plinian eruptions, but slightly less intense, with the 943 
possibility of more intermittent explosivity. 944 
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 945 
Supereruptions are the largest explosive eruptions, loosely defined to erupt >300 km3 magma 946 
(around 750 km3 ash). Eruptions of this size have a recurrence interval of around 100,000 years 947 
(Sparks et al., 2005). 948 
 949 
Volatiles are elements or compounds that form a gas at relatively low pressure and magmatic 950 
temperatures. Examples include H2O and CO2.  951 
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Figures and Captions 952 
 953 

 954 
 955 
Figure 1. The breakdown of the relationship between eruption size and SO2 emissions 956 
(panel a) and the global-mean surface temperature (GMST) response (panels b and c). 957 
Figure 1a shows a compilation of sulfur dioxide (SO2) emission estimates (in Tg of SO2) 958 
from mostly explosive eruptions based on ice-core sulfate deposition records (500 BCE 959 
to 1900 CE; Toohey & Sigl 2017; green symbols) and satellite retrievals (1979 to 2015; 960 
Carn et al 2016; blue symbols). Data are shown as boxplots; mean SO2 mass for each 961 
VEI category indicated with orange triangles. Figure 1b shows peak GMST changes (in 962 
K) when applying these SO2 emissions estimates in an aerosol forcing emulator (Aubry 963 
et al 2020) and a simple climate model (Smith et al 2018) assuming equatorial injections 964 
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to 25 km altitude. Figure 1c shows peak GMST changes as a function of emitted SO2 965 
mass (grey circles, which represent the minimum, mean and maximum SO2 emissions 966 
for each VEI category as shown in panel a) including linear fits for SO2 masses less and 967 
greater than 40 Tg of SO2 in light blue and purple colours, respectively. The linear fits are 968 
for illustrative purposes because there is added complexity and uncertainty on the cooling 969 
efficiencies (in K per Tg of SO2) depending on eruption style, latitude and injection height, 970 
which is not accounted for in Figures 1b and 1c as we assume a single explosive injection 971 
of SO2 to the tropical stratosphere. The red, yellow, and green bars show peak GMST 972 
changes estimated for 1991 Mt. Pinatubo, 1815 Mt. Tambora, and 1257 Mt. Samalas 973 
using a range of models, instrumental and proxy data.   974 
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 975 

 976 
 977 
Figure 2. The size distribution of explosive volcanic eruptions depends on magma 978 
composition, as shown in the size distribution of large-magnitude explosive volcanic 979 
eruptions from the LaMEVE database (Crosweller et al 2012), which does not include 980 
small explosive eruptions, Laki-style basaltic fissure eruptions, or LIP events. Gas release 981 
varies depending on magma composition, complicating the relationship between eruption 982 
scale and gas emissions. Basaltic curve includes basalts and andesites; silicic curve 983 
includes dacites and rhyolites; alkaline curve includes tephrites, trachytes, and 984 
phonolites. Magnitude is calculated as M=log10(mass of magma in kg)-7 (Pyle 2015). 985 
 986 
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 987 
Figure 3. The magnitude, style, and composition of eruptions interact with microphysics, 988 
atmospheric chemistry, and large-scale climate dynamics across multiple timescales to 989 
determine the climate response to eruptions recorded in proxies. Within each panel, 990 
processes are listed in order of their operative timescales from shortest to longest. 991 
  992 
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 993 
 994 
Figure 4. Degassing and scavenging of gases from the eruption plume modify the mixture 995 
of gases delivered to the atmosphere relative to proportions in the magma.  In particular, 996 
HCl is thought to be more efficiently scavenged from the eruption plume than SO2 (see 997 
text for details). In the right panel, melt inclusion and vent HCl/SO2 molar ratios from 998 
(Aiuppa 2009) and satellite measurements from Carn et al (2016) provide supporting 999 
evidence.  1000 
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 1001 
 1002 
Figure 5. Schematic illustration of the formation of sulfate aerosols for different eruption 1003 
styles and durations. In contrast to brief explosive eruptions such as Mt. Pinatubo in 1991, 1004 
some eruptions (such as flood basalt eruptions) can last for years to centuries, leading to 1005 
strongly differing chemical and microphysical processes affecting sulfate aerosols. After 1006 
Schmidt et al (2016) and Zhu et al (2020). GHG stands for greenhouse gas.  1007 
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 1008 
 1009 
Figure 6. Flow chart illustrating the iterative process of assigning a VCI value or VCI 1010 
range.  Deep time refers to eruptions that occurred millions of years ago, predating the 1011 
oldest ice core records.  1012 
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Eruption Date Magma 
composition 

VEI SO2 
degassing 
efficiency 
(MI) 

HCl 
degassing 
efficiency 
(MI) 

Molar 
HCl/SO2 
degassing 
(MI) 

Molar 
HCl/SO2 
(satellite) 

Sources for melt 
inclusion data 

Anatahan Apr 
2005 

Basaltic 
andesite 3 78% 22% 1.5 0.026 

Pallister et al 
(2005) -- from the 
2003 eruption of 
Anatahan 

Soufriere May 
2006 

Basaltic 
andesite 3  55%  0.015 Humphreys et al 

(2009) 

Chaitén May 
2008 Rhyolite 4 94% 74% 10.1 0.057 Castro and 

Dingwell (2009) 

Sarychev Jun 
2009 

Basaltic 
andesite 4  41%  0.017 Rybin et al (2011) 

Merapi Nov 
2010 

Basaltic 
andesite 4  39%  0.041 Borisova et al 

(2013) 

Cordón Jun 
2011 Rhyolite 5 8% 11% 47.4 0.038 Castro et al (2013) 

Nabro Jun 
2011 Basalt 4 86% —  0.029 Donovan et al 

(2017) 

Kelut Feb 
2014 

Basaltic 
andesite 4 57% 42% 8.5 0.018 Cassidy et al 

(2016) 

Mean (±1-σ) 65 (±34) % 41 (±21) % 17 (±20) 0.03 
(±0.014)  

 1013 

Table 1. Degassing efficiency (defined as the proportional difference between initially 1014 
dissolved melt inclusion volatile contents and residual volatile contents  in matrix glasses) 1015 
and atmospheric delivery for selected recent eruptions based on melt inclusion (MI) and 1016 
satellite measurements. Satellite HCl/SO2 molar mixing ratios from Carn (2016) use 1017 
upper-bound estimates  for HCl. These data, which show that the HCl/SO2 observed in 1018 
volcanic clouds is much lower than that predicted from melt inclusion geochemistry (see 1019 
also Figure 4),  suggest removal of HCl from the eruption column is several orders of 1020 
magnitude more efficient than that of SO2. Excess sulfur degassing not reflected in melt 1021 
inclusion data (e.g., Wallace and Edmonds, 2011) could also contribute to a reduction in 1022 
the HCl/SO2 ratios measured by satelites.1023 
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Criteria for estimation of a semi-quantitative Volcano-Climate Index (VCI) 
VCI 0 1 2 3 4 5 6+ 
Recurrence (yrs)  10-2-10-1 10-1-100 100 101-103 104-106 107-108 

Severity and extent of 
climate effects 

Negligible 
climate effects  

Local to 
regional climate 

effects 

Regional to 
hemispheric climate 

effects 

Substantial global climate effects 
incl. changes to precipitation 

patterns and ocean heat content 
lasting several years to decades 

Strong global 
climate effects incl. 

changes to 
precipitation 

patterns and ocean 
heat content, lasting 
several decades 

Major to catastrophic 
global effects incl. 

changes to precipitation 
patterns and ocean heat 
content spanning decades 

to millennia 

Main criteria: climate effects (must satisfy at least one) 
1. Peak monthly global-mean 
surface temperature anomaly 
(denoted as x, in °C)  

Negligible −0.01°C	 < x −0.1°C	 < x	
≤ 	−0.01°C 

−0.5°C	 < x	
≤ 	−0.1°C 

−2.0°C	 < x	
≤ 	−0.5°C x	 ≤ 	−2.0°C 

2-10°C spanning decades 
to centuries, possibly 

repeated 
2. Summer hemispheric-mean 
surface temperature anomaly 
(proxies) (denoted as x, in °C)  

Negligible Not detectable −0.25°C	 < x −0.8°C	 < x	 ≤
	−0.25°C * 

−2.0°C	 ≤ x	 ≤
	−0.8°C * Not available 

3. Global mean surface 
warming from volcanic CO2 
(°C) 

Negligible 2-10°C spanning 105 
years or more 

Further criteria: effects on stratospheric temperatures and ocean heat content 

Tropical-mean stratospheric 
warming (°C) Negligible Negligible <0.5°C 

 
0.5 to <3.5°C  

 
>3.5°C  Unquantified but 

likely >5°C 

Unquantified but possibly 
>5°C for stratospheric 

injections 

Decrease in ocean heat 
content  Negligible Negligible 

Might be 
detectable for a 
series of eruptions 

Detectable with possible 
modification of ocean circulation 

Strong and lasting modification of ocean heat 
content and ocean circulation 

Example eruptions (VEI) 
Ongoing mid-
ocean ridge 
volcanism 

 

Hekla 2000 (3) 
Kilauea 2018 

(3) 
 

Raikoke 2019 (3) 
Nabro (4) 

Calbuco 2015 (4) 
Holuhraun 2014-

2015 (0) 
Eyjafjallajökull 2010 

(4) 

Agung 1963 (5) 
El Chichón 
1982 (5) 

Laki 1783 (4) ? 
Mt Pinatubo 
1991 (6) 

Samalas 1257 
(7) 

Tambora 1815 
(7) 

Laki 1783 (4) ? 

Toba 74 ka (8) ?  
Fish Canyon Tuff 
28.2 Ma (8+) ? 

Siberian Traps 252 Ma 
CAMP 201 Ma 

(no VEI estimates, 
multiple eruption 
episodes) 

 

Major uncertainties for VCI 
classification 

How to 
classify 

volcanoes that 
are strong 
sources of 

diffuse gases? 

Difficult to 
classify even 

with 
instrumental 
records. 

Series of eruptions 
can have additive 
climate effects. Co-
emitted species such 
as halogens or water 
vapour can affect 
climate response. 

Relatively small number of 
eruptions in this category took 

place during instrumental era, thus 
reliance on temperature proxy 
records and climate model 

estimates. Co-emitted species 
such as halogens or water vapour 
can affect climate response. 

Lack of temperature 
proxy records, thus 
reliance on climate 
model estimates. 

The most severe climate 
disruptions result in mass 
extinction events, but not 
all LIPs reach this level. 
Decadal-scale effects 
cannot currently be 
resolved in available 
temperature proxy 

records. 
Table 2. A proposed Volcano-Climate Index (VCI) to quantify the climate impacts of eruptions across scales and styles of volcanic 1024 

activity. Intrusive activity may play an important role in driving CO2 release from Large Igneous Provinces (LIPs), and is implicitly 1025 

included within magma volumes associated with VCI 6+ activity. Recurrence intervals are uncertain due to a small number of 1026 



 37 

historic eruptions and need to be tested against ever-increasing knowledge of past and future event distributions. VEI  refers to 1027 

the Volcanic Explosivity Index as defined in Newhall and Self (1982). The color-coding refers to the severity and extent of the 1028 

expected climate effects with green referring to negligible effects, yellow to minor effects on local to hemispheric scales, orange 1029 

to substantial global-scale effects, red to strong global-scale effects lasting several decades, and dark red to major and potentially 1030 

catastrophic global-scale climate effects.  The flow chart shown in Figure 6 illustrates the iterative process of assigning a VCI 1031 

value or VCI range whereby the assignment is based on solely on the climate response as specified by the main criteria. The 1032 

main criteria 1. and 2. refer to negative surface temperature anomalies, and 3. to positive surface temperature anomalies induced 1033 

by volcanic CO2 emissions (which is only relevant for VCI 6+ eruptions).  Effects on stratospheric temperatures and ocean heat 1034 

content are considered further criteria, which, if available, can be used to refine the VCI estimate. *Summer hemispheric-mean 1035 

temperature anomaly ranges are subject to refinement as additional tie points provide calibration for the precise ranges 1036 

corresponding to peak global-mean surface temperature anomalies and specific VCI values. 1037 
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