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Key Points: 24 

● Several fluorinated greenhouse gases can reduce the magnitude of supervolcanic cooling 25 

to within natural variability. 26 

● Radiative, physical and chemical properties of a hypothetical ideal compound can be 27 

estimated to mitigate specific volcanic cooling.  28 

● Technical, economic and geophysical constraints and atmospheric chemistry 29 

consequences are discussed.  30 

  31 
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Abstract 32 

 33 

Supervolcanic eruptions induced abrupt global cooling (roughly at a rate of ~1ºC/year lasting for 34 

years to decades), such as the prehistoric Yellowstone eruption released, by some estimates, SO2 35 

about 100 times higher than the 1991 Mt. Pinatubo eruption. An abrupt global cooling of several 36 

ºC, even if only lasting a few years, would present immediate and drastic stress on biodiversity 37 

and food production - posing a global catastrophic risk to human society. Using a simple climate 38 

model, this paper discusses the possibility of counteracting supervolcanic cooling with the 39 

intentional release of greenhouse gases (GHGs). Although well-known longer-lived compounds 40 

such as CO2 and CH₄ are found to be unsuitable for this purpose, select fluorinated gases (F-41 

gases), either individually or in combinations, may be released at gigaton scale to offset most of 42 

the supervolcanic cooling. We identify candidate F-gases (viz. C4F6 and CH3F) and derive 43 

radiative and chemical properties of ‘ideal’ compounds matching specific cooling events. 44 

Geophysical constraints on manufacturing and stockpiling due to mineral availability are 45 

considered alongside technical and economic implications based on present-day market 46 

assumptions. The consequences of F-gas release in perturbing atmospheric chemistry are 47 

discussed in the context of those due to the supervolcanic eruption itself. The conceptual analysis 48 

here suggests the possibility of mitigating certain global catastrophic risks via intentional 49 

intervention.  50 

 51 

  52 
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1 Introduction 53 

 54 

While the world is grappling with global warming, some have called attention to the risk 55 

of a much more abrupt global cooling due to natural or human causes (e.g., Robock et al., 2009; 56 

Coupe et al., 2019). At least three drivers of global cooling are global catastrophic risks 57 

(Bostrom and Cirkovic, 2008): thermonuclear warfare (Mills et al., 2014; Coupe et al., 2019), 58 

asteroid impacts (Vellekoop et al., 2014; Bardeen et al., 2017), and supervolcanic eruptions 59 

(Timmreck & Graf, 2005; Robock et al., 2009; Fendley et al., 2019; Black et al., 2021; Cassidy 60 

& Mani, 2022). All involve injections of absorbing and/or reflective materials into the upper 61 

atmosphere, reducing tropospheric and surface solar radiation flux. Consequently, global average 62 

surface temperatures would drastically decline over just a few years, gradually recovering as the 63 

injected materials deposit back to the surface.  64 

For nuclear detonations, black carbon (soot) from urban firestorms is lofted into the 65 

stratosphere via efficient shortwave (SW) absorption and subsequent thermal transfer to and 66 

convection of the surrounding air mass (Coupe et al., 2019). Large asteroid impacts inject soot 67 

due to global forest firestorms and potentially also due to SO2 released from vaporized crust near 68 

the point of impact. Ocean cooling following the bolide impact at the Cretaceous - Paleogene 69 

boundary (~66 Mya) was up to 7ºC along the Gulf coast (Vellekoop et al., 2014). The degree of 70 

cooling and the relative significance of cooling agents depend on factors such as the impact 71 

location and angle as well as the explosive power (Toon et al., 1997).  72 

For supervolcanic eruptions, sulfur dioxide (SO2) is released from crust/mantle rock at 73 

high temperatures. Intense heat within the volcanic plume results in convection into the 74 

stratosphere (Robock et al., 2009; Timmreck, 2012). In the stratosphere, SO2 takes weeks to 75 
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form sulfate aerosols, which scatter SW radiation back to space, leading to surface cooling. For 76 

example, the 1815 Mt. Tambora eruption on the island of Sumbawa, Indonesia (Self et al., 1984) 77 

led to the subsequent “year without a summer” (1816). Such planetary scale events possess great 78 

destructive power and the potential to generate a global cooling at a rate of 1 ºC/year (Robock et 79 

al., 2009), which is about 100 times faster than contemporary global warming (on average less 80 

than 0.01 ºC/year since the industrial revolution). In comparison, CO2 outgassing from volcanic 81 

eruptions contributed to paleoclimatic warming on a much longer timescale of centuries to 82 

millennia and only led to an even smaller warming rate (Black et al., 2018).  83 

Though temperature recovery after such events could be on the order of a decade, 84 

ecosystems and human society would face major and potentially irreversible disruption. 85 

Agricultural yields, highly sensitive to changes in surface climate and solar insolation, would 86 

plunge worldwide (Scherrer et al., 2020; Da et al., 2021), likely resulting in the collapse of 87 

supply chains, subsequent civil disorder, and regional conflicts (Wilcox et al., 2015). It is, 88 

therefore, worth investigating preparation for potential mitigation.  89 

Could global cooling events even be mitigated? Current thoughts mainly concern 90 

prevention. Concerns over a nuclear winter scenario were a catalyst for the 1980's arms treaties 91 

between the USA and the Soviet Union, but recent nuclear proliferation has caused renewed 92 

worries over regional wars (Coupe et al., 2019; Mills et al., 2014; Toon et al., 2014, Toon et al., 93 

2019). Defense against asteroid impacts via early detection and kinetic redirection has been 94 

investigated (e.g., NASA’s DART program), though recent studies suggest various extents of 95 

efficacy (Cheng et al., 2018; El Mir et al., 2018). By contrast, preparation for volcanic eruptions 96 

is primarily adaptive, with monitoring implemented to provide an early warning (potentially 97 

years ahead) for evacuation (Morton, 2021). Additionally, some engineering proposals to cool 98 
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subterranean magma chambers have been suggested (Wilcox et al., 2015; Denkenberger and 99 

Blair, 2018). However, such strategies may have the potential to induce phase changes within the 100 

chamber, enhancing hydrothermal explosions (Wilcox et al., 2015).  101 

Anthropogenic warming, while associated with catastrophic risks itself, has inspired 102 

investigation into intentional climate intervention (geoengineering), such as Solar Radiation 103 

Management, which aims to lower global temperatures through space mirror deployment (e.g., 104 

Teller et al., 1997; 2002) or stratospheric aerosol injection (SAI; National Academy of Science, 105 

2018) - which mimics volcanic cooling. “Counter-geoengineering” has also been discussed, 106 

considering injections of greenhouse gases (GHGs) to counteract SAI (Parker et al., 2018). The 107 

research question we consider here is: could deliberate releases of GHGs reduce the magnitude 108 

of supervolcanic cooling without subsequently producing undesirable consequences?  109 

To address this question, global cooling due to a hypothetical supervolcanic 2 Gt SO2 110 

injection is simulated by a simple climate model here. This amount is similar in scale to the 111 

injection from the Yellowstone eruption (Timmreck and Graf, 2005) or a lower bound estimate 112 

of the Toba eruption (Robock et al., 2009), both of which were estimated to have a similar SO2 113 

injection rate and a Volcanic Explosivity Index (VEI) of 8. Our research extends Fuglestvedt et 114 

al. (2014), which used a global climate model to simulate the role of chlorofluorocarbons in 115 

offsetting the cooling due to the smaller Tambora eruption (with a VEI of 7; Newhall et al., 116 

2018) by instead directly modeling a large suite of commercially available F-gases to identify 117 

potential offsetting candidates. Additionally, a brief discussion is offered on the geophysical, 118 

technical, and economic constraints on the production as well as the potential side effects on 119 

atmospheric chemistry. We do not recommend real-world preparations for deployment be taken 120 

soon; but instead, we intend to motivate further study and discussion regarding the proactive 121 
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mitigation of such global catastrophic risks, particularly those due to anthropogenic or natural 122 

climate changes. 123 

 124 

2 Methods 125 

 126 

2.1 Energy balance climate model 127 

We utilize a zero-dimension energy balance model. This is inspired by Hasselman (1976) 128 

and was recently used by Ramanathan and Xu (2010), Xu and Ramanathan (2017), and Hanna et 129 

al. (2021). With the evolution of mass emission over a certain time interval as the desired model 130 

input, atmospheric concentration, top-of-atmosphere (TOA) forcing (Wm-2), and surface 131 

temperature response (°C) are estimated. 132 

For methane, CH4, mass emission is used to derive concentration (𝐶(𝑡); unit: parts per 133 

billion [ppb]) with the following equation (Eqn. 1).  134 

 135 

𝐶(𝑡) = 715 + ൬∑ ா[௜]ଶ.଻଼ ∗ 𝑒ష(೟ష೔షభ)ഓ௧௜ୀ଴ ൰ − ቆ715 ∗ ቀ1 − 𝑒ష೟ഓ ቁቇ   (1) 136 

In Eqn. 1, 𝐸 and 𝑡 are the mass emission and time (in years) for a given year 𝑖, and 𝜏 is the e-137 

folding lifetime of CH4 (12 years per the Intergovernmental Panel on Climate Change [IPCC] 138 

Assessment Report 5 [AR5], assumed to be constant in this analysis). The conversion factor from 139 

the emission of 1 Mt to the atmospheric concentration of 1 ppb is 2.78 (ppb/Mt) (Table 7.6 in 140 

IPCC AR4 Working Group I [WGI]). We assumed a preindustrial concentration (to avoid 141 

considering the complexity of contemporary climate change) of 715 ppb (IPCC AR5) and natural 142 

emissions of 100 Mt per year.  143 
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The direct forcing of CH4 has a square root relationship with concentration (𝐹஽(𝑡) in 144 

Eqn. 2, ignoring the overlapping effect with N2O since it is not modeled here), resulting in a 145 

marginally smaller response to concentration. The indirect forcings due to atmospheric 146 

chemistry, such as stratospheric water vapor (0.07 Wm-2), formation of CO2 (0.016 Wm-2), and 147 

tropospheric ozone (0.2 Wm-2), are smaller in magnitude. Thus, they are simply scaled here from 148 

the CH4 concentration linearly (Eqn. 3-5, for stratospheric water vapor, CO2, and tropospheric 149 

ozone, respectively). The coefficients are obtained from IPCC AR5 WGI, Chapter 8, as their 150 

separate contribution to the present-day (2005) forcing relative to the preindustrial (1850). The 151 

total forcing for CH4 (F; unit: Wm-2), on an annual basis (t), is then calculated in Eqn. 6.  152 

 153 

𝐹஽(𝑡) = 0.57 ∗ ൬ ඥ஼(௧)ିඥ஼భఴఱబඥ஼మబబఱିඥ஼భఴఱబ൰                                        (2) 154 

𝐹ூଵ(𝑡) = 0.07 ∗ ቀ ஼(௧)ି஼భఴఱబ஼మబబఱି஼భఴఱబቁ                                        (3) 155 

𝐹ூଶ(𝑡) = 0.016 ∗ ቀ ஼(௧)ି஼భఴఱబ஼మబబఱି஼భఴఱబቁ                                        (4) 156 

𝐹ூଷ(𝑡) = 0.2 ∗ ቀ ஼(௧)ି஼భఴఱబ஼మబబఱି஼భఴఱబቁ                                         (5) 157 𝐹(𝑡) =  𝐹஽+𝐹ூଵ+𝐹ூଶ+𝐹ூଷ                                                   (6) 158 

 159 

For the F-bearing compounds, the concentration can be estimated from the time-varying 160 

emission and molar mass:  161 

 162 𝐶(𝑡) = 𝐶(𝑡 − 1) + (𝐸(𝑡) × 𝛼) − 𝐶(𝑡 − 1) × (1 − 𝑒ିభഓ)   (7) 163 

 164 
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In Eqn. 7, E(t) is the emission amount at a given time step (in kt), and 𝛼 is a mass 165 

conversion factor. The default time step is a day, considering their short lifetime of 0.5 to 3 166 

years. Additional simulations using a longer time step of a month or a year were also tested for 167 

the shorter-lived Compound B (see below), which produced a high bias in concentration due to 168 

the omission of decay during the initial time step (the first month or the first year). The simulated 169 

concentration and forcing using a time step of a day and a month largely converged (see further 170 

discussion later). The conversion factor between mass emission and atmospheric concentration, 171 𝛼, is the mixing ratio of 1 kt emission (109 gram divided by 𝑚, which is molar mass in g/mol) 172 

with respect to the total molar count of the atmosphere. The final concentration is expressed in 173 

the unit of ppb, hence the multiplier of 109:  174 

 175 

𝛼 = ቀ1𝑒9 𝑔𝑚 ቁ( 5𝑒21 𝑔28.97𝑔/𝑚𝑜𝑙) × 1𝑒9                              (8) 176 

 177 

The conversion to radiative forcing from the concentration is based on the radiative 178 

efficiency (Wm-2 ppb-1) of the agents provided in Hodnerog et al. (2020). Some saturation in 179 

absorption bands could occur such that the linear relation could no longer be valid. If so, the 180 

GHG radiative forcing contribution will continue to increase, albeit at a lower rate. In that case, 181 

the necessary F-gas emissions estimated here will be biased low. However, the magnitude of this 182 

bias is difficult to quantify due to the lack of quantitative information in the literature. 183 

In all cases (volcanic-related emissions, CH4, and F-gases), we regard the forcing 184 

numbers as the instantaneous forcing at the TOA without considering the fast adjustment of 185 

clouds and stratosphere (effective radiative forcing). The total forcing generated by all 186 

compounds will collectively drive the temperature response using the following equation:  187 
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 188 

𝑇(𝑡) = 𝑇[0] + ∑ ቆ ଵ ௬௘௔௥஼೛×ఘ×௭ × ቀ𝐹[𝑖] − ்[௜]௦ ቁቇ௜೟଴                               (9) 189 

 190 

where 𝑇 and 𝐹 are the temperature and forcing for a given year; 𝐶௣ and 𝜌 are the specific 191 

heat and density of seawater; 𝑧 is the depth of the effective ocean mixed layer; 𝑠 is climate 192 

sensitivity expressed in the unit of ℃/(Wm-2). The time step in Eqn. 9 is adopted to be one year. 193 

We tested the sensitivity to the time step assumption in Ramanathan et al. (2022) (one year vs. 194 

one month) in the context of global climate mitigation in the next few decades, and the results 195 

using different time steps were consistent. We do not directly implement the shorter (daily or 196 

monthly) time steps in the forcing-temperature response function of Eqn. 9 for three reasons. 197 

First, the radiative forcing formulation (concentration and forcing for CH₄ and F-gas) is based on 198 

empirical approximation at an annual mean (and global average) basis after accounting for the 199 

seasonal dependence of the background thermal radiation from the Earth that would affect the 200 

radiative efficiency. Second, the literature does not provide a supervolcanic forcing time series in 201 

the necessary daily or monthly resolution. Third, the emission rate of F-gas is estimated to match 202 

the annual mean supervolcanic forcing. Therefore, any bias in quantifying temperature response 203 

using the energy balance equation would operate equally in both the warming and cooling case 204 

and does not directly affect the emission estimates. 205 

Regardless, as a robustness check, we implement the shorter time step (daily or monthly) 206 

in the emission-concentration relationship (Eqn. 7) in one case. After obtaining the concentration 207 

at the daily or monthly resolution, we convert it to an annual mean with a running average before 208 

quantifying its radiative forcing (using the formulations constructed on an annual mean basis) 209 

and temperature response (using Eqn. 9 at the annual time step). This is presented in Figure 6. 210 
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 211 

2.2 Validation of the climate model 212 

The 1991 eruption of Mt. Pinatubo injected ~20 Mt SO2, the effects of which have been 213 

closely observed and extensively studied (Stenchikov et al., 1998; Ramachandran et al., 2000; 214 

Soden et al., 2002). Observations from Pinatubo are used to test model fidelity (Figure 1), 215 

specifically the conversion of eruption-driven radiative flux anomalies into global average 216 

temperature response.  217 

Using observed monthly mean SW and longwave (LW) flux anomalies (covering only 218 

60°S-60°N), the annual average of total TOA (top of atmosphere) forcing is calculated and input 219 

into the model (Figure 1a). The effective ocean mixed layer depth (z in Eqn. 9) is assumed to be 220 

relatively small (35 m) to reflect the short temporal scale of the Pinatubo eruption and the limited 221 

role of oceanic thermal inertia. The simulated cooling largely agrees with the observed global 222 

average temperature drop of approximately 0.4 °C at Year 2, with a recovery curve also aligning 223 

closely with published data (Figure 1b) (Soden et al., 2002; Bender et al., 2010).  224 

The model was also used to simulate the temperature response to a 2 Gt SO2 emission 225 

scenario with a prescribed forcing (Figure 2a; Robock et al., 2009). While the prescribed forcing 226 

in Robock et al. (2009) might be an overestimate according to other studies (Timmreck et al., 227 

2010; Lane et al., 2013; Smith et al., 2018; Black et al., 2018), this model also tracks Robock et 228 

al.’s published temperature response well, which was derived using a more complex global 229 

climate model. Here we used a configuration of z=50 m and s=0.45 °C/(Wm-2) for the five years 230 

post-eruption (Figure 2b). The effective ocean mixed layer depth (z) of 50 m is a reasonable 231 

assumption given the short duration of the forcing, and agrees with Fuglestvedt et al. (2014) who 232 

adopted a slab ocean model with a fixed depth of 54 m. The smaller climate sensitivity of 0.45 233 
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°C/Wm-2 is used, presumably because some positive climate feedback, such as ice-related 234 

surface albedo feedback, is not fully involved at a short timescale of 1-5 years. 235 

The lack of a second (deeper) ocean box neglects the increasing role of the ocean in 236 

buffering the forcing and thus makes the recovery too quick compared to Robock et al.’s coupled 237 

climate model. Our recent works (Ramanathan et al., 2022; Chen et al., 2021; Chen et al., 2020) 238 

used a two-box energy balance model with a coupled carbon cycle. Since CO2 emission is not 239 

directly relevant to this paper, we use the simpler 1-box model over the 2-box configuration. 240 

This 1-box model has also been used and validated extensively (Dreyfus et al., 2022; Xu and 241 

Ramanathan, 2017; Xu et al., 2013). Previous careful comparisons with the two-box version and 242 

the more complex MAGICC model have been made (Hanna et al., 2021). Therefore, the utility 243 

and limitations of the 1-box model are well documented and justify its application here. 244 

To fully demonstrate model sensitivity to the role of ocean heat content in buffering the 245 

response to forcing, Figure 2b shows temperature response assuming a larger effective ocean 246 

layer depth (80 meters) after Year 5, which produces a better fit to the coupled ocean-atmosphere 247 

global climate model results. Similar to the concern of time step issues addressed in Section 6.2d, 248 

the assumption of effective ocean mixed layer depth (z) does not directly affect the derivation of 249 

required F-gas emission since the F-gas warming will also be prolonged by the same fraction 250 

with a larger z and a close match with the volcanic radiative forcing will be maintained. 251 

 252 

2.4 OH decay rate perturbation due to fluorinated gases (F-gases) 253 

The enhanced decay rate of OH (in s-1) due to a specific F-gas is estimated using 254 

(d[OH]/dt)/[OH] = - k(F-gas)*[F-gas], where [OH] and [F-gas] is the molecular density (number 255 

of molecules per cm3) and k(F-gas) is the reaction rate constant in cm3/molecules/s. k(F-gas) is 256 
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estimated by 1/(lifetime*[OH]) without considering temperature dependence, where the average 257 

global [OH] is ~106 molecules/cm3 (Brasseur et al., 1999). [F-gas] is calculated from the mixing 258 

ratio multiplied by atmospheric molecular density (~2.5*1019 molecules/cm3). The background 259 

OH decay rate, primarily due to atmospheric CO and CH4, is similarly estimated, based on [CO] 260 

and [CH4] as well as k(CO) and k(CH4) (Brasseur et al., 1999). 261 

 262 

3. Results 263 

 264 

3.1 Simulated cooling in response to supervolcanic eruption 265 

A supervolcanic cooling event (e.g., with a VEI of 8) has not been observed in recent 266 

history, so any associated analysis must rely on mass flux approximations. Robock et al. (2009) 267 

presented a range of estimates for the Toba eruption 74,000 years ago, highlighting 6 Gt SO2 268 

(300x Pinatubo) as “most likely”. This study considers the lower estimate of 2 Gt (100x 269 

Pinatubo) in Robock et al. (2009), close to assumptions in Timmreck and Graf (2005) for 270 

Yellowstone. Recent work has uncovered two previously unknown supereruptions from 271 

Yellowstone, the largest of which (Grey’s Landing, 8.7 Ma BP) is 11% larger than the second-272 

largest (Huckleberry Ridge, 2.1 Ma BP) (Knott et al., 2020; Timmreck and Graf, 2005). Thus, 273 

the mass emissions for supervolcanic eruptions such as Yellowstone and Toba are highly 274 

uncertain, and a determination of the actual magnitude is beyond the scope of this work. 275 

Since our energy balance model cannot resolve the troposphere and stratosphere, forcing 276 

estimates from previous 3D modeling are used (Robock et al., 2009). A large 50 Wm−2 TOA 277 

forcing (Figure 2a) is converted from the surface SW forcing time series presented in Figure 4 of 278 

Robock et al. (2009). The conversion is needed because of the offset of the LW warming effect 279 
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of volcanic aerosols and stratospheric solar absorption. The conversion factor of 0.5 280 

(Net_TOA/SW_surface) is estimated from the numbers in Figure 5 by Timmreck et al. (2005) 281 

and Table 2 by Timmreck et al. (2012), suggesting a ratio of 0.4 to 0.6. Volcanic particulate 282 

matter, CO2, and H2O emissions have been neglected here. CO2 emissions, even from large 283 

volcanic eruptions, have small impacts on the timescale of years to decades (Timmreck et al., 284 

2012; Ramachandran et al., 2000).  285 

In response to a Yellowstone-like 2 Gt SO2 injection, fossil records show a high survival 286 

rate of African megafauna and Indian hominids, implying more limited cooling than previously 287 

predicted (Timmreck et al., 2012). Modeling with detailed microphysical processes of formation 288 

and growth of sulfate aerosols (Timmreck et al., 2010; Timmreck et al., 2012) suggests a third of 289 

the cooling assumed by Robock et al. (2009). Forcing estimates in Robock et al. (2009), as 290 

adopted here, are thus considered likely overestimates due to omitting sulfate aerosol size 291 

distribution dependence (Timmrick et al., 2012). Nevertheless, our main purpose is to determine 292 

whether the concept of F-gas injection is generally feasible rather than targeting any particular 293 

cooling scenario. Forthcoming studies may address more realistic scenarios, including the 294 

uncertainty of forcing magnitude and temporal sequences. 295 

Figure 2b shows a simulated plunge in the global annual average temperature of more 296 

than 10 °C following a 2 Gt SO2 injection into the upper atmosphere. The cooling decreases after 297 

three years, and the temperature gradually recovers to within 1°C of the initial climate state 298 

approximately a decade after the eruption - emulating 3-D global climate model outputs (dashed 299 

line in Figure 2b). Temperatures rebound as coagulation and fallout of stratospheric sulfate 300 

aerosol occurs. Given its magnitude, the comparatively short cooling period can still be globally 301 

disastrous, e.g., due to net primary productivity decline. Cooling could be prolonged if volcanic 302 
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eruptions cluster over a long or even geologic period, with continental flood basalt events (e.g., 303 

Siberian and Deccan Traps) being extreme examples (Sayyed, 2013). 304 

The discrepancy between this model and Robock's global climate model estimates as the 305 

temperature recovers (Figure 2b, after Year 6) is possibly due to fixing effective ocean mixed 306 

layer depth (z) as a constant throughout our simulation rather than allowing it to increase (as 307 

inherently in global climate models where a deeper ocean would carry more heat inertia and 308 

therefore make the recovery from the imposed forcing slower). This model sensitivity is 309 

demonstrated in Figure 2b (see Methods Section). This model limitation, while not directly 310 

affecting the main results in the later section on the required magnitude of F-gas emissions, will 311 

need to be improved in future analyses, especially when considering the forcing sequence (e.g., 312 

multiple subsequent eruptions).  313 

To fully comprehend the large forcing and cooling rate here, we first consider the 314 

possibility of directly releasing natural gas. Its main constituent, CH4, has a GWP100 of 28 315 

(global warming potential over 100 year time scale being 28 times larger than CO2) and a 316 

GWP20 of 84 (IPCC AR5). Figure 3a shows this scenario; the required mass release of CH4 is 317 

very large (200 Gt vs. current natural gas production of ~2.9 Gt/year (3.8 trillion cubic meters; 318 

IEA, 2021). Figure 3a shows that injected CH4 cannot avoid “overshoot” as the initial success in 319 

offsetting the supervolcanic cooling (despite an unrealistically high emission requirement) is 320 

followed by an overheating of more than 5 ºC for many years, which would also be disastrous. 321 

The decadal lifetime of CH4 is too long to counter abrupt but temporary cooling. Moreover, the 322 

actual CH4 lifetime under such a large release would be even longer due to an associated 323 

reduction of atmospheric OH levels in response to the CH4 injection (the primary CH4 sink).  324 
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Matching the required response time of the forcing and the lifetime of warming agents is 325 

central to the selection of candidate gases. As a model sensitivity exercise, the CH4 lifetime was 326 

lowered to 2 years. Radiative efficiency was simultaneously increased by 35 times to 0.027 Wm-327 

2ppb-1, testing if the required mass release can be lowered correspondingly. The simulated 328 

temperature response obtained is encouraging. The temperature response curve of this “unstable 329 

and short-lived” designer compound (Figure 3b) is opposite to the supervolcanic cooling with 330 

comparable magnitude and achieved at a much lower emission rate of 6 to 3.5 Gt in Years 1 and 331 

2. This exercise prompted an examination of other existing short-lived compounds with higher 332 

radiative efficiency. 333 

 334 

3.2 Temperature responses to F-gas injections 335 

Fluorinated gases (F-gases) have been known contributors to global warming since the 336 

latter half of the 20th century, with radiative forcing equivalent to 18% of CO2, despite 337 

concentrations at least six orders of magnitude smaller (Hodnerog et al., 2020). These 338 

compounds are widely used as refrigerants, fire suppression agents, and for blowing foam 339 

insulation (Velders et al., 2015). Most are non-toxic, non-flammable, and non-reactive., Other F-340 

gases – especially HFCs – have increased in production after the agreement of the Montreal 341 

Protocol in 1987, which phased out the use of ozone-depleting Cl- and Br-bearing F-gases 342 

(CFCs, HCFCs, Bromocarbons) (Velders et al., 2009). The increased use of HFCs is also a target 343 

of climate mitigation for the 21st century (Xu et al., 2013; Velders et al., 2015; UNEP & IEA, 344 

2020).  345 

HFCs have a wide range of atmospheric lifetimes (from months to 40 years) and global 346 

warming potentials (GWP100 ranging from <1 to 4,790) (Hodnerog et al., 2020). Analysis of 347 
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CH4 (Section 2) suggests shorter lifetimes and higher radiative efficiencies are needed. Thus, in 348 

our selections, we deliberately exclude compounds with lifetimes longer than 3.5 years to 349 

mitigate the issue of persistent overheating. Excluding compounds with lifetimes below 0.5 years 350 

(reactive halogens, typically ranging from days to weeks) avoids the requirement for near-351 

continuous releases. Ozone-depleting Br- and Cl-bearing gases and those containing oxygen 352 

atoms (due to their more complex structures) were also excluded from the analysis. Table 1 lists 353 

the resulting potential candidates selected from the 5-page-long Table 5 in Hodnerog et al. 354 

(2020). 355 

The candidates in Table 1 were further narrowed by selecting those with a higher 356 

GWP100/lifetime ratio (rightmost column). GWP100/lifetime was used as the ranking criterion 357 

over GWP100 for multiple reasons. First, GWP100 represents integrated forcing (akin to 358 

temperature response) over 100 years. Second, GWP100/lifetime is sensitive to both radiative 359 

efficiency and lifetime, as opposed to only radiative efficiency. And third, GWP100 alone does 360 

not closely correlate with near-term warming (a few years after emission), the focus of this 361 

study. Assuming the same radiative efficiency and molar weight, the same instantaneous mass 362 

release will last longer in the atmosphere with a longer lifetime and will produce larger warming 363 

over 100 years (hence a larger GWP100).  364 

The release of the top five compounds was modeled separately. The model was run 365 

numerous times for each compound, with the magnitude and timing of emissions adjusted after 366 

each run to approach a minimized temperature residual - defined as within a +/- 1 °C range of the 367 

pre-eruption level throughout the entire post-eruption recovery (Figure 4a-e). We discuss the 368 

properties of these five identified compounds below, ordered by GWP100/lifetime ratio (Table 369 

1).  370 
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Compound A, C4HF5 (Pentafluoro-cyclobutene in Figure 4a), has a lifetime of 0.7 years; 371 

and a GWP100 of 97. Emission deployment after optimization is 6.0 Gt in Year 1 and 6.5 Gt in 372 

Years 2-3 (Figure 5a), distributed evenly over 365 days of a year. The response residual after 373 

mitigation is in the range of -1.4 to 0.9 °C (Figure 5b). Its lowest GWP (among the five 374 

compounds tested here) and shortest lifetime necessitate a greater amount of total emissions to 375 

offset the specific cooling.  376 

Compound B, C4F6 (Hexafluoro-cyclobutene in Figure 4b), has a lifetime of 1 year and a 377 

GWP100 of 132. In order to offset the cooling, it requires an emission deployment of 8.25 Gt in 378 

the Year 1 post-eruption, followed by 2.75 Gt in Years 2-3 (Figure 5a). This is a promising 379 

candidate, offsetting the cooling almost entirely, with the residual falling within a 1ºC level 380 

(Figure 5b). 381 

Compound C, CH3CHF2 (HFC-152a in Figure 4c), has a lifetime of 1.6 years and 382 

GWP100 of 172. The optimized emission sequence is 5.6 Gt in Year 1 and 5.5 Gt in Year 2. 383 

Similar to C4F6, HFC-152a can greatly offset cooling with a slightly less massive emission, 384 

maintaining a residual below ±1 °C. 385 

Compound D, CH2FCHFCF3 (HFC-245eb in Figure 4d), has a lifetime of 3.2 years and a 386 

GWP100 of 341. It only needs a single-year release of 6.75 Gt in Year 1 alone. The longer 387 

lifetime and larger GWP enable the least amount of total mass release. However, the temperature 388 

response residual is less ideal (in contrast to A with the shortest lifetime) and can be as large as 389 

1.3 to 2.6°C. 390 

Compound E, CH3F (HFC-41 in Figure 4e), has a lifetime of 2.8 years and GWP100 of 391 

142. This compound requires the largest release rate (16 Gt in Year 1, 1.5 Gt in Year 2) due to its 392 

low radiative efficiency (an order of magnitude smaller than Compound D of HFC-245eb, Table 393 
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1). This deficiency is offset by a longer lifetime, hence the relatively large GWP. Although the 394 

temperature residual is one of the least ideal among other compounds, its chemical simplicity 395 

may imply smaller production costs and environmental effects (see Sections 4 and 5).  396 

Compounds with lifetimes below 2 years (A, B, C) and higher GWP/lifetime ratios offer 397 

more satisfactory emission sequences and temperature residuals (Figures 4 and 5). Moreover, 398 

C4F6 and HFC-152a both reduce the eruption-induced cooling to within a 1°C range for the 399 

entire duration of the experiment period. In contrast, the lower GWP/lifetime ratios in D and E 400 

produce undesirable cooling and warming due to excessive lifetime. This is especially apparent 401 

for HFC-245eb in Figure 4d, despite it having the highest GWP of the tested compounds. 402 

Additionally, the metric of integrated radiative forcing can be used to interpret the 403 

temperature response to diverse compounds (Figure 6). Radiative forcing (Figure 6b) and 404 

integrated radiative forcing (Figure 6c) are shown for two representative F-gases with similar 405 

GWP (to contrast with the volcanic forcing also plotted in Figures 6b and c). Total mass releases 406 

of HFC-41 and C4F6 are 14 Gt and 8.3 Gt, respectively, despite having similar GWP (142; 132). 407 

The resulting volume concentrations are different by roughly an order of magnitude (Figure 6a) 408 

due to HFC-41’s much smaller molar weight. However, both instantaneous and integrated 409 

radiative forcings are similar, given C4F6’s larger radiative efficiency (Table 1).  410 

Clearly, the integrated radiative forcing in Figure 6c can approximate the temperature 411 

counterbalance well for short-lived gases. The difference in temporal response is also consistent 412 

with the temperature simulation in Figure 4. For example, HFC-41 (red) shows an initial 413 

underheating followed by an overheating (Figure 6c). C4F6 maintains a closer mirroring of 414 

integrated forcing with respect to volcanic eruptions (Figure 6c, blue)—also shown in the match 415 

of temperature trajectories up to Year 4, after which an under-compensation is found.  416 



 

20 

While these five shortlisted compounds show promise in mitigating most of the cooling, 417 

they are designed and manufactured for different purposes and are clearly not ideal. We lastly 418 

discuss the possibility of a designer compound (Figure 4f) that can be tuned to produce almost 419 

exactly the desired cooling mitigation (residual <0.5 ºC) ‒ statistically indistinguishable from 420 

interannual climate variability. As an exploratory exercise, this ‘ideal’ compound is speculated to 421 

possess the largest radiative efficiency of 0.3 Wm-2ppb-1 found in C4F6 (Figure 4b), while 422 

maintaining a small molar weight of 67 similar to HFC-152a (Figure 4c). Fine-tuning the mass 423 

emission sequences to achieve the right amount of warming (Year 1-4 at 2.75 Gt, 2.25 Gt, 0.75 424 

Gt, and 0.5 Gt, respectively; the rightmost bar in Figure 5a) suggests a lifetime of ~0.9 years — 425 

between that of C4HF5 (Figure 4a) and C4F6 (Figure 4b). While we refrain from making 426 

recommendations on the elemental composition and molar structure, the identified characteristics 427 

(molar weight, radiative efficiency, and lifetime) above are similar to those existing, suggesting 428 

the possibility of designing an ‘ideal’ compound mixture. 429 

 430 

4 Discussion 431 

 432 

4.1 Geophysical, technical, and economic limitations 433 

Fluorine used to manufacture F-gases is extracted from mined fluorspar (CaF2) and 434 

fluorapatite (Ca5(PO4)3F) ores. Post-extraction, these minerals are directly refined (fluorspar) or 435 

chemically converted (fluorapatite) into pure CaF2, the primary material in the production of F-436 

bearing gases (Jaccaud, 2020). There is an estimated 5 Gt of CaF2 equivalent extractable reserve 437 

on the Earth (USGS, 2020), about 2.5 Gt of F-equivalent. Based on our calculation, HFC-245eb 438 

requires the least amount of elemental fluorine (70% of its total mass), about 4.2 Gt in total (all 439 
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needed in Year 1). Yet, this elemental fluorine mass is still at least three orders of magnitude 440 

larger than the present-day production of about 7 million tons annually (Hayes et al., 2017).  441 

The required production would consume nearly all of the currently estimated global CaF2 442 

reserves, but mineable reserves may increase with future exploration. This constraint may be 443 

alleviated by tapping into the ocean-based source. Approaches to extracting dissolved F ions 444 

from the ocean exist (Tressaud, 2008), but a close examination of technical details and costs is 445 

beyond the scope of this paper. The fluorine content of seawater ranges between 1 and 1.4 mg/L 446 

(Jaccaud et al., 2020). Presuming a mineable shallow (300 m) surface ocean with a volume of 447 

roughly 100 million km3, up to 150 Gt of fluorine could be extracted, far more than the required 448 

F mass of the single-digit Gt scale.  449 

Jaccaud et al. (2020) placed the price of elemental fluorine (F, molar weight = 19 g/mol) 450 

at $5-8 per kilogram, based on extracting from mineral sources only, not the ocean. As a rough 451 

estimate, adopting the value of $5 per kilogram (presuming future economies of scale) and 452 

doubling this cost for incorporation into the HFC, manufacturing the compound with the smallest 453 

F requirement out of the five compounds tested (HFC-245eb), 4.8 Gt during deployment, would 454 

cost a total of 48 trillion dollars, twice the modern US GDP — an exercise justifiable as an 455 

alternative to global calamity. 456 

Considering the lead time for scaling up production capacity, studies have shown that 457 

extreme magnitude eruptions are likely preceded by some geologic signals (Wilson et al., 2021), 458 

providing possible predictability. However, given the limited monitoring capacity and unknown 459 

factors contributing to eruptive timing and magnitude, the range of lead times is wide - from 460 

days to decades (Wilson et al., 2021; Morton, 2021). In an optimistic scenario with ample lead 461 

time, F-gas stockpiles could be, in principle, manufactured in advance. Such an enormous 462 
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accumulation of F-gas would be an inarguably complex project, accompanied by similarly 463 

complex economic, engineering, and security concerns. A thorough cost-benefit analysis would 464 

require in-depth collaboration between climatologists and experts in these fields, which is 465 

beyond this proof-of-concept study. 466 

 This analysis identified properties of a single candidate; however, a cocktail of novel 467 

“designer” compounds (fluorinated or not)—with enhanced absorption efficiency, mixed 468 

lifetimes, and reasonable production cost—could be developed and manufactured. Similar 469 

proposals exist in the context of geoengineering (Cao et al., 2017) and counter-geoengineering 470 

(Parker et al., 2018). Future, detailed analyses to assess such strategies' technological and 471 

economic feasibility are anticipated. 472 

 473 

4.2 Chemical consequences 474 

Gigaton-scale releases of compounds containing C-H bonds, coupled with a marked 475 

decline in solar radiation reaching the troposphere, could also disrupt the tropospheric chemistry 476 

of the hydroxyl radical (OH). A large depletion of tropospheric OH as a major chemical sink, 477 

especially in the boundary layer near surface release points, could exacerbate air pollution issues 478 

due to primary emissions of CO and VOCs by increasing their lifetimes. The OH loss rate due to 479 

F-gases can be calculated and compared to the loss rate due to background CH4 and CO 480 

abundance at ~1 s-1 (Methods; Brasseur et al., 1999). Our model estimates approximately a 100 481 

to 150 ppb initial abundance of C4F6 after release and instantaneous dilution (Figure 6a) – 482 

equivalent to a 0.1 to 0.15 s-1 OH reactivity. This is equivalent to a 10-15% drop from the 483 

background, which can significantly increase CH4 lifetime. Reductions in OH due to F-gas 484 

oxidation followed by an increase in the lifetime of background CH4 would induce additional 485 
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warming, implying less F-gas is needed. In the case of CH3F (HFC-41), our calculation (Figure 486 

6a) shows that the average tropospheric mixing ratio would be as high as 2000 ppb, which could 487 

create an OH loss rate of ~0.6 s-1, more disruptive than C4F6. However, even assuming the 60% 488 

drop in OH decay rate and subsequent CH4 lifetime increase, this would only lead to a rough 489 

doubling of CH4 concentration from the background level. Following Eqn. 6, this translates to 490 

about an increase of 0.5 Wm-2, almost two orders of magnitude smaller than the direct forcing 491 

from F-gases (Figure 6b). 492 

Chemical interactions between F-gas releases and volcanic SO2 emissions could lead to 493 

secondary effects on atmospheric chemistry. F-gases may alter SO2 and sulfate lifetimes, with 494 

consequences for cooling and recovery timeline. The oxidation of released F-gas could lead to 495 

slower SO2 oxidation (due to lower OH levels) to form sulfate aerosols and thus mute the 496 

volcanic cooling response, similar to the competing effects of a large volcanic eruption itself 497 

leading to slower SO2 oxidation (Stevenson et al., 2003). Dynamically, the tropospheric warming 498 

due to F-gases may alter the circulation pattern that changes the lifetime of stratospheric 499 

aerosols. These complex chemical and dynamic interactions are not yet included in the simple 500 

climate modeling analysis reported herein. 501 

Other adverse environmental and health impacts could result from first or second-order 502 

F-gas reaction products, which may be toxic. FHCO, the first reaction product of CH3F, may 503 

accumulate near release sites; its aqueous formation of HF could have health and environmental 504 

effects due to gas-phase exposure or acid rain. Due to these ecological risks, the impact needs to 505 

be mitigated by monitoring and facilitating the mineralization of fluorine upon degradation from 506 

the injected gases. Adverse perturbations to biogeochemical cycling need to be placed in the 507 

context of the supervolcanic eruption, which would have already significantly disrupted the 508 
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stratospheric ozone layer and tropospheric chemistry, followed by acid rain and tropospheric 509 

haze due to aerosol fallout. 510 

 511 

4.3 Limitation on spatially balanced temperature response 512 

Despite successfully rebalancing global mean temperature using F-gas releases, a 513 

mismatch in spatial distribution is likely (Fuglestvedt et al., 2014); relative underheating is found 514 

in the tropics, where aerosol-induced cooling is stronger than at higher latitudes (Fuglestvedt et 515 

al., 2014). Vertically, some overheating is possible in the stratosphere, where volcanic aerosols 516 

lead to strong local heating, warming of the tropopause, and disruption of typical stratospheric 517 

dynamics. These spatial mismatches are also known issues for SAI, and potential fixes have been 518 

proposed via a strategic release in a specific latitude, altitude, and season (Tilmes et al., 2017; 519 

Tilmes et al., 2018; Visioni et al., 2019; Xu et al., 2020). A similar strategy with multi-location 520 

(varying different latitudes) surface release could be employed with F-gases, given their 521 

similarly short lifetimes. More complex modeling strategies must be used to test these 522 

possibilities, such as energy balance models with higher dimensions (North & Kim, 2017) or a 523 

global climate model (Fuglestvedt et al., 2014).  524 

Fuglestvedt et al. (2014) used a global climate model with a spatial resolution of 525 

1.9°x2.5°, providing valuable insights into regional and hydrological impacts; however, it was 526 

not suited for screening candidate compounds due to computational resource constraints. This 527 

analysis also advances beyond Fuglestvedt et al. (2014), because the previous study only 528 

considered a much smaller eruption (3x the magnitude of the 1991 Pinatubo eruption) and a 529 

single hypothetical compound (with radiative properties equivalent to CFC-11 but a shorter 530 
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lifetime and no impact on stratospheric ozone) and it only discussed side effects such as 531 

stockpile leakage very briefly (see their p. 14).  532 

 533 

5. Conclusion 534 

 535 

Super volcanic eruptions can lead to abrupt global cooling for years to a decade. The 536 

disruption to food production and social systems would be enormous and is considered a 537 

potential global catastrophic risk. This modeling study analyzed the possibility of releasing 538 

selected greenhouse gases to offset global cooling due to volcanic aerosols. We examined a suite 539 

of commercially available F-gases with varying radiative efficiency and lifetime and identified a 540 

few leading candidates for such an undertaking (Table 1). Specifically, we examined the suite of 541 

F-gases in Hodnerog et al. (2020) with lifetimes between 0.5 and 3.5 years to avoid the issues of 542 

persistent overheating and continuous deployment. Br and Cl-bearing gases were excluded due 543 

to ozone depletion, as well as those containing oxygen due to their more complex structure. 544 

Selected gases would need to be manufactured, stocked, and released at Gt-scale to 545 

counterbalance a Yellowstone-like super volcanic eruption. We found that even after such a 546 

large-scale eruption, the residual temperature changes could be kept within typical year-to-year 547 

natural variability. The desired physical and chemical properties of an ‘ideal compound’ were 548 

identified, which would almost completely offset the known cooling when released in 549 

subsequent years after the eruption. The actual selection of a compound to combat a super 550 

volcanic eruption and the necessary mass release of this compound is dependent on the specific 551 

volcanic cooling. Longer-lived greenhouse gases such as methane are clearly not fit for purpose 552 

due to the short-term nature of volcanic cooling. 553 
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While ‘ideal’ compounds (or their combinations) with Gt-scale release appear to be 554 

capable of offsetting the volcanic cooling, detailed discussions on the limitations and caveats of 555 

this approach are offered. These include the production limitations due to the geophysical 556 

constraints on mineral availability, as well as the technical and economic constraints (estimated 557 

based on the current market). While it is possible that future technology development can relax 558 

some of these constraints, the environmental consequences of massive F-gas release, both on the 559 

perturbation to the atmospheric oxidation capacity and precipitation acidification, and also on the 560 

spatial pattern of temperature responses need further scrutiny. However, these side effects may 561 

be tolerable in comparison to the immense consequences of unmitigated cooling. 562 

The analysis presented here suggests global catastrophic risks due to abrupt cooling could 563 

at least be partially mitigated with artificial approaches. Due to the prototypical nature of this 564 

analysis, here we do not suggest real-world deployment in the near future. Producing massive 565 

amounts of F-gas seems to be limited by land-based mineral availability, and further economic 566 

analysis is hindered by the technical uncertainty in oceanic extraction. Moreover, due to the large 567 

uncertainty of cooling magnitude, preemptive manufacturing and large-scale stockpiling are 568 

needed. Still, no assessment is available on technical solutions for transport and storage, as well 569 

as associated risks such as inadvertent leakage.  570 

This study advances the necessary discussion regarding the proactive mitigation of global 571 

catastrophic risks and aims to inspire more research in this direction. Similar concepts were 572 

presented in the literature, at least qualitatively, such as releasing GHGs or heating aerosols as 573 

counter-measures in response to unilateral solar-radiation geoengineering (Parker et al., 2018) or 574 

injecting substances that bind to sulfate aerosols to reduce their atmospheric lifetime in response 575 

to supervolcanic eruptions (Cassidy and Mani, 2022). Others considered volcanic eruption 576 
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prevention via direct cooling of subterranean magma chambers (Wilcox et al., 2015; 577 

Denkenberger and Blair, 2018). To safeguard the long-term continuity of human civilization, 578 

such forward-thinking should not be restricted (which is unfortunately argued for in Biermann et 579 

al. 2022).  580 

  581 
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 800 

Table 1. A list of F-gas candidates ranked by lifetimes (0.5 to 3.2 years). The five rows in 801 

boldface are compounds selected for further modeling analysis due to their higher 802 

GWP/lifetime ratio (A-E, ranked by this ratio [large to small]). 803 

 804 

Chemical identifier 

Formula (+ Molar 

weight) 

Lifetime 

(yr) 

Radiative 

Efficiency (Wm-

2ppb-1) 

GWP10

0 

ratio = 

GWP100

/lifetime 

HFC-152 CH₂FCH₂F 0.5 0.05 23 46 

1,3,3,4,4,5,5-

heptafluoro 

cyclopentane 

cyc (-

CF₂CF₂CF₂CF=CH-) 0.6 0.21 47 78 

1,3,3,4,4-

pentafluorocyclob

utene (A) 

cyc (-CH=CFCF₂CF₂-

), (144 g/mol) 0.7 0.27 97 139 

Hexafluorocyclob

utene (B) 

cyc (-CF=CFCF₂CF₂-

), (162 g/mol) 1 0.3 132 132 

HFC-263fb CH₃CH₂CF₃ 1.1 0.1 78 71 

Octafluorocyclopen

tene 

cyc (-

CF₂CF₂CFCF₂CF₂-) 1.1 0.25 82 75 

1,1,2,2,3,3-

hexafluorocyclopen

cyc (-

CF₂CF₂CF₂CH₂CH₂-) 1.6 0.2 126 79 
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tane 

HFC-152a (C) CH₃CHF₂ (66 g/mol) 1.6 0.1 172 108 

HFC-41 (E) CH₃F (34 g/mol) 2.8 0.02 142 50.7 

1,1,2,2,3,3,4-

heptafluorocyclope

ntane 

cyc (-

CF₂CF₂CF₂CHFCH₂-) 2.8 0.24 243 86.8 

HFC-245ea CHF₂CHFCHF₂ 3.2 0.16 267 83.4 

HFC-245eb (D) 

CH₂FCHFCF₃  

(134 g/mol) 3.2 0.2 341 106.6 

(4R,5R)-

1,1,2,2,3,3,4,5-

octafluorocyclopen

tane 

trans-cyc (-

CF₂CF₂CF₂CHFCHF-) 3.2 0.26 271 84.7 

  805 
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 806 

Figure 1. (a) TOA radiative flux anomaly following the Pinatubo eruption, calculated from 807 

shortwave and longwave monthly observations (Figure 1 in Soden et al., 2002). (b) Surface 808 

temperature response in our model, compared to the lower troposphere and surface 809 

observations (Soden et al., 2002; Bender et al., 2010). Year Zero on the x-axis represents 810 

June 1990 to May 1991, the year preceding the eruption in June 1991.  811 
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 812 

Figure 2. (a) TOA radiative forcing following a 2-Gt SO₂ injection (converted from the 813 

shortwave surface forcing estimates in Figure 4 of Robock et al., 2009). (b) Simulated 814 

global surface cooling (orange solid line) using the forcing estimates in (a), which is 815 

compared with Robock et al. (2009) (blue solid line). The orange dash line is also simulated 816 

by our model, but assuming the effective ocean depth (z) increases from 50 to 80 meters in 817 

Year 5.  818 
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 827 

Figure 4. Simulated volcanic cooling and warming offset by F-gas emission. (a) C₄HF₅; (b) 828 

C₄F₆; (c) HFC-152a; (d) HFC-245eb; (e) HFC-41 (CH₃F); and (f) a possible compound with 829 

ideal characteristics. The blue dashed line is cooling due to volcanic eruption. The red 830 

dashed line is heating due to F-gases. Each purple solid line represents the residual (net 831 

temperature effect), which aims to fall mostly into the 1ºC range indicated by the 832 

horizontal dashed lines. Note that in (f) the timeline is shortened to Year 0 to 8 to 833 

demonstrate a clear optimal counterbalancing by the ‘ideal’ compound.  834 
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 835 

Figure 5. (a) The sequencing of annual emission of the five identified compounds, as well as 836 

the “ideal” compound. The sequence of emission is constructed via simple model runs with 837 

optimized results shown in Figure 4. (b) The range of temperature residuals as seen in 838 

Figure 4, which is targeted to be kept below 1ºC.  839 
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 840 

 841 

Figure 6.  842 

(a) Simulated average atmospheric concentrations of C₄F₆ (Compound B, purple dashed 843 

line C₄F₆ daily) and HFC-41 (Compound E, red dashed line). Results using monthly (purple 844 

dot-dash line) and yearly (purple solid thin line) time steps, respectively, are also included 845 

as a robustness check for the shorter-lived C₄F₆. The monthly time steps show very good 846 

agreement with the default results using daily steps, while the yearly time steps produce a 847 

concentration biased high. 848 

(b) and (c): simulated radiative forcing and integrated radiative forcing, respectively, of 849 

C₄F₆ (Compound B, purple dashed line C₄F₆ daily) and HFC-41 (Compound E, red dashed 850 

line). Volcanic forcing (blue solid line) as in Figure 2 is shown again for reference.  851 
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