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Abstract 25 

 We test how the time of year of a large Arctic volcanic eruption determines the climate 26 

impacts by conducting simulations with a general circulation model of Earth's climate.  For an 27 

injection of 5 Tg of SO2 into the lower stratosphere, an eruption in June will cause detectable 28 

climate effects, whereas an eruption in August will cause negligible effects.  The ocean retains 29 

memory of the climate effects from a 5 Tg June eruption.  In both cases, the sulfate aerosols that 30 

form do not persist into the following spring due to large-scale deposition.  Our simulations of 31 

the June eruption have many similar features to previous simulations of the eruption of Katmai in 32 

1912, including some amount of cooling over Northern Hemisphere continents in the summer of 33 

the eruption, which is an expected climate response to large eruptions.  Previous Katmai 34 

simulations show a stronger climate response, which we attribute to differences in choices of 35 

climate model parameters.36 
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1.  Introduction 37 

The past year has seen significant volcanic activity, most notably the two large eruptions 38 

of Kasatochi Volcano (52.1°N, 175.3°W) on August 8, 2008 and Sarychev Volcano (48.09°N, 39 

153.20°E) on June 12, 2009.  Each injected between 1 and 2 Tg of SO2 into the lower 40 

stratosphere [Carn, 2008; Corradini et al., 2010; Haywood et al., 2010], making them the largest 41 

volcanic eruptions since Mount Pinatubo and Mount Hudson in 1991 [Carn and Krueger, 2004]. 42 

Sulfate aerosols, formed from the oxidation of SO2, have a long atmospheric lifetime in 43 

the stratosphere of 1-3 years [Budyko, 1977; Stenchikov et al., 1998].  They efficiently 44 

backscatter shortwave radiation, effectively increasing the planetary albedo for the lifetime of the 45 

aerosols [Robock, 2000].  This results in the primary climate effect of large volcanic eruptions, 46 

which is cooling of the surface and the troposphere during the boreal summer.  Since sulfate 47 

aerosols are not perfect scatterers, the stratosphere warms after a large eruption [Stenchikov et 48 

al., 1998], which can result in dynamical effects due to the alteration of the thermal profile of the 49 

lower and middle atmosphere.  For large tropical eruptions, these effects include warming over 50 

the Northern Hemisphere continents during the boreal winter and a positive mode of the Arctic 51 

Oscillation [Robock, 2003; Stenchikov et al., 2002, 2004]. 52 

Additionally, large volcanic eruptions cause significant perturbations to the hydrological 53 

cycle [Trenberth and Dai, 2007], which is magnified under high latitude eruptions.  This mostly 54 

takes effect as a reduction of the Indian-African-Asian monsoon, due to differentially reduced 55 

solar flux over the Indian Ocean and the large land masses of Asia and Africa [Kravitz et al., 56 

2010].  This effect is magnified for high latitude eruptions, and evidence of it has been seen in 57 

past proxy records and climate simulations of the eruptions of Laki in 1783-1784 at 68°N 58 
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[Thordarson and Self, 2003; Oman et al., 2006a] and Katmai on June 6, 1912 at 58°N [Oman et 59 

al., 2005, 2006b]. 60 

Despite their large amount of atmospheric SO2 loading, the eruption of Kasatochi had 61 

little to no climate response [Kravitz et al., 2010], and we expect the same findings for Sarychev.  62 

We postulate this is due to an insufficient amount of SO2, despite being such relatively large 63 

eruptions.  Kravitz et al. [2010] performed additional climate model simulations involving a 5 Tg 64 

eruption on August 8, but still no climate effects were observed.  This is puzzling, since 5 Tg of 65 

SO2 is known to be sufficient to cause climate perturbations, specifically the eruption of Katmai 66 

on June 6, 1912 [Oman et al., 2005].  Thus we conjecture that the time of year of a large eruption 67 

plays a critical role in determining whether it will have a climate impact. 68 

 69 

2.  Experiment 70 

We simulated the climate response to high latitude volcanic eruptions with ModelE, a 71 

coupled atmosphere-ocean general circulation model developed by the National Aeronautics and 72 

Space Administration Goddard Institute for Space Studies [Schmidt et al., 2006].  We used the 73 

stratospheric version with 4° latitude by 5° longitude horizontal resolution and 23 vertical levels 74 

up to 80 km.  It is fully coupled to a 4° latitude by 5° longitude dynamic ocean with 13 vertical 75 

levels [Russell et al., 1995].  The aerosol module [Koch et al., 2006] accounts for SO2 76 

conversion to sulfate aerosols, hydration of the aerosols from a specified dry radius of 0.25 µm, 77 

based on formulas by Tang [1996], and transport and removal of the aerosols.  Radiative forcing 78 

(called “adjusted forcing” in IPCC [2001] and Hansen et al. [2005]) is fully interactive with the 79 

atmospheric circulation.  For further details, see Kravitz et al. [2010], which uses the same model 80 

setup. 81 
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Our control ensemble was a 20-member ensemble of 4-year runs (2007-2010), during 82 

which greenhouse gas concentrations increased according to the Intergovernmental Panel on 83 

Climate Change’s A1B scenario [IPCC, 2007].  When testing the model after this period by 84 

conducting simulations of constant 2007 greenhouse gas and aerosol concentrations, no 85 

temperature trend was detected for the period 2007-2010, which is the period over which our 86 

simulations have been conducted. 87 

To examine the effects of the volcanic eruptions, we used six 20-member ensembles of 4-88 

year simulations covering the same time period.  In these simulations, greenhouse gas 89 

concentrations increased in the same manner as in the control runs.  We also injected SO2 into 90 

the grid box centered at 52°N, 172.5°W, distributed equally in the three model layers that cover 91 

an altitude of 10-16 km.  Three ensembles had an injection on June 12, 2008, and three had an 92 

injection on August 8, 2008, in the amounts of 1.5 Tg, 3 Tg, and 5 Tg of SO2.  The 1.5 Tg 93 

injections are meant to simulate the eruptions of Sarychev and Kasatochi.  The 3 Tg and 5 Tg 94 

injections were included as part of a sensitivity study, although the 5 Tg June eruption is 95 

comparable to the eruption of Katmai on June 6, 1912.  In section 5, we perform such a 96 

comparison between our simulations of a June eruption and a set of simulations of Katmai which 97 

were performed for Oman et al. [2005]. 98 

For their simulations of the 1912 eruption of Katmai, Oman et al. [2005] correlated their 99 

modeling results with data that showed a climate response to the eruption.  This agreement 100 

between the model and observations or proxy records has also been verified for the eruptions of 101 

Laki in 1783-1784 [Oman et al., 2006a, 2006b] and Pinatubo in 1991 [Robock et al., 2007].  102 

Therefore, we are confident in the model’s ability to give us a realistic assessment of large scale 103 

climate perturbations from volcanic eruptions. 104 
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 105 

3.  The Role of the Time of Year 106 

 Kravitz et al. [2010] analyzed both the modeled and observed climate impacts of the 107 

eruption of Kasatochi and determined such impacts were negligible.  Preliminary analysis (not 108 

pictured) shows the same results for Sarychev.  We conclude that a high latitude volcanic 109 

eruption that injects 1.5 Tg of SO2 into the lower stratosphere is of insufficient magnitude to 110 

cause significant climate impacts. 111 

 To test our hypothesis that the time of year is important in determining whether a high 112 

latitude eruption will have climate impacts, we wanted to simulate volcanic eruptions in June and 113 

August of a magnitude that is known to cause a detectable climate perturbation in both model 114 

studies and observations.  Therefore, we chose to simulate a volcanic eruption that injected 5 Tg 115 

of SO2 into the lower stratosphere, as this was the atmospheric loading due to Katmai. 116 

 Figure 1 shows a comparison of Northern Hemisphere averaged aerosol optical depth 117 

(mid-visible, λ=550 nm) and shortwave radiative forcing at the surface due to the sulfate aerosols 118 

for all six of the climate model simulation ensembles.  As expected, aerosol optical depth and 119 

radiative forcing both increase approximately linearly with increased atmospheric loading of 120 

SO2.  Also, aerosol optical depth drops to low levels (below 0.01) well before the spring after the 121 

eruption.  Radiative forcing drops to low levels (smaller in magnitude than –0.25 W m
-2

) at 122 

approximately the same time.  Of particular interest in this figure is that the aerosols from the 123 

August eruption stay above this threshold (greater in magnitude than –0.25 W m
-2

) 124 

approximately one month later than the aerosols in the June eruption.  This suggests a stronger 125 

rate of deposition in the winter than in the autumn, as well as shows the rate of deposition is 126 

proportional to the amount of aerosol in the atmosphere.  The June eruptions reach larger peak 127 
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radiative forcing than do the August eruptions, which is likely due to the much larger value of 128 

insolation affected by the June eruption than the August eruption.  The peak values of aerosol 129 

optical depth are comparable, regardless of the time of the eruption.  All values of aerosol optical 130 

depth and radiative forcing return to background levels within a year after the eruptions. 131 

 Figures 2 and 3 show the same results in more spatial and temporal detail.  We see in 132 

Figure 2 that even in the zonal average instead of the Northern Hemisphere average, sulfate 133 

aerosol optical depth drops to low levels (below 0.01) by the spring after the eruption, and well 134 

before the spring for all but the two 5 Tg eruptions.  Aerosol optical depth values reach higher 135 

peaks in the June eruptions than the corresponding August eruptions due to lower deposition 136 

rates in the summer, allowing aerosols formed in the summer to linger in the atmosphere.  137 

Although the bulk of the aerosols stays north of 30°N in latitude, the magnitude of the eruption 138 

appears to correlate with the maximum longitudinal extent of the aerosol plume.  The 5 Tg 139 

eruptions show evidence of a small amount of aerosols reaching into the tropics. 140 

 Radiative forcing patterns in Figure 3 closely parallel the patterns of optical depth, with 141 

peak negative forcings occurring approximately one month after the eruptions, but the the 142 

radiative forcing from the June eruptions is enhanced by the larger amount of insolation available 143 

in the late summer.  In addition, the June eruptions reach higher magnitude peaks than their 144 

corresponding August eruptions, due to lower rates of deposition in the summer.  Radiative 145 

forcing again drops to low levels (smaller in magnitude than –0.25 W m
-2

) well before the 146 

following spring for all but the two 5 Tg eruptions.  As in Figure 2, there is evidence of some 147 

amount of aerosol extending well into the tropics, particularly for the larger eruptions in this 148 

study.  The 5 Tg eruption in June also shows that some of the aerosols persisted through the 149 
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winter into the following year, showing measurable levels of radiative forcing until one year 150 

after the eruption. 151 

 Figure 4 shows line graphs of Northern Hemisphere averaged surface air temperature 152 

anomaly (volcano plus A1B ensemble minus A1B ensemble) and globally averaged precipitation 153 

anomaly for all six ensembles.  For the 5 Tg eruptions, the June eruption shows a stronger 154 

decrease in temperature than the August eruption by nearly a factor of two.  Also, even a 3 Tg 155 

eruption in June shows more cooling than a 5 Tg eruption in August, strongly suggesting a 156 

confirmation of our hypothesis that the time of year of an eruption is critical in estimating 157 

climate impact.  Moreover, there is very little difference between the climate impact of the 3 Tg 158 

and 5 Tg August eruptions, which suggests the August eruptions are too late in the year to cause 159 

a climate impact.  We do not detect any significant signal in globally averaged precipitation due 160 

to any of the eruptions.  This is not unreasonable, since not only does precipitation have a large 161 

natural variability, but for all simulations, the aerosols formed well after June, missing the 162 

chance to mitigate a large amount of summer continental heating.  We also analyzed spatial maps 163 

of summer precipitation for these eruptions (not pictured) but found no patterns to suggest a 164 

reduction in the summer monsoon system. 165 

 For the calendar year (2009) after the 5 Tg eruption in June, the average Northern 166 

Hemisphere surface air temperature is 0.06°C lower than the calendar year before the eruption 167 

(2007), or over 20% of the simulated temperature anomaly in September, 2008.  A natural 168 

explanation for this could be ocean memory of the cooling due to the eruption [Stenchikov et al., 169 

2009].  Although the version of the model we used to perform the simulations in this experiment 170 

does not provide us with enough information to assess changes in ocean heat content, we can still 171 

evaluate some oceanic changes.  Figure 6 proceeds with this investigation, showing ocean 172 
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potential temperature anomaly for the top eight layers in the model’s ocean.  The depths of the 173 

model's ocean layers are given in Figure 5.  In the top five of these layers, we see a sharp, 174 

discontinuous cooling immediately after the volcanic eruption.  Layers 1 and 2, which constitute 175 

the mixed layer at this time of year, show the largest drop.  Despite technically being at the top 176 

of the thermocline according to de Boyer Montégut et al. [2004], one could argue layer 3 is 177 

actually part of the mixed layer, due to its precipitous drop in temperature immediately after the 178 

volcanic eruption.  Layers 4 and 5 also show a sharp drop, although not nearly as strongly as 179 

found in layers 1-3 and delayed several months after the drop in the upper layers, suggesting 180 

layers 4 and 5 are below the mixed layer.  Layers 6 and 7 show a slight warming over the period 181 

affected by the volcano, which can possibly represent a change in mixing and ocean dynamics 182 

due to the perturbed temperatures.  However, we again do not have enough information in our 183 

model output to diagnose the cause of this change.  Layer 8 shows little variability, suggesting 184 

the volcanic signal is not felt in the deep ocean during the time period represented in these 185 

simulations.  Layers 1 and 2 return to zero anomaly only by the end of the simulation, and layers 186 

3 and 4 still have not recovered to zero anomaly by this time.  We expect the recovery of layers 187 

below the mixed layer to be slower, since these are much more removed from the atmospheric 188 

seasonal cycle than are the surface layers.  Although we do not have enough model output to 189 

make any conclusions regarding statistical significance of these anomalies, our results suggest 190 

the suppression of the average temperature after the eruption could be due to ocean memory of 191 

volcanic cooling. 192 

 Figure 7 shows the 171 mb height anomalies for the winter following the eruptions for 193 

the 5 Tg eruptions on June 12 and August 8.  This model layer was chosen because it is in the 194 

lower stratosphere, at the center of the range over which the SO2 was injected.  This layer’s 195 
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height shows the degree of stratospheric heating and resulting dynamical effects due to the 196 

sulfate aerosols.  The June eruption shows a statistically significant pattern of increased height, 197 

centered over Hudson Bay and Eastern Europe.  This is accompanied by a strong, though not 198 

statistically significant, reduction in height centered over Alaska.  In contrast, the August 199 

eruption shows very few values of statistical significance, although the magnitude of reduced 200 

height over Alaska is similar.  The June eruption shows a pattern that could be interpreted as a 201 

weak mode 3 oscillation, while the August eruption shows no such pattern.  In neither case is this 202 

pattern indicative of modification of a more well-known large scale pattern such as the Arctic 203 

Oscillation or the North Atlantic Oscillation. 204 

 205 

4.  Discussion 206 

 To evaluate the statistical significance of the anomalies in Figure 4, we analyzed data 207 

provided by the National Climatic Data Center (NCDC) and the University of East Anglia's 208 

Climatic Research Unit (CRU).  From NCDC, we obtained gridded data at 5° latitude by 5° 209 

longitude, created from version 2 of the Global Historical Climatology Network (GHCNv2) 210 

[Free et al., 2004; Peterson and Vose, 1997; Peterson et al., 1998].  From CRU, we obtained 211 

variance adjusted land air temperature anomalies, also gridded at 5° latitude by 5° longitude 212 

(CRUTEM3v) [Brohan et al., 2006; Jones et al., 1999; Rayner et al., 2003, 2006]. 213 

 Calculations were performed based on a Student’s t test with the number of degrees of 214 

freedom equal to the number of years in each of the sources’ records, which is 130 for the NCDC 215 

GHCNv2 temperature record (1880-2009), 110 for the NCDC GHCNv2 precipitation record 216 

(1900-2009), and 160 for the CRUTEM3v temperature record (1850-2009).  (We were unable to 217 

obtain precipitation data from CRU.)  For an anomaly to be statistically significant at the 95% 218 
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confidence level, it must be at least 0.21°C different from a 12 month centered running mean (t-6 219 

months to t+5 months) according to GHCNv2 data and at least 0.24°C according to CRUTEM3v 220 

data.  To be significant at the 90% level, it must be 0.18°C or 0.20°C different from the 12 month 221 

running mean, respectively.  The difference between the values for the two records is due to the 222 

number of degrees of freedom each record has.  Precipitation must be 0.23 mm/day different 223 

from the 12 month running mean to be significant at the 95% level and 0.19 mm/day to be 224 

significant at the 90% level. 225 

 For the values reported in Figure 4, only the 5 Tg eruption on June 12 has statistically 226 

significant anomalies according to the above criteria.  For this ensemble, the September anomaly 227 

is 0.21°C lower than the 12-month running mean centered on that month, meaning it is 228 

statistically significant at the 90% confidence level according to both sets of data and at the 95% 229 

confidence level according to the GHCNv2 data.  This is the only point of all ensembles that is 230 

statistically significant at the 90% level or better.  No precipitation values are statistically 231 

significant at either the 90 or 95% confidence levels, and the actual anomaly values are 232 

approximately one order of magnitude below the global average values needed to be considered 233 

significant. 234 

 These results reinforce current knowledge about the climate effects of large volcanic 235 

eruptions.  Although a 5 Tg eruption in June does have detectable climate effects according to 236 

Oman et al. [2005], the effects of Katmai were found to be only barely distinguishable from 237 

weather noise.  Moreover, not only is precipitation highly variable, hampering the ease by which 238 

an anomaly can be considered significant, but the aerosols would have completely formed well 239 

after June, so the first part of the monsoon, as well as the time period with the greatest amount of 240 

insolation, would be largely unaffected. 241 
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 242 

5.  Comparison to Katmai 243 

 One addition to this study is a comparison to the effects of the eruption of Katmai 244 

(Novarupta) Volcano (58.28°N, 154.96°W) on June 6, 1912, which injected 5 Tg of SO2 into the 245 

lower stratosphere.  Katmai was known to have climate effects, including cooling over Northern 246 

Hemisphere continents in the summer of the eruption and a weakening of the Indian-African 247 

monsoon system, as was evidenced by low river flow in those areas [Oman et al., 2005].  In this 248 

section, we compare our results with those of Oman et al., who performed simulations of Katmai 249 

with a very similar setup of the same model. 250 

 The simulations performed by Oman et al. [2005] involved two ensembles.  The control 251 

ensemble was composed of ten model runs at constant greenhouse gas and aerosol 252 

concentrations, and was then time-averaged to produce a 40 member ensemble.  The volcano 253 

ensemble was an average of 20 runs using the same conditions as the control runs, but involving 254 

specified aerosol optical depths from Ammann et al. [2003], corrected to have a variable aerosol 255 

effective radius, as in Sato et al. [1993], which is in good agreement with Stothers [1997].  This 256 

is in contrast to our simulations, in which sulfate aerosol formation was calculated in the model.  257 

We also used a fully dynamic ocean, whereas Oman et al. used fixed sea surface temperatures 258 

and sea ice conditions prescribed by a 1946-1955 average [Rayner et al., 2003]. 259 

 Figure 8 shows plots of surface air temperature anomaly due to a 5 Tg eruption on June 260 

12, 2008, compared to the same results for simulations of the eruption of Katmai.  We only show 261 

plots for surface air temperature, as Figure 4 suggests our plots of precipitation will show no 262 

significant results (which indeed they do not; not pictured), and Oman et al. [2005] similarly do 263 

not include plots of precipitation for their simulations of Katmai.  Both sets of simulations show 264 
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very similar patterns for the summer of the eruption (JJA), including a general pattern of cooling 265 

over the Northern Hemisphere continents, and the winter after the eruption (DJF) in the form of 266 

warming over the Northern Hemisphere continents. 267 

 However, the patterns that appear in the simulations of Katmai are generally stronger and 268 

more pronounced than the anomalies in our simulations.  We suggest several reasons for this 269 

discrepancy.  First, we would not expect the patterns to be identical, since our aerosols are 270 

formed by the model and interact with the circulation, whereas the aerosols in the Katmai 271 

simulations do not.  Our peak values of aerosol optical depth are consistent with those of Oman 272 

et al. (0.3 in September after the eruption).  Moreover, fixed sea surface temperatures would 273 

negate the ocean memory effect seen in Figure 6, and using fixed sea surface temperatures can 274 

amplify surface air temperature anomalies, offering an additional explanation for the larger 275 

anomalies in the Katmai simulations [Hansen et al., 2005].  Additionally, Oman et al. performed 276 

their statistical tests differently, using a single sample Student’s t test based on 40 years of 277 

control runs.  We used an unpaired two sample Student’s t test based on 20 runs each.  This 278 

difference in calculations appears to have the effect of making more of their results statistically 279 

significant than ours, given similar levels of anomaly. 280 

 281 

6.  Relevance to stratospheric geoengineering 282 

 This study is highly relevant to geoengineering with stratospheric sulfate aerosols, as it 283 

shows that not only does the amount of injection of sulfate aerosol precursor into the stratosphere 284 

significantly impact the climate effects, but also the timing of the injection is crucial.  Past 285 

modeling studies have failed to capture this importance, especially in studies of Arctic injection.  286 

Robock et al. [2008] performed an experiment of geoengineering with stratospheric sulfate 287 
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aerosols in the Arctic, but their simulations involved year-round injection of SO2.  Our results 288 

suggest autumn injections are not necessary, since their climate effects would be negligible.  289 

Moreover, winter injections in the Arctic are superfluous, since the lack of sunlight in high 290 

latitudes in the winter precludes any potential radiative effects from the aerosols. 291 

 A natural consequence of these results would be to perform model simulations of Arctic 292 

geoengineering in the boreal spring, ceasing injections of SO2 for the rest of the year.  Not only 293 

would this be less invasive than year-round injections, but it would also take advantage of our 294 

findings.  We caution any modeling groups conducting such simulations to ensure the amount of 295 

SO2 they inject is of sufficient quantity to cause measurable surface cooling.  However, we 296 

believe our findings should strongly discourage real-world testing of Arctic geoengineering, 297 

regardless of the time of year.  Oman et al. [2005] and Robock et al. [2008] clearly show that any 298 

forcing from the aerosols that reduced surface temperatures would also weaken the monsoon 299 

system as a dynamical consequence.  Moreover, to observe the results at a satisfactory level of 300 

statistical significance, geoengineering would need to be conducted for a long period of time 301 

[Robock et al., 2010].  Indeed, our simulations were conducted with 20 ensemble members, and 302 

our results were barely statistically significant, indicating that observing test results of 303 

geoengineering at the same level of certainty would require deployment for at least 20 years, 304 

which is quite a long period of time over which side effects will be felt. 305 

 Our findings regarding ocean memory are also likely to be pertinent for geoengineering 306 

simulations.  We suspect the cooling due to geoengineering would be enhanced by this oceanic 307 

effect, especially if done every year.  However, we are unable to quantify this effect without 308 

further investigation. 309 

 310 
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7.  Conclusions 311 

Based on our climate modeling study, the time of year of a volcanic eruption is important 312 

in determining the resulting climate effects, provided the eruption is large enough.  For a June 313 

eruption, both we and Oman et al. [2005] have shown that a 5 Tg eruption is sufficient to cause 314 

detectable climate impacts.  For an August eruption, 5 Tg is still insufficient to cause an impact.  315 

Indeed, we show that the time of year of an eruption is of equal, if not greater, importance than 316 

the size of the eruption. 317 

In line with Stenchikov et al. [2009], we further conclude the ocean has memory of the 318 

cooling an eruption causes, which can serve to modulate changes in climate.  However, the runs 319 

we have completed are not long enough to fully assess the impacts of the ocean on the climate 320 

system.  We stress that simulations of large eruptions need to include a complex ocean to capture 321 

these potentially important effects. 322 

Future work on this topic could include testing an even earlier high latitude eruption, 323 

perhaps in April or even before.  We could also attempt to determine how large an August 324 

eruption must be to have climate impacts.  Additionally, we could perform a similar suite of 325 

experiments, but for tropical injections, to determine the relationship between climate effects and 326 

latitude.  This last idea would also affect more surface area of the planet, making easier any 327 

further analysis of ocean memory. 328 
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 443 

Figure 1.  Northern Hemisphere averages for all six ensembles of sulfate aerosol optical depth and shortwave radiative forcing at the 444 

surface due to sulfate aerosols.  All ensembles pictured are averages of 20 model runs.  All values fall to very small amounts by the 445 

spring following the eruption and return to background levels within a year after the eruption.446 
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 448 

Figure 2.  Zonally averaged sulfate aerosol optical depth (mid-visible, λ=550 nm) for all six ensembles.  All ensembles pictured are 449 

averages of 20 model runs. 450 

451 
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 452 

 453 

Figure 3.  Zonally averaged surface shortwave radiative forcing (W m
-2

) due to sulfate aerosols for all six ensembles.  All ensembles 454 

pictured are averages of 20 model runs.455 
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 456 

Figure 4.  Line graphs of surface air temperature and precipitation anomalies due to the volcanic 457 

eruptions.  Surface air temperature is averaged over the Northern Hemisphere to amplify changes 458 

in temperature over Northern Hemisphere continents, and precipitation is globally averaged.  All 459 

ensembles are averages of 20 model runs.  The light green lines show the average seasonal cycle 460 

of the standard deviation from zero anomaly of the control runs as an indication of natural 461 

variability.  Surface air temperature shows a strong anomaly in the late summer and early autumn 462 

following the larger eruptions, whereas the August eruptions do not show particularly significant 463 

results.  No volcanic signal is detectable in the precipitation results. 464 
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 465 

 466 

Figure 5.  A diagram of the ocean layers in this version of ModelE [Russell et al., 1995].  Model layer thicknesses do not adjust to 467 

topography and are either present in their entirety or absent.  Determination of the ocean layer by depth follows guidelines in de Boyer 468 

Montégut et al. [2004], using a thermocline depth range of 25-1000 m in the summer and 200-1000 m in the winter [Stewart, 2007].469 
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 470 

 471 

Figure 6.  Global average of ocean potential temperature for the top 8 layers (out of 13) in the model.  Thicknesses and depths of the 472 

layers are given in Figure 5.  Layers 1-3 constitute the mixed layer at the time of the eruption, and layers 4-9 constitute the 473 

thermocline.  All lines shown are for the 5 Tg eruption on June 12 and represent an average of 20 model runs.474 
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 475 

 476 

Figure 7.  A comparison of lower stratospheric (171 mb) height anomalies for the 5 Tg eruptions on June 12 and August 8.  Both 477 

ensembles are averages of 20 model runs.  Statistical significance at the 95% confidence level is denoted by black hatching.   478 
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 479 

 480 

Figure 8.  A comparison between simulations of the 5 Tg eruption on June 12, 2008 and simulations of Katmai from Oman et al. 481 

[2005].  The two right panels are reproductions of figures 7a and 10a from Oman et al. [2005].  Statistical significance at the 95% 482 

confidence level is denoted by black hatching. 483 


