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Key Points: 8 

• The August 1991 eruption of Cerro Hudson is simulated using a model with detailed 9 
aerosol microphysics and stratospheric chemistry. 10 

• The model shows skill in simulating the satellite and in-situ observations of the volcanic 11 
plume. 12 

• These simulations present a prima facie case that this eruption contributed to the 13 
anomalously high 1991 Austral Springtime ozone loss.  14 
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Abstract 15 

The Chilean volcano Cerro Hudson erupted between August 8th and 15th, 1991, injecting between 16 
1.7 and 2.9 Tg of SO2 into the upper troposphere and lower stratosphere. We simulate this 17 
injection using the GEOS Earth system model with detailed sulfur chemistry and sectional 18 
aerosol microphysics, focusing on the resulting aerosols and their contribution to the 1991 19 
Antarctic Austral Springtime ozone hole. The simulations show a column ozone deficit (12 DU) 20 
in the Southern Hemisphere vortex collar region. The majority of this effect is between 10 and 21 
20 km and due to heterogeneous chemistry. The model shows a 26% decrease in ozone from 22 
background levels at these altitudes, compared with in-situ observations of a 50% decrease. 23 
Above 20 km, the dynamical response to the eruption also causes lower ozone values, a novel 24 
modeling result. This experiment highlights potential interactions between proposed solar 25 
radiation management geoengineering aerosols and volcanic eruptions. 26 

Plain Language Summary 27 

We simulated the August, 1991 eruption of Chilean volcano Cerro Hudson. Cerro Hudson 28 
erupted two months after the June 15th eruption of Pinatubo which was one of the largest 29 
observed eruptions. The combination of these two eruptions impacted the atmosphere by 30 
injecting volcanic aerosol which are well represented by our model. In the case of Cerro Hudson, 31 
the simulations show that the volcanic plume may have impacted the 1991 Antarctic ozone hole, 32 
both by directly impacting the chemistry of ozone depletion and by altering the dynamics of the 33 
atmosphere, slowing down the normal breakdown of the ozone hole caused by changes in 34 
weather. The interaction between Cerro Hudson and Pinatubo shown here also reveal a need for 35 
more research in how potential goengineering scenarios would interact with volcanic eruptions. 36 

1 Introduction 37 

While the August 8th to 15th Cerro Hudson (45°S, 72°W) volcanic eruption produced the 38 
fifth largest sulfur dioxide (SO2) emissions ever observed by satellites, it was overshadowed by 39 
the June 15th Mount Pinatubo (15°N, 120°E) eruption (Carn et al., 2016). The Cerro Hudson 40 
injection is estimated to have put 1.7-2.9 Tg of SO2 and a similar amount of ash between 16-18 41 
km (Bluth et al., 1992; Constantine et al., 2000; Miles et al., 2017). The ash and SO2 quickly 42 
separated, with about 90% of the ash falling out in the first few days following the eruption, 43 
settling across South America (Constantine et al., 2000). The SO2 was observed by the Total 44 
Ozone Mapping Spectrometer (TOMS) (Bluth et al., 1992) and High Resolution Infra-Red 45 
Radiation Sounder/2 (HIRS/2) (Miles et al., 2017) satellite instruments and remained in the 46 
lower stratosphere between 50°S and 70°S as it circled the Earth (Fig. 1b and c; Doiron et al., 47 
1991; Schoeberl et al., 1993). The satellite-borne Microwave Limb Sounder (MLS), also capable 48 
of retrieving SO2, came online in September 1991, and while it was able to make useful 49 
observations of the tropical Pinatubo plume, produced noisy results at the altitude and latitude of 50 
the Cerro Hudson plume (Miles et al., 2017). 51 
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52 
Figure 1: Seven-day composite of one instance of model calculated (a) and satellite retrieved 53 
(TOMS, b, and HIRS/2, c) SO2 column concentrations as the Cerro Hudson plume transits the 54 
Southern midlatitudes. The observations from August 15th-21st are shown moving clockwise 55 
around Antarctica. (c) is from Miles et al., 2017. 56 

On September 10th and daily after September 20th, the Cerro Hudson plume was observed 57 
above McMurdo Bay by both lidar and balloon-borne optical particle counter (Deshler et al., 58 
1992; Hofmann et al., 1993). The low altitude of the volcanic aerosol layer, between 9 and 13 59 
km, combined with the presence of freshly nucleated aerosols, indicated that this aerosol was 60 
from Cerro Hudson. The Pinatubo plume, on the other hand, was  detected only above 17 km. 61 
Deshler et al. (1992) and Hofmann et al. (1993) found coincident low ozone measurements at 12 62 
km, where ozone concentrations are normally not impacted by seasonal depletion. They reported 63 
an ozone loss rate of 4-8 ppb day-1 over 30 days following September 24th, totaling ~50% ozone 64 
depletion compared to years with comparable PSC-induced ozone loss. Despite these in-situ 65 
observations of aerosols and anomalous ozone values, satellite observations did not show the 66 
Cerro Hudson SO2 entering the vortex before the beginning of September (Krueger et al., 1992). 67 
Trajectory model results also suggested that the volcanic plume remained outside of the vortex 68 
during the period of major ozone depletion (Krueger et al., 1992, Schoeberl et al., 1993). 69 

Studies of more recent volcanic eruptions occurring in the Southern midlatitudes show 70 
that even moderately sized eruptions at these latitudes can impact the springtime ozone loss 71 
(Solomon et al., 2016; Zhu et al., 2018). In the case of the April 2015 Calbuco eruptions (Zhu et 72 
al., 2018), observations and models show that transport of volcanic aerosols into the vortex 73 
occurred as early as May, allowing them to alter polar stratospheric clouds and the chemistry of 74 
springtime ozone depletion. Despite a later eruption date, Deshler et al. (1992) showed that Cerro 75 
Hudson aerosol appeared at high Southern latitudes and potentially impacted ozone in September 76 
and October.  77 

We simulated the 1991 Cerro Hudson eruption using the Goddard Earth Observing 78 
System (GEOS) model coupled with a sectional aerosol microphysics module, the Community 79 
Aerosol and Radiation Model for Atmospheres (CARMA), and the tropospheric and 80 
stratospheric chemistry module GEOS-Chem (GC). Here we show that (i) the GEOS model 81 
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reasonably reproduces the satellite and balloon-borne in-situ observations of the Cerro Hudson 82 
plume, (ii) Cerro Hudson aerosol reached high Southern latitudes and impacted ozone below 20 83 
km while remaining outside the vortex above 20 km, and (iii) the dynamical response to these 84 
aerosols resulted in a more persistent vortex and lower ozone values above 20 km. 85 

2 Materials and Methods 86 

GEOS is an Earth system model based on the architecture of the Earth System Modeling 87 
Framework (ESMF) (Hill et al., 2004; Molod et al., 2015). In this study, we use the atmospheric 88 
general circulation model (AGCM) configuration in its “free-running” mode, in which the model 89 
calculates its own meteorology without any data assimilation and with imposed sea surface 90 
temperatures based on observations. The GEOS system has been shown to perform well in 91 
stratospheric chemistry and transport processes (SPARC CCMVal, 2010; Strahan et al., 2011; 92 
Douglass et al., 2012). We run GEOS at a ~100 km horizontal resolution on a cubed-sphere grid 93 
with 72 hybrid-sigma vertical levels extending from the surface to ~80 km. While the GEOS 94 
AGCM can be coupled to various aerosol modules, here we are using the sectional aerosol 95 
microphysics from CARMA (Toon et al., 1988; Bardeen et al., 2008; Colarco et al. 2014). We 96 
have coupled CARMA to the GEOS-Chem tropospheric and stratospheric chemistry mechanism 97 
(Bey et al., 2001)—GEOS-Chem calculates the production of H2SO4 gas, which CARMA then 98 
uses to calculate the aerosol microphysics across a range of size bins. Both CARMA and GEOS-99 
Chem are radiatively interactive within the model. For a complete description of GEOS-Chem, 100 
CARMA, radiative calculations, and the coupling of the GEOS model, see Case et al. (2023).  101 

Three 3-member ensembles are used in this study. The first 3-member ensemble is a 102 
background ensemble representing the second half of 1991 without the Pinatubo or Cerro 103 
Hudson eruptions. The second ensemble includes only the Pinatubo eruption over the same 104 
period, and the final ensemble includes both the Pinatubo and Cerro Hudson eruptions. Ensemble 105 
members are perturbed at the beginning of 1991 to develop varying meteorological and 106 
dynamical situations. 107 

Cerro Hudson is initialized in the model with an injection of 2.7 Tg of SO2 between 16 108 
and 18 km in the grid column above the volcano, spread out over 24 hours on the day of the 109 
largest eruption (August 15). We use Pinatubo injection parameters similar to those in Mills et al. 110 
(2017): we inject 10 Tg SO2 over 25 hours on June 15, 1991, uniformly mixed from 18 to 21 km 111 
altitude between 0° and 15°N over a 1-degree wide longitude region centered at 120°E. This 112 
configuration is identical to the simulations presented and validated in Case et al. (2023). 113 

3 Results and Discussion 114 

The GEOS model (Fig. 1a) shows similar transport and SO2 magnitude to that observed 115 
by TOMS (Fig. 1b) and HIRS/2 (Fig. 1c) for the six days after the Cerro Hudson eruption. An 116 
average peak value of 109 DU in the model is slightly lower than the 130+ DU peak in 117 
observations. By the time the plume returned to the longitude of the volcano, the modeled plume 118 
has a peak SO2 column of 16 DU while columns as high as 50 DU were observed by both 119 
instruments. The horizontal extent of the plume is wider in the model, indicating the lower peak 120 
values are in part due to the spatial resolution of the model compared to the observations. 121 

The model-calculated late-September zonal mean aerosol size distribution at 11 km at the 122 
latitude of McMurdo Bay, Antarctica (78°S), shows an enhancement by a factor of 3 in the total 123 
particle number concentration in the ensemble that includes Cerro Hudson. Particle size also 124 
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increases when Cerro Hudson is included, from an effective radius of 0.12 µm to 0.16 µm, 125 
representative of young volcanic plumes. This magnitude of enhancement in the number 126 
concentration and size of aerosols is consistent with the anomalous aerosol layer observed at 11 127 
km by Deshler et al. (1992) above McMurdo Bay on September 27th relative to earlier balloon 128 
flights (Fig. 2). 129 

 130 

Figure 2: Balloon-borne optical particle counter observations above McMurdo Bay on September 131 
27th (red Xs), compared with model-calculated late-September zonal-mean cumulative aerosol size 132 
distributions at the latitude of McMurdo for the ensemble including Cerro Hudson (blue dots with 133 
error bars) and the ensemble excluding Cerro Hudson (black dots with error bars). Error bars 134 
represent the 95% confidence interval across each ensemble.  135 

Starting in late September, the ensemble including Cerro Hudson has a 5-10% larger 136 
ozone hole area, defined as the area inside the 220 DU contour, continuing throughout October 137 
(Fig. 3). It should be noted that the model-calculated ozone hole area is larger than observed 138 
1991 values due to a model low bias of polar ozone. The recovery of ozone values in the 139 
ensemble including Cerro Hudson is slowed by an average of 13 days throughout October. The 140 
extra ozone hole area in the simulations with Cerro Hudson is primarily driven by lower ozone 141 
values in the “collar region”, defined here as the longitudinal ring around the Ozone Hole 142 
between 55°S and 65°S. The model shows 20-40% lower ozone in the collar region between 10 143 
km to 25 km when Cerro Hudson is included (Fig. 4c). 144 
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 145 

Figure 3: Ozone hole area (defined as the area contained by the 220 DU total ozone value) in the 146 
GEOS model for the ensemble including Cerro Hudson (solid blue), ensemble excluding Cerro 147 
Hudson (dashed blue), and the background excluding both eruptions (solid red). 148 
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 149 

Figure 4: Zonal mean ozone concentrations and sulfate aerosol surface area densities (cm2 m-3) in 150 
the GEOS modeled Southern Hemisphere (DU/km). In filled contours are the ozone fields and in 151 
white contours are the aerosol surface area fields for the ensemble including Cerro Hudson (a), the 152 
ensemble excluding Cerro Hudson (b), and the difference (c). The dotted white line on each figure 153 
indicates the vortex edge. The dotted red lines indicate the upper and lower collar regions. 154 

The development of this low-ozone collar region in the ensemble including Cerro Hudson 155 
is coincident with the start of lower temperatures when compared with the ensemble without 156 
Cerro Hudson (Fig. 5). The ensembles meaningfully diverge starting in late September. While 157 
there is a small amount of volcanic aerosol surface area from Pinatubo in the region prior to this 158 
divergence, once the ensembles diverge, there is less aerosol surface area between 20 and 25 km 159 
in the ensemble including Cerro Hudson (Figs. 5a, 4), despite a higher volcanic aerosol loading 160 
between 10 and 20 km in that ensemble (Figs. 5b, 4). 161 
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 162 

Figure 5: Modeled temperature (red), ozone (blue), and surface area (black) anomalies with 163 
respect to the background versus time in the polar vortex collar region (55°S to 65°S) for: (a) 20-164 
25 km, and (b) 10-20 km. Zero values indicate that ensembles are similar to the background 165 
ensemble, while negative anomalies indicate colder temperatures, lower ozone concentrations, and 166 
lower surface area. MERRA-2 temperatures are shown in pink.  167 

The differences in ozone concentrations above 20 km were not driven by a change in the 168 
heterogeneous component of the ozone chemistry, evidenced by the lack of volcanic aerosol at 169 
that altitude (Fig. 5a). Ozone depletion at these altitudes mainly occurs during August and 170 
September where only small aerosol enhancements are noted. The lower temperatures compared 171 
to the background at 20-25 km in both ensembles point instead to a dynamical perturbation as the 172 
causal factor for lower ozone values. By comparison, below 20 km (Fig. 5b), the additional 173 
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aerosol surface area in the ensemble including Cerro Hudson is coincident with the lower ozone 174 
values, indicating extra heterogeneous activation of ozone depleting substances.  175 

Ozone near the edge of the vortex is driven primarily by tropospheric wave forcing of the 176 
stratosphere (Newman et al., 2004). Eddy heat flux (Fig. 6a), the product of temperature and the 177 
meridional wind component anomalies from the zonal mean, is proportional to planetary wave 178 
energy that propagates vertically into the stratosphere (Edmon et al., 1980) and has been shown 179 
to drive temperature and ozone concentrations near the edge of the vortex by controlling vertical 180 
motions in the polar lower stratosphere (Newman et al., 2001; Newman et al., 2004). Negative 181 
values from September 13-19 (3-5 days before the ensembles diverge in ozone in the collar 182 
region) indicate a wave event in the ensemble without Cerro Hudson across the three members. 183 
In the Southern Hemisphere, a negative eddy heat flux means increased downward motion in the 184 
vortex collar, increasing temperatures and ozone in the polar lower stratosphere. This suggests 185 
that the radiative impact of the Cerro Hudson aerosol layer acts to reduce tropospheric wave 186 
activity propagating into the stratosphere, resulting in a colder lower ozone collar region above 187 
the layer of Cerro Hudson aerosols. Radiative heating of the Cerro Hudson aerosols in the 188 
midlatitudes also increases the temperature gradient at the altitude of the Antarctic vortex, 189 
associated with a stronger zonal wind (Fig. 6b). This results in the longer-lasting isolated vortex 190 
in the ensemble including Cerro Hudson. 191 
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 192 

Figure 6: (a) Southern hemisphere eddy heat flux for the ensemble mean with Cerro Hudson (solid 193 
line) and the ensemble mean without Cerro Hudson (dashed line). The shaded area indicates days 194 
when the ensemble memberss do not overlap. (b) (Red) Southern hemisphere poleward 195 
temperature gradient, calculated as the temperature difference between the region between 15°S 196 
and 30°S and the region between 60°S and 90°S, between 10 and 30 km. (Blue) Southern 197 
hemisphere vortex zonal wind speed, defined as the wind spead averaged from 10-20 km, 40°-60° 198 
S. 199 

4 Conclusions 200 

The free-running GEOS model shows that the direct radiative impact of the August 15, 201 
1991, Cerro Hudson eruption may have altered the dynamics of the Southern Hemisphere, 202 
suppressing tropospheric wave propagation into the stratosphere. This suppression cools the 203 
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Antarctic lower stratosphere, increases the temperature difference between low latitudes and the 204 
pole, and strengthens the vortex. The suppression also results in a slower breakdown of the 205 
Antarctic vortex than would have otherwise occurred. Ultimately, this dynamical forcing of the 206 
lower stratosphere in the model results in lower ozone within the collar region in late September 207 
and October above 20 km. While this dynamical impact is consistent across all ensemble 208 
members in this study, a larger ensemble size is needed to strengthen these findings.  209 

GEOS includes coupling between the volcanic aerosols and chlorine and bromine 210 
activation, but the model simulations show little volcanic aerosol present above 20 km during the 211 
peak ozone hole depletion period. Based on these results, the aerosols from Pinatubo and Cerro 212 
Hudson did not directly change ozone chemistry in the 1991 Antarctic vortex above 20 km. The 213 
modeled Cerro Hudson aerosols did penetrate the Antarctic stratospheric region in a layer near 214 
15 km (below the primary PSC-driven ozone depletion region). At this altitude, surface area in 215 
the model is increased by more than an order of magnitude, where it causes some additional 216 
ozone depletion.  217 

The combined dynamical and chemical impacts cause 12 DU less column ozone in the 218 
collar region with respect to the GEOS background ensemble—increasing the ozone hole area by 219 
an average of 9% in October. Between 20 km and 25 km, local ozone is decreased by an average 220 
of 1.3 DU/km (0.37 ppmv, 11%) in October from background levels. The region between 10 km 221 
and 20 km in the model shows a decrease of 1.5 DU/km (0.11 ppmv, 26%). Ozone in this region 222 
was observed to decrease by 50% by Deshler et al., 1992, consistent with both the satellite 223 
observations of ozone from late September through October 1991 (Kreuger et al., 1992) and the 224 
in-situ aerosol and ozone measurements of Hofmann et al., 1993. We have focused here on the 225 
impact on the 1991 ozone hole, but the increasing aerosol surface area in the collar region in Fig. 226 
5 show that the Pinatubo aerosols may have impacted the ozone hole in subsequent years, as has 227 
been shown by modeling and observational studies (Hofmann et al., 1993; Knight et al., 1998; 228 
Stenchikov et al., 2002). 229 

Finally, the Cerro Hudson impact is deeply convolved with the Pinatubo impact. The 230 
GEOS simulations show an anomalously cold and persistent vortex prior to the impact of Cerro 231 
Hudson in late September. In the collar region specifically, ozone concentrations were 2.5 232 
DU/km (0.71 ppmv) lower than the background and had recovered to background values from 233 
the Pinatubo-caused anomaly above 20 km by October 16th. A similar lag is seen between 10 km 234 
and 20 km. Temperature in the collar region in August is 7.8 K colder in both ensembles when 235 
compared to background values indicating Pinatubo’s role in the stability of the Antarctic vortex. 236 
These results could also have relevance to potential geoengineering scenarios, highlighting the 237 
potential interactions between solar radiation management aerosols and volcanic eruptions. The 238 
divergent chemical and radiative impacts of Pinatubo and Cerro Hudson shown here need to be 239 
studied in the context of volcanic eruptions occurring during an ongoing geoengineering scheme.  240 
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