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Supplementary Information: 
 

Model Details 

The model used in this study is fully described by previous work [English et al., 

2011] except that these simulations also include an input of meteoritic smoke along with 

the full sulfate aerosol microphysics and chemistry. The meteoritic material was shown to 

play a significant role in the composition of aerosol through out the stratosphere [Murphy 

et al., 1998, 2007]. A recent study has also shown that meteoritic smoke is important to 

include in studies of stratospheric extinction that examine the upper stratosphere, 

particularly studies which involve lidar observations [Neely III et al., 2011]. 

Central to the experiment are the sources of SO2 involved in the two theories 

attempting to explain the increases in stratospheric aerosol from 2000 to 2010. To that 

end, great care was taken to accurately depict the contribution of SO2 from both 

anthropogenic and volcanic emissions as described in detail below. 

 

Modeling Anthropogenic SO2 Emissions 

To isolate and represent the trends in anthropogenic emissions thought to be 

important for trends in stratospheric aerosol an emission scheme was created that added 

the increases in Chinese and Indian SO2 to the 2-d baseline model emissions that are 

representative of the year 2000 [Hofmann et al., 2009; Smith et al., 2011; Lu et al., 2010, 

2011].  For reference, in 2000 annual SO2 emissions in China and India totaled ~21 Tg 

and ~5.8 Tg, respectively [Smith et al., 2011; Lu et al., 2010, 2011]. The increases were 

determined from observations and inventories [Lu et al., 2010, 2011]. To create the 
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increased emissions in the model, the emissions in the grid squares representing the 

industrial regions in China and India are multiplied by a factor at each time step that 

resulted in a total annual emission matching the reported annual emissions for the year of 

interest. Once this model input was created, another simulation was conducted in which 

the increases in Chinese and Indian emissions were multiplied by a factor of ten. It is 

highly unlikely that emissions would ever reach values as large as ten times the current 

levels.  The factor of ten was chosen so that the effect of the Asian emissions on the 

stratospheric aerosol could be easily seen in the simulations. The yearly total additional 

(above 2000 levels) emissios of SO2 added to the actual anthropogenic increased 

emission model runs is shown in Figure S1. 

Besides the important chemistry and microphysics, accurate transport 

mechanisms are key to simulating the impact our surface emissions on the stratosphere. 

Monthly mean CO mixing ratios from the WACCM simulations at 100 hPa are compared 

to the MLS CO measurements in Figure S2 for June 2005. The CO used here are based 

on MLS observations from retrieval version 3.3 (v3.3) [Pumphrey et al., 2007; Livesey et 

al., 2011].  MLS (Fig. S2a) shows a maximum in CO over the area associated with Asian 

monsoon anticyclone at 100 hPa [Park et al, 2009]. CO from WACCM (Fig. S2a) shows 

an overall agreement of this pattern, though WACCM shows a reduced magnitude. This 

could be due to low emission sources in the model or the differences may be due to the 

±20 ppbv and ±30% systemic uncertainty of MLS at this level [Park et al, 2009; Livesey 

et al., 2011].  Figure S2 also displays the concentration of CO on the eastern (Fig. S2c) 

and western (Fig. S2d) sides of the monsoon region from the WACCM simulations. In 

comparison to other studies using chemical transport models, Fig. S2c and d demonstrate 
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that the model used in this study has a vertical structure similar to that observed in CO 

and other tropospheric tracers inside the anticyclone.  Specifically, the ratio of the 

amount of CO at the surface to that in the upper atmosphere, as compared to observations 

and other modeling studies, suggest our simulation adequately represent the vertical 

transport in this region [Park et al, 2009]. 

Figure S3 displays a comparison of the zonally averaged vertical distribution of 

SO2 in the tropics from a baseline simulation, an increased Asian emission simulation and 

the ten times (10x) increased Asian emission simulation.  The simulated Manam volcanic 

injection is also shown as a juxtaposition of the emission types (surface source versus 

direct stratospheric injection). The increased Asian emissions elevate the SO2 burden 

from 4 km to 18 km by ~20%.  Above 18 km, no difference in the SO2 burden is 

discernable between the baseline emissions and the increased Asian emission 

simulations. The 10x Asian emissions run increases the lower tropospheric burden even 

further but matches the simulation using the baseline emissions above 16 km. 

Tropospheric SO2 is largely converted to sulfuric acid vapor and then to sulfates in the 

upper troposphere, and influences the stratosphere indirectly though transport of the 

sulfates across the tropopause.  In contrast the volcanic injection significantly influences 

the SO2 profile in the lower stratosphere, because the SO2 is directly injected there. (Note 

Fig. S2 shows the volcanic injection directly above the volcano on the day of the 

eruption, so it is not strictly comparable to the other plots, which are zonal and monthly 

means). Above the injection region (~22 km) the SO2 concentrations are undisturbed.   
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Modeling Volcanic Injections of SO2 

To simulate the volcanic eruptions from 2000 to 2010 that impacted stratospheric 

aerosol formation, an inventory was made of all the volcanoes with volcanic explosivity 

index (VEI) of 3 or greater during this period [Newhall and Self, 1982].  The information 

used to model the volcanoes was gathered from various peer reviewed publications and 

the Smithsonian’s Global Volcanism Program’s reports for each eruption 

(http://www.volcano.si.edu/reports/usgs/).  These reports contain information about the 

injection height and the amount of SO2 for each injection. The amount of SO2 injected 

was measured from satellite observations. An example of the SO2 observations used is 

seen in Figure S4. A summary of the data for each volcano may be found in Table S1. 

Using this information, each volcanic eruption was assigned an injection height and 

amount of total emitted SO2. The location of each injection was modeled at the 

corresponding model grid cell, which included the volcano.  The vertical distribution of 

SO2 was simulated as a Gaussian shaped plume with a maximum emission at the model 

level most closely matching the observed injection height and the full injection spread 

over 5 model levels (~4-6 km). The Gaussian injection profile is supported by recent 

observations of the SO2 profile following the Sarychev eruption [Doeringer et al., 2012]. 

This work shows that the majority of the SO2 produced by the Sarychev eruption in 2009 

forms a Gaussian shaped plume centered near the region of highest aerosol extinction 

observed just after the eruption [Doeringer et al., 2012]. No constraint, except for the 

profile and flux of SO2 during the initial injection (typically lasting 6 model hours) is 

placed on the volcanic plume. Thus, the SO2 is transported according to the dynamics of 
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the model and the resulting sulfate aerosol evolves freely from this source as defined by 

the chemical and microphysical schemes represented in the model. 

It should be noted that some of the studies cited for the volcanic injection 

parameters in Table S1 use observations from CALIOP and SAGE II, which would seem 

to make the comparison in Figures 1 circular.  These observations, particularly the 

information about the height of the injection, have been corroborated with observations 

from the ground and aircraft as reported from the Smithsonian Global Volcanism 

Program. In either case, these observations are based on observations that rely on light 

scattering from the particulates and clouds associated with the plume of eruption. Even 

with current abilities to measure SO2 profiles, these same clouds obscure the ability to 

accurately make limb observations of SO2.  As such few direct observations of SO2 

profiles of a volcanic eruption have been made with the necessary vertical resolution to 

be used as the only source of information to base the simulations upon [Doeringer et al., 

2012]. The few observations published that show profiles of extinction and SO2 soon 

after a volcanic eruption and the modeling work that describes the path of the plume of 

SO2 after the Soufriére Hills eruption in 2006 suggest that the observations used here as 

basis for the simulations are appropriate [Doeringer et al., 2012; Prata et al., 2007 ]. Also, 

because the injections consist only of SO2, not sulfate aerosol, we believe the comparison 

to be fair for the purpose of this study. 
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Model Optical Calculations 

To compare the model output to the observations, aerosol extinction was 

calculated from the model’s size distributions of pure sulfate, meteoritic and mixed 

(sulfate with meteoritic core) aerosol using Mie scattering theory adapted for use in 

MATLAB [Bohren and Huffman, 1983; Mätzler, 2002]. 

For the pure sulfate and mixed sulfate aerosol, the particles were assumed to be 

spherical and, for particles with a meteoritic core, the core was assumed to be optically 

identical to the sulfate. Thus, the optical calculations of the modeled sulfate aerosol 

ignore absorption, which may cause an under-estimation of their true extinction. It is 

suspected that the cores are often dissolved in the sulfuric acid, so the approximation 

should be fairly accurate. The real component was allowed to vary as a function of the 

mass percent of H2SO4 present within the aerosol as described by previous studies 

[Palmer and Williams, 1975]. The data was linearly interpolated so that a continuous 

function for the index of refraction as a function of the mass percent of H2SO4 could be 

made and used to determine the index of refraction for the complete range of 

concentration values found in the aerosol within the model. The index of refraction of the 

aerosol should also be a function of temperature and pressure, but for the wavelength of 

the observations examined here (525 nm) the variation is small compared to that caused 

by the variation in H2SO4 content [Massie, 1994; Muller et al., 1999; Redemann et al., 

2000; Myhre et al., 2003; Zhao et al., 1997]. 
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Other Sources of Stratospheric Aerosol Variability 

Pyrocumulonimbus (pyroCb) events are similar in nature (but in most cases 

smaller in magnitude) to volcanic injection of aerosol to the stratosphere [Fromm et al, 

2008]. For the purposes of this work the injections are acknowledged as another source of 

variability in the aerosol record, but are not dealt with directly because their ability to 

impact the middle and upper stratosphere optical depth (above 20 km) is negligible 

[Fromm et al, 2008].  A recent study shows that even the massive Victoria, Australia fire 

in February 2009 had minimal impact on the stratospheric optical depth in comparison to 

the volcanic eruptions from 2000 to 2010 [Vernier et al., 2011]. More observations of 

pyroCb will be needed before they can be analyzed with simulations similar to those in 

this work.  Despite the lower optical depth of the carbonaceous material, it is possible it 

might alter the ability of the stratospheric aerosol to absorb light. 

It has also been suggested that the stratospheric circulation has been impacted by 

greenhouse gas warming [Butchart et al., 2010]. If the cross-tropopause upward flux of 

tropical air has increased, it will loft more aerosol and aerosol precursors into the 

stratosphere, causing an upward aerosol trend. In the absence of compensating radiative 

processes, an increase in the upward flux of tropical air would also cause a decrease in 

tropical tropopause temperatures, which could increase nucleation rates of sulfate aerosol 

at the point of injection into the stratosphere [Butchart et al., 2010; Hamill et al., 1997; 

Yue and Deepak, 1982; Rosenlof and Reid, 2008]. However, there is evidence that argues 

that the properties of the aerosol in the upper troposphere and lower stratosphere at not 

very sensitive to the nucleation rate [English et al., 2011]. This process is not examined in 

this work. 
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Figure S1. Yearly observed Chinese and Indian emissions from 2000 to 2010. The bars 
represent the increases (above 2000 levels [Smith et al., 2011; Lu et al., 2010, 2011]) of 
anthropogenic emissions of SO2 from China and India from 2000 to 2010 [Lu et al., 
2010, 2011]. 
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Figure S2. Validation of model transport characteristics using CO as a tracer. Plots at 
100 hPa of CO from WACCM (a) and MLS (b) and latitude-altitude cross-sections of 
monthly mean WACCM CO at the (c) western (65°E) and (d) eastern (115°E) edges of 
the Asian monsoon maximum in the model month of June 2005. Thermal tropopause 
derived from the model temperature profile is denoted as thick black lines.  
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Figure S3.  Example SO2 profiles from model. Zonal, monthly mean SO2 profiles from 
2°S to 2°N during model month 61 (simulated January, 2005 and also month of Manam 
eruption). The volcanic profile (black dashed line) is taken over the grid column 
containing Manam on the day of the eruption. The black solid line is from a baseline 
emission model run. The blue line is from a simulation with increased Asian SO2 
emissions from 2000-2010 as illustrated in Fig. S1. The red line is from the simulation 
with ten times the observed increase in Asian SO2 emissions.  
 
 

10!4 10!3 10!20

5

10

15

20

25

30
 

SO 2 (Tg)

Al
titu

de
 (k

m
)

 

 
Anthropogenic Emissions
10x Anthropogenic Emissions
Manam Eruption
Base Model



S	   11	  

 
Figure S4. Example satellite observation of volcanic SO2. Total column SO2 observed on 
28 January 2005 (one day after the original eruption) by the Ozone Monitoring 
Instrument (OMI) on board the EOS/Aura satellite platform. This and other volcanic SO2 
data is available at: http://so2.gsfc.nasa.gov. 
 
  

SO2 column STL [DU]

   0    1    2    3    4    5    6    7    8    9   10



S	   12	  

Table S1. Summary of volcanic eruption simulation parameters. Volcanic emission 
database used for simulations eruptions. Parameters were derived from information 
gathered by the Global Volcanism Program (maintained by the Smithsonian Institution) 
and the citations shown.  Eruption dates are represented in decimal year. If multiple 
heights were reported, we used the ones denoted by an * in our simulations.  
 

 
  

Volcano Eruption 
Date Lat. Long. SO2 Injected (Tg) Max. Injection Height 

(km) 
V
E
I 

Ulawun (Ul) 2000.74 -5 151 0.05 [Deshler et al., 2006] 15 4 

Ruang (Ru) 2002.73 2 125 0.055  
[Prata and Bernardo, 2007]	  

20  
[Prata and Bernardo, 2007] 

16* [Tupper et al., 2007] 
4 

Reventador (Ra) 2002.83 0 -78 0.096 [Carn et al., 2009] 17 4 

Anatahan (At) 2004.28 16 146 0.065 [Prata and Bernardo, 
2007] 

15  
[Prata and Bernardo, 2007] 3 

Manam (Ma) 2005.07 -4 145 0.18  

[Prata and Bernardo, 2007] 
19 

[Kamei et al., 2006] 4 

Sierra Negra (Si) 2005.81 1 91 0.36 
[Thomas et al., 2009] 

15 
[Thomas et al., 2009; 

Geist et al., 2007] 
3 

Soufrière Hills (So) 2006.38 16 -62 0.2  

[Prata and Bernardo, 2007] 
20  

[Prata and Bernardo, 2007] 3 

Tavurvur (Ta) 2006.76 -4 152 0.125 
 [Prata and Bernardo, 2007] 

17  

[Prata and Bernardo, 2007] 4 

Jebel at Tair (Jb) 2007.75 16 42 0.08 [Carn et al., 2009] 16 [Carn et al., 2009] 3 
Chaiten (Ch) 2008.34 -43 -73 0.01 [Carn et al., 2009] 19* [Carn et al., 2009] 4 

Okmok (Ok) 2008.53 53 -168 0.122 
[Prata et al., 2010] 

16 
[Arnoult et al., 2010] 4 

Kasatochi (Ka) 2008.60 52 -176 1.7 
[Corradini et al., 2010] 

14-18 
[Waythomas et al., 2010] 

18* [Bitar et al., 2010] 
4 

Sarychev (Sa) 2009.44 48 153 1.4 [O'Neill et al., 2012] 17 [O'Neill et al., 2012] 4 
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