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Emission-based stratospheric sulfate aerosols in CESM

• Model development is increasing self-consistency 
• Volcanic aerosol remains one of the few prescribed climate forcings 
• Enables study of historical and theoretical eruptions 
• Geoengineering studies: “artificial volcanoes”
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Figure 3. Schematic of experiment G3. The experiment
approximately balances the positive radiative forcing from the
RCP4.5 scenario by an injection of SO2 or sulphate aerosols
into the tropical lower stratosphere.

‘emergency’ (e.g. an immediate imperative to stop ice
sheet melting).

We base the proposed rate of aerosol injection of
5 Tg SO2 per year on several considerations. Several
estimates (Rasch et al., 2008b; Robock et al., 2008)
have indicated that 3–5 Tg per year of SO2 injected
into the lower stratosphere would offset a doubling
of CO2 concentration. An injection rate of 5 Tg
SO2 per year translates into 0.0137 Tg SO2 per day,
as in Crutzen (2006), Wigley (2006), and Robock
et al. (2008). Rasch et al. (2008a) suggest 1.5 Tg of
sulphur (∼3 Tg SO2) per year would be sufficient,
but we propose using 5 Tg SO2 per year, to reduce
the global average temperature to about 1980 values.
We choose to err on the larger side of this interval
to maximize the signal-to-noise ratio of the climate
response to geoengineering. Additionally, according
to Heckendorn et al. (2009), previous studies used
too small of an aerosol effective radius, meaning
the amounts used in prior experiments will be less
effective in cooling the planet than previously thought,
bolstering our argument for the larger 5 Tg SO2 per
year injection.

An ensemble of simulations will be performed
for each geoengineering experiment. The suggested
method of generating each ensemble and the recom-
mended sizes of the ensembles will closely align with
the protocol set by CMIP5 for the simulations with-
out geoengineering, but if our results show the size of
an ensemble is insufficient to obtain statistically sig-
nificant results, additional ensemble members will be
generated. In experiments G2, G3, and G4, the geo-
engineering will be applied for only the first 50 years,
but with the runs extended an additional 20 years to
examine the response to a cessation of geoengineering.

In the RCP4.5 scenario, as outlined by Moss et al.
(2008), the total radiative forcing in 2100 reaches
and subsequently stabilizes at 4.5 W m−2 (relative to
pre-industrial levels). This stabilized forcing reflects
a CO2 equivalent concentration of 650 ppm. We
have selected this scenario because, as noted by
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Figure 4. Schematic of experiment G4. This experiment is
based on the RCP4.5 scenario, where immediate negative
radiative forcing is produced by an injection of SO2 into the
tropical lower stratosphere at a rate of 5 Tg per year.

Taylor et al. (2008), “RCP4.5 is chosen as a ‘central’
scenario. . .[and] is chosen for the decadal prediction
experiments.” Using a more optimistic scenario in
which rapid mitigation is implemented would result
in less robust results and is thus not likely to be
as illuminating. Conversely, choosing a scenario with
higher radiative forcing would reflect an irrational and
unsustainable path, since if society cannot effectively
mitigate greenhouse gas emissions, geoengineering
would be needed on a massive scale for a long period
of time, due to the long atmospheric lifetime of CO2
(Solomon et al., 2009).

Wigley (2006), Matthews and Caldeira (2007), and
Robock et al. (2008) performed simulations in which,
after a period of time, they stopped geoengineering
and then evaluated the resulting rapid warming. As
this response has been fairly well established, it could
be argued that further investigation of the results of
stopping geoengineering at this time would not be
particularly interesting. However, it will likely be very
easy to continue experiments G2, G3, and G4 for
an additional 20 years after a 50-year geoengineering
period, so we suggest that this recovery period be a
part of the experiments and analyses.

The intended audience of this paper is much broader
than the climate scientists who will actually perform
the experiments. For that reason, we have omitted
many of the details which are somewhat incidental to
understanding the design and aims of the experiments.
We refer the reader to a technical report (Kravitz
et al., 2010) which more thoroughly describes the
specifications under which the simulations should be
run. This technical report is also expected to serve
as a working document, which will discuss problems
encountered and modifications to the protocol if that
should become necessary.

3. Model specifications

The models used should be the same as those used in
the CMIP5 simulations. A fully coupled atmosphere

Copyright © 2011 Royal Meteorological Society and Crown Copyright Atmos. Sci. Let. 12: 162–167 (2011)
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Extend modal aerosol model (MAM3) for stratospheric aerosols
Gas-phase species: H2SO4, SO2, 
DMS, SOA (gas) 
Added: OCS, S, SO, SO3, HSO3 
Added evaporation 
Added growth between modes 
Adjusted diameter ranges, mode 
widths

4 

Figure 4.3: Predicted species for interstitial and cloud-borne component of each aerosol mode
in MAM-7. Standard deviation for each mode is 1.6 (Aitken), 1.8 (accumulation), 1.6 (primary
carbon), 1.8 (fine and coarse soil dust), and 2.0 (fine and coarse sea salt)

5 

Figure 4.4: Predicted species for interstitial and cloud-borne component of each aerosol mode in
MAM-3. Standard deviation for each mode is 1.6 (Aitken), 1.8 (accumulation) and 1.8 (coarse
mode)
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Mode Nucleation Aitken Accumulation Coarse
CAM5-MAM3 radius (µm) 

geom. std. dev N/A 0.00435 - 0.026  
1.6

0.02675 - 0.22 
1.8

0.5 - 2.0 
1.8

WACCM5-MAM3 radius (µm)  
geom. std. dev. N/A 0.00435 - 0.026 

1.6
0.02675 - 0.22 

1.6
>0.22 

1.2
ECHAM-M7 volcanic radius (µm) 

geom. std. dev.
<0.005 

1.59
0.005 - 0.05  

1.59
>0.05 

1.2 N/A

ECHAM-M7 geoeng. radius (µm) 
geom. std. dev.

<0.005 
1.59

0.005 - 0.05  
1.59

0.05 - 0.2  
1.59

>0.2 
1.2

evaporation
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Fig. 8. Mean background seasonal profiles of SO2 (top two rows) and standard deviation of the distribution (bottom two rows). The legend
indicating the seasons in the top row refers to the Northern Hemisphere; the legend in the second row is valid for the Southern Hemisphere.
The same periods of major volcanic influence as listed in caption of Fig. 7 have been excluded.

5.3 Comparison with in situ observations

In situ measurements of SO2 at comparable altitudes to those
presented here for the mean MIPAS profiles are extremely
sparse since they have mainly been obtained from aircraft
up to the lowermost stratosphere. Table 1 shows a selection
of published in situ datasets in which explicitly stratospheric
values have been indicated that can best be compared to the
mean profiles as shown in Fig. 8. The only in situ dataset
reaching into the altitude range presented here is the one ob-
tained by Inn and Vedder (1981) up to an altitude of 20.4 km
in June/July 1979. The reported values of 36–50 pptv at

15 km are higher (or at the upper end when taking into ac-
count the reported error of 50% of the in situ data) compared
to the MIPAS average background vmr distribution (around
13± 10 pptv) at mid-latitudes (cf. Fig. 8). At around 20 km,
reported SO2 mixing ratios of 45 and 51 pptv (±50%) at
64 and 67� N are clearly much higher than MIPAS mean
values, which are around 6 pptv. Even under perturbed sit-
uations like the eruption of Sarychev, MIPAS monthly mean
data at around 20 km altitude and similar latitudes are less
than 20 pptv. Thus, either the aircraft data has been obtained
within a locally perturbed situation not representative of the

Atmos. Chem. Phys., 13, 10405–10423, 2013 www.atmos-chem-phys.net/13/10405/2013/
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Fig. 8. Mean background seasonal profiles of SO2 (top two rows) and standard deviation of the distribution (bottom two rows). The legend
indicating the seasons in the top row refers to the Northern Hemisphere; the legend in the second row is valid for the Southern Hemisphere.
The same periods of major volcanic influence as listed in caption of Fig. 7 have been excluded.

5.3 Comparison with in situ observations

In situ measurements of SO2 at comparable altitudes to those
presented here for the mean MIPAS profiles are extremely
sparse since they have mainly been obtained from aircraft
up to the lowermost stratosphere. Table 1 shows a selection
of published in situ datasets in which explicitly stratospheric
values have been indicated that can best be compared to the
mean profiles as shown in Fig. 8. The only in situ dataset
reaching into the altitude range presented here is the one ob-
tained by Inn and Vedder (1981) up to an altitude of 20.4 km
in June/July 1979. The reported values of 36–50 pptv at

15 km are higher (or at the upper end when taking into ac-
count the reported error of 50% of the in situ data) compared
to the MIPAS average background vmr distribution (around
13± 10 pptv) at mid-latitudes (cf. Fig. 8). At around 20 km,
reported SO2 mixing ratios of 45 and 51 pptv (±50%) at
64 and 67� N are clearly much higher than MIPAS mean
values, which are around 6 pptv. Even under perturbed sit-
uations like the eruption of Sarychev, MIPAS monthly mean
data at around 20 km altitude and similar latitudes are less
than 20 pptv. Thus, either the aircraft data has been obtained
within a locally perturbed situation not representative of the
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WACCM5-MAM3 
Tropical annual average

MIPAS SO2 Observations 
Hopfner et al., ACP, 2013

Low SO2 at 35 km: H2SO4 + hv 
cross sections too low? 

(Feierabend et al., CPL, 2006) 
Low SO2 at 20 km: ?



Lifetime of SOx = {S, SO, SO2, HSO3, SO3}
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30 days
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Pinatubo simulation: How much SO2?
Guo et al., 2004: 15-19 Tg New data set for Chemistry-Climate Model 

Initiative based on SAGEII 1984-2005, 
extinction  coefficients at 1020, 525, 452 

and 386 nm. 
CCMI input data file: 9.7 Tg
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Fig. 4. Normalized aerosol volume distributions for intervals of
XN2O and time intervals defined in Table 2. Bars indicate plus and
minus one standard deviation of the population used to determine
the median.

distributions measured after 1999 and with XN2O<250 ppbv
are dominated by a single mode whose geometric volume
mean diameter increases with XN2O (Table 2). For all the
1996–1997 distributions and the post-1999 distributions with
XN2O>250, the volume distribution required two modes to
produce an accurate fit to particles larger than 100 nm. Num-

Fig. 5. Aerosol abundance in ppbv aerosol sulfate for the steady-
state (1999–2004), the volcanically enhanced (1992–1993) and the
transition (1996–1997) observations. One ppbv of aerosol sulfate
is one molecule of aerosol sulfate per 109 molecules air. The error
bars encompass plus and minus one standard deviation of the mea-
surements grouped to produce the line that summarizes the steady-
state observations.

ber distributions extending below 100 nm may require more
modes for accurate characterization. Measured number dis-
tributions of these smaller particles show that this is certainly
the case for XN2O>250 ppbv.
In 1992–1993 and 1996–1997, the scatter of aerosol abun-

dance at values of XN2O>225 ppbv is much larger than the
scatter seen after 1999 (Fig. 5). The larger scatter likely re-
sulted from the non-uniformity of the volcanic injection and
subsequent mixing (Hamill and Brogniez, 2006). The de-
crease in aerosol abundance with XN2O below 250 ppbv for
all three time periods is likely due in part to the increase in
sedimentation speed as pressure decreases. The abundance
of the 1992–1993 aerosol greatly exceeds that seen in 1996–
1997 and after 1999. After 1999, the volume mixing ratio
of the sulfate aerosol decreases nearly monotonically with
XN2O for XN2O<250 ppbv (Figs. 5, 6) and in this region, the
scatter in abundance at a given value of XN2O is smaller than
seen with the volcanic aerosol.

3.2 Steady state distributions and abundances in non-
volcanic, stratospheric aerosol

3.2.1 Utility of XN2O as the independent coordinate

Age-of-air, or XN2O as its surrogate, is a useful coordinate
for describing the non-volcanic, stratospheric aerosol since
the processes involving aerosol particles proceed in an or-
derly way with time and the residence times are long (Figs. 1,
2). Stratospheric particles may be included in polar strato-
spheric clouds (PSCs), but we found that these cloud events
do not noticeably redistribute sulfate aerosol mass even in

www.atmos-chem-phys.net/8/6617/2008/ Atmos. Chem. Phys., 8, 6617–6626, 2008
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Fig. 4. Normalized aerosol volume distributions for intervals of
XN2O and time intervals defined in Table 2. Bars indicate plus and
minus one standard deviation of the population used to determine
the median.

distributions measured after 1999 and with XN2O<250 ppbv
are dominated by a single mode whose geometric volume
mean diameter increases with XN2O (Table 2). For all the
1996–1997 distributions and the post-1999 distributions with
XN2O>250, the volume distribution required two modes to
produce an accurate fit to particles larger than 100 nm. Num-

Fig. 5. Aerosol abundance in ppbv aerosol sulfate for the steady-
state (1999–2004), the volcanically enhanced (1992–1993) and the
transition (1996–1997) observations. One ppbv of aerosol sulfate
is one molecule of aerosol sulfate per 109 molecules air. The error
bars encompass plus and minus one standard deviation of the mea-
surements grouped to produce the line that summarizes the steady-
state observations.

ber distributions extending below 100 nm may require more
modes for accurate characterization. Measured number dis-
tributions of these smaller particles show that this is certainly
the case for XN2O>250 ppbv.
In 1992–1993 and 1996–1997, the scatter of aerosol abun-

dance at values of XN2O>225 ppbv is much larger than the
scatter seen after 1999 (Fig. 5). The larger scatter likely re-
sulted from the non-uniformity of the volcanic injection and
subsequent mixing (Hamill and Brogniez, 2006). The de-
crease in aerosol abundance with XN2O below 250 ppbv for
all three time periods is likely due in part to the increase in
sedimentation speed as pressure decreases. The abundance
of the 1992–1993 aerosol greatly exceeds that seen in 1996–
1997 and after 1999. After 1999, the volume mixing ratio
of the sulfate aerosol decreases nearly monotonically with
XN2O for XN2O<250 ppbv (Figs. 5, 6) and in this region, the
scatter in abundance at a given value of XN2O is smaller than
seen with the volcanic aerosol.

3.2 Steady state distributions and abundances in non-
volcanic, stratospheric aerosol

3.2.1 Utility of XN2O as the independent coordinate

Age-of-air, or XN2O as its surrogate, is a useful coordinate
for describing the non-volcanic, stratospheric aerosol since
the processes involving aerosol particles proceed in an or-
derly way with time and the residence times are long (Figs. 1,
2). Stratospheric particles may be included in polar strato-
spheric clouds (PSCs), but we found that these cloud events
do not noticeably redistribute sulfate aerosol mass even in

www.atmos-chem-phys.net/8/6617/2008/ Atmos. Chem. Phys., 8, 6617–6626, 2008

J. C. Wilson et al.: Steady-state, stratospheric aerosol and processes 6621

2.5

2.0

1.5

1.0

0.5

0.0

dV
/d

Lo
g 1

0D
p

50<&N2O<100
 1996-1997
 1999-2000

2.0

1.5

1.0

0.5

0.0

dV
/d

Lo
g 1

0D
p

150<&N2O<200
1992-1993
 1996-1997
 1999-2000

2.0

1.5

1.0

0.5

0.0

dV
/d

Lo
g 1

0D
p

6 7 8 9
0.1

2 3 4 5 6 7 8 9
1

2 3 4 5

Particle Diameter,  Dp, Pm

250<&N2O<300
 1992-1993
 1996-1997
 1999-2000
 2002-2003
 2004

2.0

1.5

1.0

0.5

0.0

dV
/d

Lo
g 1

0D
p

200<&N2O<250
 1992-1993
 1996-1997
 1999-2000

2.0

1.5

1.0

0.5

0.0

dV
/d

Lo
g 1

0D
p

100<&N2O<150
 1992-1993
 1996-1997
 1999-2004

 

Fig. 4. Normalized aerosol volume distributions for intervals of
XN2O and time intervals defined in Table 2. Bars indicate plus and
minus one standard deviation of the population used to determine
the median.

distributions measured after 1999 and with XN2O<250 ppbv
are dominated by a single mode whose geometric volume
mean diameter increases with XN2O (Table 2). For all the
1996–1997 distributions and the post-1999 distributions with
XN2O>250, the volume distribution required two modes to
produce an accurate fit to particles larger than 100 nm. Num-

Fig. 5. Aerosol abundance in ppbv aerosol sulfate for the steady-
state (1999–2004), the volcanically enhanced (1992–1993) and the
transition (1996–1997) observations. One ppbv of aerosol sulfate
is one molecule of aerosol sulfate per 109 molecules air. The error
bars encompass plus and minus one standard deviation of the mea-
surements grouped to produce the line that summarizes the steady-
state observations.

ber distributions extending below 100 nm may require more
modes for accurate characterization. Measured number dis-
tributions of these smaller particles show that this is certainly
the case for XN2O>250 ppbv.
In 1992–1993 and 1996–1997, the scatter of aerosol abun-

dance at values of XN2O>225 ppbv is much larger than the
scatter seen after 1999 (Fig. 5). The larger scatter likely re-
sulted from the non-uniformity of the volcanic injection and
subsequent mixing (Hamill and Brogniez, 2006). The de-
crease in aerosol abundance with XN2O below 250 ppbv for
all three time periods is likely due in part to the increase in
sedimentation speed as pressure decreases. The abundance
of the 1992–1993 aerosol greatly exceeds that seen in 1996–
1997 and after 1999. After 1999, the volume mixing ratio
of the sulfate aerosol decreases nearly monotonically with
XN2O for XN2O<250 ppbv (Figs. 5, 6) and in this region, the
scatter in abundance at a given value of XN2O is smaller than
seen with the volcanic aerosol.

3.2 Steady state distributions and abundances in non-
volcanic, stratospheric aerosol

3.2.1 Utility of XN2O as the independent coordinate

Age-of-air, or XN2O as its surrogate, is a useful coordinate
for describing the non-volcanic, stratospheric aerosol since
the processes involving aerosol particles proceed in an or-
derly way with time and the residence times are long (Figs. 1,
2). Stratospheric particles may be included in polar strato-
spheric clouds (PSCs), but we found that these cloud events
do not noticeably redistribute sulfate aerosol mass even in
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Fig. 4. Normalized aerosol volume distributions for intervals of
XN2O and time intervals defined in Table 2. Bars indicate plus and
minus one standard deviation of the population used to determine
the median.

distributions measured after 1999 and with XN2O<250 ppbv
are dominated by a single mode whose geometric volume
mean diameter increases with XN2O (Table 2). For all the
1996–1997 distributions and the post-1999 distributions with
XN2O>250, the volume distribution required two modes to
produce an accurate fit to particles larger than 100 nm. Num-

Fig. 5. Aerosol abundance in ppbv aerosol sulfate for the steady-
state (1999–2004), the volcanically enhanced (1992–1993) and the
transition (1996–1997) observations. One ppbv of aerosol sulfate
is one molecule of aerosol sulfate per 109 molecules air. The error
bars encompass plus and minus one standard deviation of the mea-
surements grouped to produce the line that summarizes the steady-
state observations.

ber distributions extending below 100 nm may require more
modes for accurate characterization. Measured number dis-
tributions of these smaller particles show that this is certainly
the case for XN2O>250 ppbv.
In 1992–1993 and 1996–1997, the scatter of aerosol abun-

dance at values of XN2O>225 ppbv is much larger than the
scatter seen after 1999 (Fig. 5). The larger scatter likely re-
sulted from the non-uniformity of the volcanic injection and
subsequent mixing (Hamill and Brogniez, 2006). The de-
crease in aerosol abundance with XN2O below 250 ppbv for
all three time periods is likely due in part to the increase in
sedimentation speed as pressure decreases. The abundance
of the 1992–1993 aerosol greatly exceeds that seen in 1996–
1997 and after 1999. After 1999, the volume mixing ratio
of the sulfate aerosol decreases nearly monotonically with
XN2O for XN2O<250 ppbv (Figs. 5, 6) and in this region, the
scatter in abundance at a given value of XN2O is smaller than
seen with the volcanic aerosol.

3.2 Steady state distributions and abundances in non-
volcanic, stratospheric aerosol

3.2.1 Utility of XN2O as the independent coordinate

Age-of-air, or XN2O as its surrogate, is a useful coordinate
for describing the non-volcanic, stratospheric aerosol since
the processes involving aerosol particles proceed in an or-
derly way with time and the residence times are long (Figs. 1,
2). Stratospheric particles may be included in polar strato-
spheric clouds (PSCs), but we found that these cloud events
do not noticeably redistribute sulfate aerosol mass even in
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Fig. 4. Normalized aerosol volume distributions for intervals of
XN2O and time intervals defined in Table 2. Bars indicate plus and
minus one standard deviation of the population used to determine
the median.

distributions measured after 1999 and with XN2O<250 ppbv
are dominated by a single mode whose geometric volume
mean diameter increases with XN2O (Table 2). For all the
1996–1997 distributions and the post-1999 distributions with
XN2O>250, the volume distribution required two modes to
produce an accurate fit to particles larger than 100 nm. Num-

Fig. 5. Aerosol abundance in ppbv aerosol sulfate for the steady-
state (1999–2004), the volcanically enhanced (1992–1993) and the
transition (1996–1997) observations. One ppbv of aerosol sulfate
is one molecule of aerosol sulfate per 109 molecules air. The error
bars encompass plus and minus one standard deviation of the mea-
surements grouped to produce the line that summarizes the steady-
state observations.

ber distributions extending below 100 nm may require more
modes for accurate characterization. Measured number dis-
tributions of these smaller particles show that this is certainly
the case for XN2O>250 ppbv.
In 1992–1993 and 1996–1997, the scatter of aerosol abun-

dance at values of XN2O>225 ppbv is much larger than the
scatter seen after 1999 (Fig. 5). The larger scatter likely re-
sulted from the non-uniformity of the volcanic injection and
subsequent mixing (Hamill and Brogniez, 2006). The de-
crease in aerosol abundance with XN2O below 250 ppbv for
all three time periods is likely due in part to the increase in
sedimentation speed as pressure decreases. The abundance
of the 1992–1993 aerosol greatly exceeds that seen in 1996–
1997 and after 1999. After 1999, the volume mixing ratio
of the sulfate aerosol decreases nearly monotonically with
XN2O for XN2O<250 ppbv (Figs. 5, 6) and in this region, the
scatter in abundance at a given value of XN2O is smaller than
seen with the volcanic aerosol.

3.2 Steady state distributions and abundances in non-
volcanic, stratospheric aerosol

3.2.1 Utility of XN2O as the independent coordinate

Age-of-air, or XN2O as its surrogate, is a useful coordinate
for describing the non-volcanic, stratospheric aerosol since
the processes involving aerosol particles proceed in an or-
derly way with time and the residence times are long (Figs. 1,
2). Stratospheric particles may be included in polar strato-
spheric clouds (PSCs), but we found that these cloud events
do not noticeably redistribute sulfate aerosol mass even in
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Fig. 4. Normalized aerosol volume distributions for intervals of
XN2O and time intervals defined in Table 2. Bars indicate plus and
minus one standard deviation of the population used to determine
the median.

distributions measured after 1999 and with XN2O<250 ppbv
are dominated by a single mode whose geometric volume
mean diameter increases with XN2O (Table 2). For all the
1996–1997 distributions and the post-1999 distributions with
XN2O>250, the volume distribution required two modes to
produce an accurate fit to particles larger than 100 nm. Num-

Fig. 5. Aerosol abundance in ppbv aerosol sulfate for the steady-
state (1999–2004), the volcanically enhanced (1992–1993) and the
transition (1996–1997) observations. One ppbv of aerosol sulfate
is one molecule of aerosol sulfate per 109 molecules air. The error
bars encompass plus and minus one standard deviation of the mea-
surements grouped to produce the line that summarizes the steady-
state observations.

ber distributions extending below 100 nm may require more
modes for accurate characterization. Measured number dis-
tributions of these smaller particles show that this is certainly
the case for XN2O>250 ppbv.
In 1992–1993 and 1996–1997, the scatter of aerosol abun-

dance at values of XN2O>225 ppbv is much larger than the
scatter seen after 1999 (Fig. 5). The larger scatter likely re-
sulted from the non-uniformity of the volcanic injection and
subsequent mixing (Hamill and Brogniez, 2006). The de-
crease in aerosol abundance with XN2O below 250 ppbv for
all three time periods is likely due in part to the increase in
sedimentation speed as pressure decreases. The abundance
of the 1992–1993 aerosol greatly exceeds that seen in 1996–
1997 and after 1999. After 1999, the volume mixing ratio
of the sulfate aerosol decreases nearly monotonically with
XN2O for XN2O<250 ppbv (Figs. 5, 6) and in this region, the
scatter in abundance at a given value of XN2O is smaller than
seen with the volcanic aerosol.

3.2 Steady state distributions and abundances in non-
volcanic, stratospheric aerosol

3.2.1 Utility of XN2O as the independent coordinate

Age-of-air, or XN2O as its surrogate, is a useful coordinate
for describing the non-volcanic, stratospheric aerosol since
the processes involving aerosol particles proceed in an or-
derly way with time and the residence times are long (Figs. 1,
2). Stratospheric particles may be included in polar strato-
spheric clouds (PSCs), but we found that these cloud events
do not noticeably redistribute sulfate aerosol mass even in
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Outstanding issues
• Investigate low SO2 in the tropics at 20 km and 35 km

• Investigate slow of growth to coarse mode

• Investigate alternate emission scenarios (zonal mean vs. 

plume)

• Adjustment of mode widths?

• Validation of Pinatubo temperature perturbations (stratosphere 

and surface) requires accounting for QBO effects (Stenchikov 
et al., JGR, 2004)


• Potential further development: Need for additional modes, i.e. 
nucleation mode?


• Begin GeoMIP G4 experiment


