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Extend modal aerosol model (MAM3) for stratospheric aerosols
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Mode Nucleation Aitken Accumulation Coarse
Standard MAM3 radius (µm) 

geom. std. dev N/A 0.00435 - 0.026  
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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

coagulation

condensation



Aerosol: 122 
114, 109, 187

Troposphere
Stratosphere

H2SO4: 0.8 
1.3, 1.6

SO2: 2.5 
13, 12

OCS: 170 
283, 286

DMS: 0.005 
0.01, 0.02

Aerosol: 440 
491, 630

H2SO4: 2SO2: 440 
350, 430

OCS: 2800 
2650, 2470

DMS: 53 
44, 73

WACCM5-MAM3 
SAGE-4λ 

SOCOL-AER (Sheng et al, 2015) 
AER2D (SPARC, 2006) 

Chin et al. (2000) 
Chin & Davis (1995)

Non-volcanic sulfur burdens in Tg S

Surface



Time-varying lower boundary condition for OCS

• New LBC file for runs with chemistry (WACCM, CAM-chem)

• External forcing files developed for SO2 produced from OCS oxidation in 

CAM without chemistry: 1850, 20th Century

From Montzka et al., A 350-year atmospheric 
history for carbonyl sulfide inferred from 
Antarctic firn air and air trapped in ice, 
JGR, 2004.

atmosphere based upon the mean seasonality observed at
SPO in recent years (Figure 4).
[32] Despite these differences, all three derived histories

suggest a decline in COS over Antarctica of about 60–
90 ppt during the past 10 to 15 years. Although peak mixing
ratios in the model-derived atmospheric histories are larger
than those measured in firn air (compare Figure 3 to
Figures 2 or 7, for example), mixing ratios in the firn are
influenced substantially by molecular diffusion. The diffu-
sivity in the shallow firn is high enough so that rapid
changes in atmospheric mixing ratios are incompletely
expressed (i.e., smoothed) in the firn. Because of these
effects, the inferred histories include mixing ratios above
550 ppt despite the fact that we measured only lower mixing
ratios in firn air.
[33] The inferred atmospheric decline during recent years,

however, is sensitive to differences between mixing ratios
measured in firn air and those measured in ambient air. If
COS were produced within the firn or at the air-firn
interface, or if biases were introduced in sampling firn air,
for example, the resulting offset between firn air and
ambient air could be interpreted erroneously to suggest a
recent decline in atmospheric mixing ratios. Aware of these
sensitivities, we searched for COS artifacts in firn air and in

our sampling apparatus but found none to be significant. For
example, COS mixing ratios in ambient air collected
through the firn air sampling apparatus were within 2%
(or 10 ppt) of those from ongoing measurements at SPO and
CGO at this time of year (Figure 3). This consistency
suggests that firn air mixing ratios were accurately sampled
with the firn air sampling apparatus.
[34] Detecting processes in the firn and ice that might bias

COS mixing ratios, such as hydrolysis or slow production
over long periods, is more difficult. As discussed above, we
studied the incorporation of COS into the upper layers of
the firn and found that unusual and temporary enhance-
ments can be observed shortly after sunrise at SPO
(Figure 6). This enhancement appears to be quite small,
however, and apparently does not substantially affect firn air
COS mixing ratios below a few meters depth.
[35] The long-term stability of COS in the firn or ice has

not been proven in our studies. Aydin et al. [2002] suggest
that the ice core data argue against rapid loss. The fact that
ice core COS levels exhibit a minimum during the 1700s
and 1800s suggests that in situ, first-order losses are not
responsible for the observed COS variability on timescales
of a few hundred years. The histories derived here were
calculated with the assumption that COS is neither produced
nor destroyed within the firn and ice.
[36] Although the scatter observed for COS in the upper

firn is large compared to measurement uncertainty (Figures 1
and 3), the decreasing trend inferred from the available data
for atmospheric COS since the mid-1980s appears robust. A
separate history (H2) was calculated as was H1 but with the
highest firn air results from 20, 37.4, 59.6, and 100.2 m
depth excluded (Figures 1–3). Although the c2 for the
history derived with these points removed (c2 = 15.4 for
H2) is much smaller than for H1 (c2 = 42), both inferred
histories suggest substantial declines in atmospheric COS
over Antarctica in recent years (Figure 2). The large, recent
decline in atmospheric COS is suggested by the firn results
because mixing ratios in all firn samples between 20 and
114 m depth are higher than annual means measured at SPO
during 2000–2002. Our firn data would have to be errone-
ously high by 50 ppt for the inversion calculations to not
show this recent decline. Given the results of the tests we
performed on firn air and our sampling apparatus, we
consider this possibility unlikely.

3.3. Interpreting Historical Atmospheric Trends

[37] Attributing past changes in southern hemispheric
COS to specific sources or sinks is difficult because COS
fluxes are numerous and poorly quantified. Watts [2000]
reviewed COS sources and sinks and suggested that anthro-
pogenic sources account for 26 ± 12% of all known sources.
More recent work by Yvon-Lewis and Butler [2002]
concerning oceanic loss rates for COS suggests that the
gross ocean-to-atmospheric flux for COS is over 2 times as
large as the net oceanic flux of 0.3 Tg yr!1 considered by
Watts [2000]. This would imply that anthropogenic emis-
sions comprise a slightly smaller fraction ("20%) of total
emissions.
[38] The atmospheric history derived from the firn and ice

data suggests preindustrial COS mixing ratios that are 34–
43% ([485–320]/485 to [565–320]/565, Figure 7) lower
than observed in modern time. This difference is larger than

Figure 7. Atmospheric histories inferred for COS from
firn air measurements (H1, red line with 68.3% uncertainty
bound indicated by gray shading) and from a combination
of ice core, firn air, and ambient air data (H3, blue line).
Dated ice core results (solid black circles [Aydin et al.,
2002]; solid black squares (this work); open black circle and
squares were not considered in the calculation of the H3
history) are plotted as individual points but represent a mean
mixing ratio over a range of years owing to the diffusive
nature of the firn at Siple Dome (the full width at half height
of the age distribution for these ice core observations is
estimated from the firn modeling to be about 20 years).
Meaningful dates cannot be similarly assigned to individual
SPO firn air samples and so are not shown. Annual means
from flask measurements at South Pole since 2000 are
shown as red circles. A fit to the long-term decline reported
by Rinsland et al. [2002] for the Northern Hemisphere is
included for comparison (green line, mean seasonality on
the fit not included). Adjustments of 1.6 and 3% have been
applied to the data from Aydin et al. [2002] and the more
recent ice data from University of California, Irvine,
respectively, to put all data on a consistent scale.
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• Surface area densities from 
MAM used for heterogeneous 
reactions in stratosphere and 
troposphere


• Using ~140-species CCMI 
“TSMLT” chemistry: 
troposphere, stratosphere, 
mesosphere, lower 
thermosphere


• Will test impacts on ozone 
compared to historical 1979-
present period in runs nudged 
with specified dynamics (SD) as 
well as free-running (FR)

Surface area density 
(µm2/cm3)

WACCM5 non-volcanic

SAGE adjusted to balloon 
(T. Deshler) 

MAM coupled to chemistry
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January tropical average  
J-values (s-1) for  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Lyman-𝛂!
photolysis

Updated H2SO4 photolysis

• H2SO4 + h𝝂 -> SO3 + H2O  
by vibrational overtone 
pumping (Vaida et al., 2003)


• Visible cross sections 
updated, increasing 
photolysis at 40-60 km 
(Feierabend et al., 2006)


• Band-dependent quenching 
implemented as a lower limit 
on photolysis below 40 km 
(Miller et al, 2007)


• Upper limit: no quenching, 
constant J-value 0-60 km
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WACCM5-MAM3 
Annual average, 0-20°N

SOCAL-AER model  
vs Observations
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Figure 2. (left) Seasonal SO2 mixing ratio calculated by SOCOL-AER (solid lines) at 0–20◦N compared to MIPAS measurements (dashed lines) extracted from
Figure 8 of Höpfner et al. [2013]. (middle) Comparison of standard deviations of seasonal SO2 mixing ratio between MIPAS and SOCOL-AER. (right) SO2 mixing
ratio calculated by SOCOL-AER (orange line) at 26–32◦N compared to ATMOS observations (squares) taken in April–May 1985 [Rinsland et al., 1995] and MIPAS
observations (violet line) extracted from Figure 9 of Höpfner et al. [2013]. Horizontal bars: observed natural variability (± 1 standard deviation). The estimated
instrumental uncertainty of MIPAS is 5–10 pptv [Höpfner et al., 2013].

from 30 to 60 pptv. One reason could be that the photolysis rate of H2SO4 is underestimated. The photolysis
of H2SO4 via photodissociation of vibrationally excited states of sulfuric acid under atmospheric conditions
[Vaida et al., 2003] has been implemented in SOCOL-AER as additional photolysis pathway based on the
parametrization by Miller et al. [2007]. We use the corrected J values with quantum yield for collisional
overtone deexcitation, which were described as a lower limit in their paper (since every collision is assumed
to cause deactivation), i.e., the yellow curve in their Figure 3. The implemented Lyman-alpha photolysis
of H2SO4 [Lane and Kjaergaard, 2008] in the model does not affect the comparison here, as it becomes
significant only above 60 km. Overall, this implementation improved the agreement of SOCOL-AER with the
ATMOS measurements (Figure 2, right), which is indeed better than that for all of the models participating
in the Assessment of Stratospheric Aerosol Properties (ASAP) comparison (see Figure 6.11b in SPARC [2006]).
However, the resulting enhancement appears too weak to obtain good agreement with MIPAS. Near 32 km,
the MIPAS mean SO2 mixing ratios are around 20 pptv larger than those measured by ATMOS, while
SOCOL-AER-calculated SO2 mixing ratios are between these two observations. It is unclear whether this
disparity between the measurements is due to measurement errors or natural variability. Between 35 and
45 km, SOCOL-AER shows good agreement with ATMOS (within 10%). Above 50 km, SO2-simulated
SOCOL-AER is larger by a factor of 2 compared to ATMOS possibly owing to the lack of meteoritic material,
which is suggested as a permanent sink for gaseous H2SO4 [SPARC, 2006]. Unfortunately, MIPAS
measurements are available only up to 45 km. Another deficit might be the lack of SO2 photolysis [Farquhar
et al., 2001] in the model; however, this is expected to be significant only above 70 km (as it needs to
compete with SO2 formation via SO + O2). The modeled variability (standard deviation) of SO2 is less by
5–10 pptv than that measured by MIPAS (Figure 2, middle). This might be explained by the fact that the
variability of SO2 measured by MIPAS is correlated with volcanic events [Höpfner et al., 2013], while the
free-running model simulation is performed under nonvolcanic conditions. Neglecting the variability of OCS
in the model might also account for the difference between the modeled and observed variability of SO2.

4.2. Sulfur Budget
Figure 3 shows a schematic diagram of the global atmospheric sulfur budget. The solid arrows represent net
fluxes (surface emissions, wet or dry deposition, cross-tropopause transport, and chemical transformations),
all in units of gigagram of sulfur per year (Gg S/yr). The dashed arrows represent one-way fluxes (either
across the tropopause or for various processes). The boxes denote the burden of gas and aerosol in units of
gigagram of sulfur (Gg S). Red numbers are simulated by SOCOL-AER. Black numbers are retrieved from the
AER 2-D model or (in brackets) from the observations, both as presented in SPARC [2006]. Green numbers in
the troposphere are based on the GOCART model [Chin et al., 2000]. Orange numbers are taken from Chin
and Davis [1995].
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Figure 2. (left) Seasonal SO2 mixing ratio calculated by SOCOL-AER (solid lines) at 0–20◦N compared to MIPAS measurements (dashed lines) extracted from
Figure 8 of Höpfner et al. [2013]. (middle) Comparison of standard deviations of seasonal SO2 mixing ratio between MIPAS and SOCOL-AER. (right) SO2 mixing
ratio calculated by SOCOL-AER (orange line) at 26–32◦N compared to ATMOS observations (squares) taken in April–May 1985 [Rinsland et al., 1995] and MIPAS
observations (violet line) extracted from Figure 9 of Höpfner et al. [2013]. Horizontal bars: observed natural variability (± 1 standard deviation). The estimated
instrumental uncertainty of MIPAS is 5–10 pptv [Höpfner et al., 2013].

from 30 to 60 pptv. One reason could be that the photolysis rate of H2SO4 is underestimated. The photolysis
of H2SO4 via photodissociation of vibrationally excited states of sulfuric acid under atmospheric conditions
[Vaida et al., 2003] has been implemented in SOCOL-AER as additional photolysis pathway based on the
parametrization by Miller et al. [2007]. We use the corrected J values with quantum yield for collisional
overtone deexcitation, which were described as a lower limit in their paper (since every collision is assumed
to cause deactivation), i.e., the yellow curve in their Figure 3. The implemented Lyman-alpha photolysis
of H2SO4 [Lane and Kjaergaard, 2008] in the model does not affect the comparison here, as it becomes
significant only above 60 km. Overall, this implementation improved the agreement of SOCOL-AER with the
ATMOS measurements (Figure 2, right), which is indeed better than that for all of the models participating
in the Assessment of Stratospheric Aerosol Properties (ASAP) comparison (see Figure 6.11b in SPARC [2006]).
However, the resulting enhancement appears too weak to obtain good agreement with MIPAS. Near 32 km,
the MIPAS mean SO2 mixing ratios are around 20 pptv larger than those measured by ATMOS, while
SOCOL-AER-calculated SO2 mixing ratios are between these two observations. It is unclear whether this
disparity between the measurements is due to measurement errors or natural variability. Between 35 and
45 km, SOCOL-AER shows good agreement with ATMOS (within 10%). Above 50 km, SO2-simulated
SOCOL-AER is larger by a factor of 2 compared to ATMOS possibly owing to the lack of meteoritic material,
which is suggested as a permanent sink for gaseous H2SO4 [SPARC, 2006]. Unfortunately, MIPAS
measurements are available only up to 45 km. Another deficit might be the lack of SO2 photolysis [Farquhar
et al., 2001] in the model; however, this is expected to be significant only above 70 km (as it needs to
compete with SO2 formation via SO + O2). The modeled variability (standard deviation) of SO2 is less by
5–10 pptv than that measured by MIPAS (Figure 2, middle). This might be explained by the fact that the
variability of SO2 measured by MIPAS is correlated with volcanic events [Höpfner et al., 2013], while the
free-running model simulation is performed under nonvolcanic conditions. Neglecting the variability of OCS
in the model might also account for the difference between the modeled and observed variability of SO2.

4.2. Sulfur Budget
Figure 3 shows a schematic diagram of the global atmospheric sulfur budget. The solid arrows represent net
fluxes (surface emissions, wet or dry deposition, cross-tropopause transport, and chemical transformations),
all in units of gigagram of sulfur per year (Gg S/yr). The dashed arrows represent one-way fluxes (either
across the tropopause or for various processes). The boxes denote the burden of gas and aerosol in units of
gigagram of sulfur (Gg S). Red numbers are simulated by SOCOL-AER. Black numbers are retrieved from the
AER 2-D model or (in brackets) from the observations, both as presented in SPARC [2006]. Green numbers in
the troposphere are based on the GOCART model [Chin et al., 2000]. Orange numbers are taken from Chin
and Davis [1995].
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Figure 2. (left) Seasonal SO2 mixing ratio calculated by SOCOL-AER (solid lines) at 0–20◦N compared to MIPAS measurements (dashed lines) extracted from
Figure 8 of Höpfner et al. [2013]. (middle) Comparison of standard deviations of seasonal SO2 mixing ratio between MIPAS and SOCOL-AER. (right) SO2 mixing
ratio calculated by SOCOL-AER (orange line) at 26–32◦N compared to ATMOS observations (squares) taken in April–May 1985 [Rinsland et al., 1995] and MIPAS
observations (violet line) extracted from Figure 9 of Höpfner et al. [2013]. Horizontal bars: observed natural variability (± 1 standard deviation). The estimated
instrumental uncertainty of MIPAS is 5–10 pptv [Höpfner et al., 2013].

from 30 to 60 pptv. One reason could be that the photolysis rate of H2SO4 is underestimated. The photolysis
of H2SO4 via photodissociation of vibrationally excited states of sulfuric acid under atmospheric conditions
[Vaida et al., 2003] has been implemented in SOCOL-AER as additional photolysis pathway based on the
parametrization by Miller et al. [2007]. We use the corrected J values with quantum yield for collisional
overtone deexcitation, which were described as a lower limit in their paper (since every collision is assumed
to cause deactivation), i.e., the yellow curve in their Figure 3. The implemented Lyman-alpha photolysis
of H2SO4 [Lane and Kjaergaard, 2008] in the model does not affect the comparison here, as it becomes
significant only above 60 km. Overall, this implementation improved the agreement of SOCOL-AER with the
ATMOS measurements (Figure 2, right), which is indeed better than that for all of the models participating
in the Assessment of Stratospheric Aerosol Properties (ASAP) comparison (see Figure 6.11b in SPARC [2006]).
However, the resulting enhancement appears too weak to obtain good agreement with MIPAS. Near 32 km,
the MIPAS mean SO2 mixing ratios are around 20 pptv larger than those measured by ATMOS, while
SOCOL-AER-calculated SO2 mixing ratios are between these two observations. It is unclear whether this
disparity between the measurements is due to measurement errors or natural variability. Between 35 and
45 km, SOCOL-AER shows good agreement with ATMOS (within 10%). Above 50 km, SO2-simulated
SOCOL-AER is larger by a factor of 2 compared to ATMOS possibly owing to the lack of meteoritic material,
which is suggested as a permanent sink for gaseous H2SO4 [SPARC, 2006]. Unfortunately, MIPAS
measurements are available only up to 45 km. Another deficit might be the lack of SO2 photolysis [Farquhar
et al., 2001] in the model; however, this is expected to be significant only above 70 km (as it needs to
compete with SO2 formation via SO + O2). The modeled variability (standard deviation) of SO2 is less by
5–10 pptv than that measured by MIPAS (Figure 2, middle). This might be explained by the fact that the
variability of SO2 measured by MIPAS is correlated with volcanic events [Höpfner et al., 2013], while the
free-running model simulation is performed under nonvolcanic conditions. Neglecting the variability of OCS
in the model might also account for the difference between the modeled and observed variability of SO2.

4.2. Sulfur Budget
Figure 3 shows a schematic diagram of the global atmospheric sulfur budget. The solid arrows represent net
fluxes (surface emissions, wet or dry deposition, cross-tropopause transport, and chemical transformations),
all in units of gigagram of sulfur per year (Gg S/yr). The dashed arrows represent one-way fluxes (either
across the tropopause or for various processes). The boxes denote the burden of gas and aerosol in units of
gigagram of sulfur (Gg S). Red numbers are simulated by SOCOL-AER. Black numbers are retrieved from the
AER 2-D model or (in brackets) from the observations, both as presented in SPARC [2006]. Green numbers in
the troposphere are based on the GOCART model [Chin et al., 2000]. Orange numbers are taken from Chin
and Davis [1995].
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Pinatubo simulation: How much SO2?
Guo et al., 2004: 15-19 Tg


(initial), ~10 Tg within 1 week
CCMI input data file  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(Arfeuille et al., 2013)
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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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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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Summary: prognostic stratospheric sulfates with MAM

• MAM3 adapted for stratospheric sulfates: mode definition, accumulation-
coarse exchange, sulfate evaporation above the tropopause


• Time-varying OCS LBC added for WACCM & CAM-chem runs, SO2 external 
forcing file developed for CAM


• 1850 control run with CCMI chemistry tuned, 20th Century run completed 
with no volcanoes prior to Pinatubo


• Volcanic input file developed for 1990-2011, plans to extend back to 1850

• Currently testing sensitivity to input  

altitude, latitude, and mass with  
comparison to SAGE v7 data set of  
extinction and optical depth


• Preparing GeoMIP “G4” experiment,  
years 2020-2070 with 5 Tg SO2/year  
compared to control

The Geoengineering Model Intercomparison Project 165
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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
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