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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 sulfate evaporation above 
tropopause 
Added growth between modes 
Adjusted diameter ranges, mode 
widths

Mode Nucleation Aitken Accumulation Coarse
Standard 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

Modified 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

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.

D22302 MONTZKA ET AL.: AN ATMOSPHERE HISTORY FOR COS

8 of 11

D22302



3D volcanic strat/trop SO2 input file for 1990-2011
VEI > 2 eruptions since 1990 (with SO2 reported)
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No. of VEI > 2 eruptions with eruption column heights >10 km

1990 1995 2000 2005 2010
Year

0

1

2

3

4

5

N
o.

 o
f e

ru
pt

io
ns

 p
er

 re
gi

on

90oN-45oN
45oN-45oS
45oS-90oS

3D volcanic strat/trop SO2 input file for 1990-2011
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CESM WACCM5 with prognostic modal stratospheric 
sulfates using eruption database compiled by Anja Schmidt
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Figure 7. Cumulative number densities (for radii larger than stated radius in μm) calculated by SOCOL-AER compared
to in situ stratospheric aerosol measurements over the period 1999–2008 at (left) Laramie and January to April during
1998–2001 at (right) Lauder [Deshler et al., 2003; Deshler, 2008]. Measurements: represented as standard box plots
(minimum excluding outliers, 25th percentile, median value, 75th percentile, maximum excluding outliers; for clarity
outliers of the box plot are omitted). Colors: different wet particle radii (H2SO4/H2O, in μm). Solid curves: model results
with the annual average at Laramie (Figure 7,left) and the average over January to April at Lauder (Figure 7, right).

Figure 7 shows simulated and observed vertical profiles of cumulative particle number densities for different
size channels (particles larger than specified radius). The observed natural variability of the measurements
is depicted by standard box plots. For clarification in the figure, outliers of the box plots are not shown. At
Laramie (Figure 7, left) below 25 km, the calculated annual mean values are generally within the range of
the measurements (i.e., within the boxes or whiskers). Above 25 km, the modeled number densities start
to deviate from the measurements with concentrations generally too high for particles larger than 0.15 μm
and lower for condensation nuclei (particle size 10 nm). The overestimation might be partially due to the
numerical diffusion of the applied sedimentation scheme in the model [Benduhn and Lawrence, 2013]
since our previous simulations using a simple upwind method for sedimentation gave even higher number
densities above 20 km. Too fast meridional transport from the tropics to higher latitudes might be another
reason for the enhanced number densities in the larger radius channels, which would not provide the
aerosol particles enough time to leave the stratosphere via gravitational settling. An underestimation of
the stratospheric age of air is a common artifact of many CCMs, in particular also the ECHAM-based SOCOL
family [Stenke et al., 2013]. The observed increase in number densities of the condensation nuclei (r>10 nm)
above 25 km could be the result of freshly nucleated particles imported from Arctic regions in air that
descended into the Arctic vortex region during winter and spring, termed the “stratospheric condensation
nucleus layer” [Campbell and Deshler, 2014]. The modeled CN underestimates the observations due to either
the lack of meteoritic materials (as shown in the previous comparisons with aerosol extinctions), or inability
to accurately produce the stratospheric condensation nucleus layer. The model-observation comparisons at
Lauder, New Zealand (Figure 7, right), are very similar to those at Laramie.

Comparisons with OPC volume density. A model-observation comparison of particle volume density is shown
in Figure 8. At Laramie (Figure 8, left), the simulated volume density is in good agreement with the OPC
measurements below 25 km and declines faster above, which could be due to the underestimation of
condensation nuclei concentration (black curve in Figure 7) or due to the lack of meteoritic material in the
model. At Lauder (Figure 8, right), the modeled volume density also agrees well with OPC measurement
except near 16–18 km, where the model overestimates the mean values of the observations by about
20–50% (for unknown reasons).

Comparisons with FCAS particle volume distributions. Focused Cavity Aerosol Spectrometers (FCAS) were
used to measure aerosol size distribution in the Northern Hemisphere lower stratosphere from 1992 to
2004 [Jonsson et al., 1995; Wilson et al., 2008]. We compare the modeled particle volume distributions
sorted by N2O mixing ratio (XN2O) intervals with the volcanically quiescent parts of the measurements as
shown in Figure 9. The location of the FCAS measurements is shown in Figure 1 of Wilson et al. [2008]. For
100 ppbv < XN2O < 150 ppbv (which corresponds to high latitudes > 60◦N), the calculated particle volume
distribution is shifted to larger diameters by 10–15% compared to the observations. This could be due
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Cumulative number densities (for radii larger 
than stated radius in μm) calculated by 
CESM(WACCM5) compared to in situ 
stratospheric aerosol measurements over the 
period 1999–2008 at Laramie.

Aitken mode accumulation mode coarse mode

Vertical profiles of particles >10 nm and >150 nm match 
observations well. MAM retains higher number densities 
of larger particles in the accumulation and coarse mode 
than are observed.
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Geoengineering experiment in progress

• RCP6.0 + 8 Tg SO2/year, after Tilmes et al. 
(GMD, 2015)


• Global average stratospheric visible AOD 
increases over first 2 years, then steady at 
0.14-0.15


• Global warming of ~1.2°C offset in the first 
15 years

S. Tilmes et al.: New GeoMIP experiment for climate and chemistry models 45

Figure 1. Top panel: total anthropogenic radiative forcing of the
CMIP5 model experiments RCP4.5 (black), RCP6.0 (blue), and
RCP8.5 (red) (Meinshausen et al., 2011). The dashed line indicates
the radiative forcing of the GeoMIP experiment for CCMI, using a
prescribed aerosol distribution assuming an emission of 8 Tg SO2
per year. The amount of radiative forcing reduction due to the en-
hanced aerosol burden is estimated based on the ECHAM5-HAM
model (see text). Bottom panel: sulfur burden in Tg S (in the form
of H2SO4) per year, based in the CCMI prescribed aerosol data set
(black) and the new GeoMIP experiment data set (blue), based on
8 Tg SO2 emission per year case.

Larger burden of aerosols reduces the efficiency of additional
aerosols to increase the planetary albedo. This is because
large burdens of aerosol particles coagulate faster to form
larger particles, which are less reflective per unit mass, and
shorter-lived due to faster sedimentation. This reveals impor-
tant limitations of stratospheric aerosol geoengineering (see
Table 1). Table 1 is based on a specific climate model, and
the results will vary between different models. In the experi-
ment proposed here, we assume a fixed aerosol emission rate
per year, which allows the use of a monthly varying steady-
state aerosol forcing file for the entire period, except for the
ramp-up and ramp-down periods (see below).
The aerosol distribution for this experiment is derived us-

ing the middle atmosphere version of the general circula-
tion model ECHAM5 (Roeckner et al., 2003) interactively
coupled to a modified version of the aerosol microphysical
model HAM (Stier et al., 2005). HAM calculates the for-
mation of sulfate aerosol, which includes nucleation, accu-
mulation, condensation, and coagulation processes. Aerosol
size is determined using the M7 modal aerosol module (Vi-

Table 1. Global average radiative forcing from a stratospheric sul-
fate aerosol cloud needed to counteract the anthropogenic radiative
forcing from the RCP8.5 scenario (Niemeier et al., 2013). The third
column shows the stratospheric aerosol emission rate per year re-
quired to produce this radiative forcing, in Tg SO2 yr�1, although
the aerosols are sulfuric acid droplets. The rapidly increasing bur-
den to counteract radiative forcing illustrates the disproportionate
increase in sulfur emissions of greater than 2Wm�2 due to ef-
fects of aerosol growth and removal processes and therefore demon-
strates the limitations of stratospheric aerosol geoengineering. The
uncertainty of these values drastically increases with increasing
emission values larger than 10 Tg SO2 per year.

Year Wm�2 Tg SO2 per year

2020.0 0 0.0
2023.9 0.21 1.0
2026.2 0.35 2.0
2030.9 0.63 4.0
2034.4 0.86 6.0
2037.5 1.09 8.0
2041.4 1.36 10.0
2044.6 1.535 12.0
2048.5 1.84 16.0
2054.0 2.33 20.0
2070.0 3.60 40.0
2086.2 4.69 60.0
2099.0 5.53 80.0

gnati, 2004), which calculates the aerosol size distribution
using seven lognormal modes of prescribed standard devia-
tion (� ). M7 was modified to allow for a better representa-
tion of stratospheric sulfur aerosol according to box-model
studies (Kokkola et al., 2009) and previous geoengineering
studies (Heckendorn et al., 2009). The changes include a
smaller standard deviation (� ) of the coagulation mode (1.2
instead of 1.59) as the value of � determines the development
of the size distribution. The simulation includes only sul-
fate aerosol. Besides the geoengineered sulfur, only dimethyl
sulfide (DMS) and carbonyl sulfide (OCS) emissions are in-
cluded in this setup and no anthropogenic emissions are as-
sumed for the background (Niemeier et al., 2009). A total
of 8 Tg of SO2 per year are emitted into a single grid box,
2.8⇥ 2.8 degrees in size, and located at a height of 60 hPa
at the Equator. Further details on the model setup and the
results are given by Niemeier et al. (2011).
The same model setup has also been used for simulations

of the evolution of a sulfuric cloud after a volcanic erup-
tion and was carefully tested against measurements taken af-
ter the 1991 Mt. Pinatubo eruption (Niemeier et al., 2009;
Toohey et al., 2011). The results show a good representa-
tion of the particle size and the global aerosol load. The
modeled global aerosol load decreases faster than the mea-
surements 1 year after the eruption. This is probably related
to the particle size being in the upper range of the mea-
surements and a slight overestimation of the poleward trans-

www.geosci-model-dev.net/8/43/2015/ Geosci. Model Dev., 8, 43–49, 2015

RCP6.0 + 8 Tg SO2/y

From Tilmes et al. (GMD, 2015)



Summary: prognostic stratospheric sulfates with MAM
• Prognostic modal volcanic aerosol is not available for use in CESM.

• A volcanic input file has been developed for 1990-2011, with plans to 

extend it back to 1850.

• Number densities of small particles compare well to balloon 

observations from Laramie. This is important because small particles 
dominate the surface area densities relevant to heterogeneous 
chemistry in the stratosphere.


• Completed 1990-2012 runs with and without volcanoes. Testing 
sensitivity to input altitude, latitude, and mass with comparison to SAGE 
v7 data set of extinction and optical depth.


• Stratospheric heating after Pinatubo is greatly improved over prescribed 
volcanic sulfate in CCSM4.


• Running geoengineering experiment styled after Tilmes et al. (GMD, 
2015): RCP6.0 with 8 Tg SO2/year for years 2020-2070, compared to 
RCP6.0 control


