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Figure 1. Global annual mean surface temperature anomalies from 1950 to 2013 referenced
to the mean taken from 1961 to 1990. Light grey lines represent the 108 model members that
contributed to the RCP4.5 scenario of CMIP5. The black line represents the multi-model en-
semble mean. The members contributed by NCAR’s CCSM4 are highlighted in red. Three ob-
servational based datasets have been included for comparison: the GISS Surface Temperature
Analysis (GISTEMP) in purple (Hansen et al., 2010; GISTEMP Team, 2015), NOAA’s National
Climatic Data Center’s global surface temperature anomalies in teal (Jones et al., 1999; Smith
et al., 2008) and global anomalies from the Hadley Centre of the UK Met Oce (HADCRUT4)
in blue (Morice et al., 2012).
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New prognostic stratospheric aerosol scheme

• accounts for variation in effective radius in addition to mass loading

• improved historical volcanic database for 1850-2015 (reduced mass 

for large eruptions)

• non-volcanic background aerosol included during control simulations 

and volcanically quiescent periods, including 2016-2100

Sulfate mass loading at 16 km
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Figure 4. Global, annual, ensemble, mean temperature anomaly due to the observed (GIS-
TEMP) and simulated Mt. Pinatubo eruption in June of 1991. Anomalies are referenced to the
1990 annual mean in each ensemble member. Shaded regions represent ±1� standard devi-
ation of the ensemble. Error bars on the observed record come from Hansen et al. (2010) and
the GISTEMP Team (2015) estimates.
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Figure 5. Tropical, monthly, ensemble, mean temperature anomaly at 50 hPa due to the sim-
ulated Mt. Pinatubo eruption in June of 1991. Anomalies are referenced to the 1990 annual
mean in each ensemble member. Shaded regions represent ±1� standard deviation of the
ensemble. The RICH data observations come from Haimberger et al. (2008).
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Tropical monthly mean temperature anomaly at 50 hPa 



Coarse 
number 
sulfate 
sea salt 
soil dust

Accumulation 
number 
sulfate 

secondary OM 
sea salt 

primary OM 
soil dust 

black carbon

Aitken 
number 
sulfate 

secondary OM 
sea salt

Prognostic stratospheric aerosol option:  
Extend modal aerosol model (MAM3) for stratospheric aerosols

Gas-phase species: H2SO4, SO2, 
DMS, SOA (gas) 
Added sulfate evaporation above 
tropopause 
Added growth between modes 
Adjusted diameter ranges, mode 
widths

Mode Aitken Accumulation Coarse
Standard MAM3 radius (µm) 

geom. std. dev
0.00435 - 0.026  

1.6
0.02675 - 0.22 

1.8
0.5 - 
2.0 
1.8Modified MAM3 radius (µm)  

geom. std. dev.
0.00435 - 0.026 

1.6
0.02675 - 0.22 

1.6
>0.22 

1.2

evaporation

coagulation

condensation

With chemistry: added OCS, S, SO, SO3 

Without chemistry:  
• added SO2 external forcing from OCS oxidation 
• added H2O external forcing from CH4 oxidation



VEI > 2 eruptions since 1990 (with SO2 reported)
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VolcanEESM 3D volcanic strat/trop SO2 
input file for 1850-2015 (Schmidt, Neely)



SD-WACCM simulations from “Global volcanic aerosol properties derived from 
emissions, 1990-2014, using CESM1(WACCM)," Mills et al., submitted to JGR.



Prognostic aerosols: Improved stratospheric heating

Tropical temperature anomalies  
from Mills et al., submitted to JGR.



Total AOD 
over ocean 

minus 
background 

   
from Mills et 
al., submitted 

to JGR.



Strat 
AOD

Total AOD, 
volcanic - 

background
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above 100 

hPa







Calculated SAD matches obs. CCMI SAD misses >60%.  
from Mills et al., submitted to JGR.



Post-Sarychev eruption: calculated SAD = 10x CCMI  
from Mills et al., submitted to JGR.



New prescribed and prognostic volcanic and 
stratospheric aerosol options in CESM 
• Prescribed stratospheric aerosol based on effective radius, improved 

mass loading. 

• Prognostic modal volcanic aerosol is now available for use in CESM.

• VolcanEESM SO2 emissions available for 1850-2015.

• Completed 1990-2014 runs with and without volcanoes. Comparison to 

lidar shows excellent agreement, reveals limitations of satellite data in 
the lower stratosphere.


• Surface area densities from prognostic aerosols in excellent agreement 
with Laramie OPC data. In contrast, CCMI-recommended SAD misses 
60% of observed SAD in both volcanic and quiescent periods.


• New prescribed and prognostic options greatly improve stratospheric 
heating after Pinatubo compared to CCSM4.


• CAM may be run with prognostic stratospheric aerosol, or prescribed 
based on WACCM prognostic run.
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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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No. of VEI > 2 eruptions with eruption column heights >10 km
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