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Emissions-based volcanic aerosol development

Mike Mills
WACCM Liaison

With help from Dick Easter, Steve Ghan, Ryan Neely, Jean-François Lamarque, 
Andrew Conley, Jason English, and Xiaohong Liu



Happy Birthday to our favorite (Dan) Marshian!



No scientifically 
supported WACCM 

compsets in 1.2.0 yet



Prescribed volcanic aerosol in WACCM4 and CAM
CCSM4 optical depth 
based on prescribed 

volcanic aerosol mass

Improved optical depth 
based on prescribed volcanic 

aerosol mass and radius

Courtesy J-F Lamarque
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The Geoengineering Model Intercomparison Project

G3 G4

Modeling geoengineering schemes and unobserved 
(including historic and paleo) volcanoes requires an 

emissions-based volcanic aerosol scheme.



• CARMA microphysics
• sectional (bin) model with detailed aerosol microphysics
• incorporated in CESM
• stratospheric sulfate model exists
• Showstopper for CAM4/WACCM4: radiative code (CAM-RT) is only 

compatible with aerosols of fixed size.
• For the shortwave, there are flags in the code for different wavelengths 

that trigger absorption calculations for water vapor, CO2, and CO2/H2O 
overlap.  The optics for each aerosol in each of these bands has to be 
computed using complex formula using an original radiation code, not 
readily accessible. 

• Additionally, computation of the longwave effects requires an offline 
computation to optimize the heating rates compared to a reference line-
by-line computation.

• CAM5/WACCM5 has an entirely new radiation code (RRTMG) that is more 
flexible to connect outside models. However, coupling CARMA sulfates to 
radiation in CAM5/WACCM5 will require significant development work to 
avoid competing for sulfur sources with the existing modal aerosol module 
(MAM) in CAM5, which treats sulfates as an internal mixture with many other 
aerosol types.

• Use MAM for stratospheric sulfates?



Modal Aerosols in MAM-3

Gas-phase species: H2SO4, SO2, DMS, SOA (gas)
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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)
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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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“Sulfate is partially neutralized by 
ammonium in the form of NH4HSO4, so 
ammonium is effectively prescribed and 
NH3 is not simulated. We note that in 
MAM-3 we predict the mass mixing 
ratio of sulfate aerosol in the form of 
NH4HSO4 while in MAM-7 it is in the 
form of SO4.”

- CAM5 scientific description

712 X. Liu et al.: Toward a minimal representation of aerosols in climate models

Table 1. Geometric standard deviations (�g) and dry diameter size
ranges for MAM3 and MAM7 modes. The size range values are
the 10th and 90th percentiles of the global annual average number
distribution for the modes (from simulations presented in Sect. 3).

Mode �g Size range (µm)

MAM3

Aitken 1.6 0.015–0.053
Accumulation 1.8 0.058–0.27
Coarse 1.8 0.80–3.65

MAM7

Aitken 1.6 0.015–0.052
Accumulation 1.8 0.056–0.26
Primary Carbon 1.6 0.039–0.13
Fine Sea Salt 2.0 0.095–0.56
Fine Dust 1.8 0.14–0.62
Coarse Sea Salt 2.0 0.63–3.70
Coarse Dust 1.8 0.59–2.75

single coarse mode based on the recognition that sources of
dust and sea salt are geographically separated. Although dust
is much less soluble than sea salt, it readily absorbs water
(Koretsky et al., 1997) and activates similarly as CCN (Ku-
mar et al., 2009), particularly when coated by species like
sulfate and organic. So dust is likely to be removed by wet
deposition almost as easily as sea salt, and the merging of
dust and sea salt in a single mode is unlikely to introduce
substantial error into our simulations; (3) the fine dust and
sea salt modes are similarly merged with the accumulation
mode; (4) sulfate is partially neutralized by ammonium in
the form of NH4HSO4, so that ammonium is effectively pre-
scribed and NH3 is not simulated. The total number of trans-
ported aerosol tracers in MAM3 is 15. The transported gas
species are SO2, H2O2, DMS, H2SO4, and a lumped semi-
volatile organic species. The prescribed standard deviation
and the typical size range for each mode are given in Table 1.

3 Aerosol distributions and budgets

All simulations are performed with the stand-alone version
CAM5.1, using climatological sea surface temperature and
sea ice and anthropogenic aerosol and precursor gas emis-
sions for the year 2000. The model is integrated for 6 yr, and
results from the last 5 yr are used in this study. In this section
model-simulated global distributions and budgets for differ-
ent aerosol species are analyzed and comparisons are made
between MAM3 and MAM7.
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Fig. 2. Predicted species for interstitial and cloud-borne component
of each aerosol mode in MAM3.

3.1 Simulated global aerosol distributions

Figures 3a and b show annual mean vertically integrated (col-
umn burden) mass concentrations of sulfate, BC, POM, SOA,
dust and sea salt from MAM3, and the relative difference of
these concentrations between MAM7 and MAM3, respec-
tively. These aerosol species concentrations are summations
over all available modes (e.g., the POM concentration in
MAM7 includes contributions from the primary carbon and
accumulation modes). Sulfate has maximum concentrations
in the industrial regions (e.g., East Asia, Europe, and North
America). The distribution patterns and absolute values of
sulfate concentration are very similar (mostly within 10%)
between MAM3 andMAM7 (Fig. 3b). This is expected since
most of sulfate burden (⇠90%) is in the accumulation mode
(see sulfate budget in Sect. 3.2). This is also the case for
SOA, which has high concentrations over the industrial re-
gions and tropical regions with strong biogenic emissions
(e.g., Central Africa and South America). The differences
between MAM3 and MAM7 are generally small (mostly
within 10%). POM column concentrations have spatial dis-
tributions and magnitudes similar to SOA, but are lower in
Europe, Northeastern US and South America, and higher in
Central Africa. The distribution patterns of BC burden con-
centrations are similar to those of POM, but have relatively
larger contributions from the industrial regions because of
different emission factors of BC/POM from different sectors.
Dust burden concentrations have maxima over strong source
regions (e.g., Northern Africa, Southwest and Central Asia,
and Australia) and over the outflow regions (e.g., in the At-
lantic and in the western Pacific). Sea salt burden concentra-
tions are high over the storm track regions (e.g., the Southern
Ocean) where wind speeds and emissions are higher, and in
the subtropics of both hemispheres where precipitation scav-
enging is weaker.
One major difference between MAM3 and MAM7 is the

treatment of primary carbonaceous aerosols (POM and BC).
These aerosols are instantaneously mixed with sulfate and
other components in the accumulation mode in MAM3 once
they are emitted, and thus are subject to wet removal by
precipitation due to the high hygroscopicity of sulfate. In
MAM7, carbonaceous aerosols are emitted in the primary

Geosci. Model Dev., 5, 709–739, 2012 www.geosci-model-dev.net/5/709/2012/

dry diametergeometric 
std. dev.

Liu et al., 2012



Stratospheric Aerosols in MAM-3

Gas-phase species: H2SO4, SO2, DMS, SOA (gas)
Added: OCS, S, SO, SO3, HSO3

Added evaporation from accumulation
to Aitken

Need to add growth and evaporation
between accumulation and coarse

Will this require adding POM, SOA, BC
to the coarse mode?

Mind the gap!
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SO4 ✔ ✔ ✔

POM ✔ ?
SOA ✔ ✔ ?
BC ✔ ?
dust ✔ ✔

salt ✔ ✔ ✔

number ✔ ✔ ✔
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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)
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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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Table 1. Geometric standard deviations (�g) and dry diameter size
ranges for MAM3 and MAM7 modes. The size range values are
the 10th and 90th percentiles of the global annual average number
distribution for the modes (from simulations presented in Sect. 3).

Mode �g Size range (µm)

MAM3

Aitken 1.6 0.015–0.053
Accumulation 1.8 0.058–0.27
Coarse 1.8 0.80–3.65

MAM7

Aitken 1.6 0.015–0.052
Accumulation 1.8 0.056–0.26
Primary Carbon 1.6 0.039–0.13
Fine Sea Salt 2.0 0.095–0.56
Fine Dust 1.8 0.14–0.62
Coarse Sea Salt 2.0 0.63–3.70
Coarse Dust 1.8 0.59–2.75

single coarse mode based on the recognition that sources of
dust and sea salt are geographically separated. Although dust
is much less soluble than sea salt, it readily absorbs water
(Koretsky et al., 1997) and activates similarly as CCN (Ku-
mar et al., 2009), particularly when coated by species like
sulfate and organic. So dust is likely to be removed by wet
deposition almost as easily as sea salt, and the merging of
dust and sea salt in a single mode is unlikely to introduce
substantial error into our simulations; (3) the fine dust and
sea salt modes are similarly merged with the accumulation
mode; (4) sulfate is partially neutralized by ammonium in
the form of NH4HSO4, so that ammonium is effectively pre-
scribed and NH3 is not simulated. The total number of trans-
ported aerosol tracers in MAM3 is 15. The transported gas
species are SO2, H2O2, DMS, H2SO4, and a lumped semi-
volatile organic species. The prescribed standard deviation
and the typical size range for each mode are given in Table 1.

3 Aerosol distributions and budgets

All simulations are performed with the stand-alone version
CAM5.1, using climatological sea surface temperature and
sea ice and anthropogenic aerosol and precursor gas emis-
sions for the year 2000. The model is integrated for 6 yr, and
results from the last 5 yr are used in this study. In this section
model-simulated global distributions and budgets for differ-
ent aerosol species are analyzed and comparisons are made
between MAM3 and MAM7.
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Fig. 2. Predicted species for interstitial and cloud-borne component
of each aerosol mode in MAM3.

3.1 Simulated global aerosol distributions

Figures 3a and b show annual mean vertically integrated (col-
umn burden) mass concentrations of sulfate, BC, POM, SOA,
dust and sea salt from MAM3, and the relative difference of
these concentrations between MAM7 and MAM3, respec-
tively. These aerosol species concentrations are summations
over all available modes (e.g., the POM concentration in
MAM7 includes contributions from the primary carbon and
accumulation modes). Sulfate has maximum concentrations
in the industrial regions (e.g., East Asia, Europe, and North
America). The distribution patterns and absolute values of
sulfate concentration are very similar (mostly within 10%)
between MAM3 andMAM7 (Fig. 3b). This is expected since
most of sulfate burden (⇠90%) is in the accumulation mode
(see sulfate budget in Sect. 3.2). This is also the case for
SOA, which has high concentrations over the industrial re-
gions and tropical regions with strong biogenic emissions
(e.g., Central Africa and South America). The differences
between MAM3 and MAM7 are generally small (mostly
within 10%). POM column concentrations have spatial dis-
tributions and magnitudes similar to SOA, but are lower in
Europe, Northeastern US and South America, and higher in
Central Africa. The distribution patterns of BC burden con-
centrations are similar to those of POM, but have relatively
larger contributions from the industrial regions because of
different emission factors of BC/POM from different sectors.
Dust burden concentrations have maxima over strong source
regions (e.g., Northern Africa, Southwest and Central Asia,
and Australia) and over the outflow regions (e.g., in the At-
lantic and in the western Pacific). Sea salt burden concentra-
tions are high over the storm track regions (e.g., the Southern
Ocean) where wind speeds and emissions are higher, and in
the subtropics of both hemispheres where precipitation scav-
enging is weaker.
One major difference between MAM3 and MAM7 is the

treatment of primary carbonaceous aerosols (POM and BC).
These aerosols are instantaneously mixed with sulfate and
other components in the accumulation mode in MAM3 once
they are emitted, and thus are subject to wet removal by
precipitation due to the high hygroscopicity of sulfate. In
MAM7, carbonaceous aerosols are emitted in the primary
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eruption (month 21 in Figure 11c) and about 7months after the
Toba eruption (month 13 in Figure 11d). In both regions, the
particles at the large end of the accumulation mode disappear
more quickly than those at the small end of the accumulation
mode due to the faster sedimentation of the largest particles.
The details of this evolving aerosol size distribution can
have significant impacts on radiative forcing, as aerosol mass
extinction efficiency is strongly related to particle radius.
Aerosol mass extinction efficiency for 525 nm radiation peaks
at about 0.4mm particle radius and for 1024nm radiation peaks
at about 0.8mm radius. When particles are larger than the radius
of maximum mass extinction, their radiative forcing is less
efficient. Hence, large eruptions, with their large particles, can
be self-limiting.
[24] The evolving size distributions predicted by our

sectional model are complex and would be difficult to accu-
rately prescribe in bulk aerosol or modal models. To assist
with comparison to modal models, we calculate accumulation
mode peak size and width from our sectional model by
finding the mode width that most closely resembles our size
distributions, assuming a lognormal shape. Mode width is
found by finding the mode width of a lognormal distribution
with the smallest difference from our sectional model. Differ-
ence is calculated by summing fractional errors at each bin on
the large half of the distribution (from the mode peak to the

largest bin) and finding the mode width with the smallest
error. Calculations begin with the first month containing an
accumulation mode in that region, which ranged from zero
to three months after the eruption. These calculations have
been completed for the three simulated eruptions over time.
In the tropical stratosphere (Figure 12a), the mode peak size
is predicted to reach 0.69mm after Pinatubo, 1.3mm after
Pinatubo !10, and 1.7mm after Toba, afterwards decreasing
within a few months to about 0.5mm as the particles are trans-
ported to higher latitudes via the Brewer–Dobson circulation.
In the high-latitude troposphere and stratosphere (Figure 12b),
there is a longer time lag to reach mode peak size (12months
after the Pinatubo eruption, 6months after the Pinatubo !10
eruption, and 4months after Toba), but the peak size is larger
except for Pinatubo (2.0mm for Toba, 1.5mm for Pinatubo
!10, and 0.32mm for Pinatubo). Due to a relatively longer
aerosol lifetime in the troposphere and stratosphere, the rate
of decline is slower in the high latitudes, with mode peak
size still declining after 5 years for the eruptions larger than
Pinatubo. Mode widths are generally more stable with time
than Reff, but vary significantly with eruption size. In the
tropical stratosphere, the Pinatubo mode width is about 1.2
and Pinatubo !10 is about 1.3. Mode width is about 1.3 for
the first 6months after the simulated Toba eruption, then
jumps to 1.6 as the accumulationmode broadens and the mode

Figure 11. Evolving monthly average accumulation mode size distribution for Pinatubo (top row)
and Toba (bottom row) every 2months for 35months. The eruption occurred in month 6. The regions
analyzed were chosen to include the majority of the volcanic cloud for both eruptions.

ENGLISH ET AL.: MICROPHYSICS OF PINATUBO/TOBA ERUPTIONS
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J. M. English et al.: Microphysical simulations of sulfur burdens 4781
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Figure 5.  Annual zonal average of sulfate aerosol number, surface area, and volume size 786 

distribution for each SO2 injection scenario at the equator and 39, 55, and 90 hPa.  787 
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Fig. 5. Annual zonal average of sulfate aerosol number, surface area, and volume size distribution for each SO2 injection scenario at the
equator and 39, 55, and 90 hPa.

from the optimum mass scattering radius near 150 nm. Our
results reinforce the original conclusion postulated by Pinto
et al. (1989) as well as recent microphysical simulations
(Heckendorn et al., 2009; Niemeier et al., 2010; Hommel and
Graf, 2011) that there may be an upper limit to the radiative
forcing that can be obtained with sulfate aerosols.

4.2 Injection region

We now compare the efficacy of injection region for vari-
ous 10 Tg S injection scenarios. Injecting SO2 into a broader
latitude and slightly higher altitude region (32� N–32� S and
19.9–24.6 km) produces about a 60% higher mass burden
than the equivalent SO2 injection in a narrow region (10.1 Tg
versus 6.3 Tg) (Fig. 6). Injecting a lognormal distribution

of SO2�4 particles in a broad region produces about 40%
higher mass burden than the equivalent injection of SO2�4
particles in a narrow region (13.8 Tg versus 9.6 Tg). Like-
wise, stratospheric aerosol lifetime increases for broad injec-
tions by about 80% for SO2 injection and 50% for SO2�4
particle injection relative to injections in narrow latitudinal
bands (Fig. 6). While part of the increase in burden is due to
the slightly higher injection altitude, burden is improved for
two other reasons as well: First, particle growth by H2SO4
condensation is reduced because H2SO4 vapor is more di-
lute, and second, coagulation is reduced because aerosol con-
centration is also more dilute. The benefit of a larger injec-
tion region is less for SO2�4 particle injection because this
scenario is generally influenced by concentration of aerosol

www.atmos-chem-phys.net/12/4775/2012/ Atmos. Chem. Phys., 12, 4775–4793, 2012
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geoengineering,
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Pinatubo eruption, June 15, 1991: 20 Tg SO2, 16-20 km



Sulfate (molec/cm3) at 12.5°N
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Sulfate (molec/cm3), October 1991
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Questions

• Can MAM3 be adapted for exchange between the accumulation and coarse 
modes?

• Can the gap between the accumulation and coarse modes be filled?
• Will these changes result in significant disruption of tropospheric aerosols?
• Will MAM3 with these adaptations represent volcanic aerosol evolution and 

radiative anomalies reasonably?
• Would this be better done with CARMA?
• What will be the role for emissions-based volcanic aerosols in climate 

models?


