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at lower levels that followed the eruption of Tavurvur in
October is rapidly transported towards mid‐latitudes. In July
2007 (Figure 4c), the tropical stratospheric reservoir is filled
by aged volcanic aerosol, spanning from 22 to 28 km. The
release of those aerosols at mid‐latitudes is dictated by the
circulation in the form of the so‐called “horns” (Figure 4c)
typically observed during westerly phase of the QBO [Trepte
and Hitchman,1992]. Additionally, the Annual Oscillation
also drives the transport of aerosol toward mid‐latitudes
alternatively southward during NH summer (Figure 4c) and
northward during NH winter (Figure 4d). As a consequence
of these transport processes, the enhancements correspond-
ing to the transport of the Soufriere Hills plume toward
mid‐latitudes shown in Figure 3 is delayed by several
months and spread over a longer period than in the tropics.

[11] The apparent trends of 5–10%/yr shown by the linear
fits in Figure 3 are consistent with the estimates of Hofmann
et al. [2009] and Nagai et al. [2010]. However, they are
mainly explained by the sequence of volcanic eruptions in
the tropics (Figures 1 and 2) followed by the dilution and the
time required for the transport of their plumes to the mid‐
latitudes (Figure 4).
[12] The 25‐years record of stratospheric aerosol optical

depth reconstructed from SAGE II, GOMOS and CALIPSO
displayed in Figure 5 shows that after the major eruptions
of the Nevado del Ruiz and Pinatubo volcanoes in 1986
and 1991, the stratospheric aerosol reached a quasi stable
background level of 0.002‐0.0025 optical thickness until
2002. Afterward, the burden of stratospheric aerosol has
increased mainly due to the impact of tropical volcanic

Figure 3. Monthly mean stratospheric 525 nm Aerosol Optical Depth (AOD) evolution between 20–30 km since 2000
from SAGE II (black diamonds), CALIPSO (blue triangles), GOMOS (red stars); (top) 50°N‐20°N, (middle) 20°N‐20°S
and (bottom) 20°S‐50°S. Linear fits over the all period are plotted in green. The rate of increase in stratospheric AOD
deduced from the linear fits is 10.9 × 10−5/year for the latitude band 50°N‐20°N, 20.4 × 10−5/year for 20°N‐20°S and
7.7 × 10−5/year for 50°S‐20°S.
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Does it matter?      What is causing it?
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ilar future changes in the optical depth of strato-
spheric aerosol could affect global climate change.
The tropical and global satellite data together
with the suite of different Mauna Loa observa-
tions suggest a decrease in global radiative forc-
ing (Fig. 3) over the past decade. The model has
been extensively compared to other Earth sys-
tem models of intermediate complexity as well
as to Atmosphere-Ocean General Circulation
Models [AOGCMs, see (28)]. The transient
climate response (TCR) of the model employed
here is slightly less than the mean of models
assessed by the Intergovernmental Panel on
Climate Change (2); the “very likely” range of
TCR across climate models suggests that the
absolute effects of the stratospheric aerosol
changes on climate considered below could be
greater by about 80% or smaller by about 40%.
However, the relative climate change impact of
stratospheric aerosols over a decade as compared
to other forcings, such as that of CO2, is not
affected by the model TCR. Although it is sim-
plified compared to AOGCMs, the Bern model
can be used to examine very small forced global
temperature changes that could be difficult to
quantify in AOGCMs against the computed noise
of internal variability.

A radiative forcing time series of well-mixed
greenhouse gases and tropospheric aerosols (25)
was used to provide a baseline model scenario
against which test cases, including different strato-
spheric aerosol radiative forcing changes for the
past and future, were compared. Figure 4 shows
that the observed increase in stratospheric
aerosol since the late 1990s caused a global
cooling of about –0.07°C as compared with a
case in which near-zero radiative forcing is
assumed after year 2000, as in the forcing data
sets often used in global climate models. Figure
4 shows that stratospheric aerosol changes have
caused recent warming rates to be slower than
they otherwise would have been. Although sub-
ject to much more instrumental uncertainty, Fig.
4 also suggests that the underlying increase in
the background aerosols from the very low val-
ues indicated by observations around 1960 to
the higher levels observed around 2000 prob-
ably reduced the global warming that would
otherwise have occurred between 1960 and 2000
by about –0.05°C. Such changes in integrated
radiative forcing also affect calculated thermal
sea-level rise rates (29). For the decade from
2000 to 2010, the observed stratospheric aerosol
radiative forcing from satellites yields about 10%

less sea-level rise from thermal expansion than
obtained when a background near zero is as-
sumed as in (26), about 0.16 cm versus 0.186
cm; the data presented in Fig. 3 provide a basis
for further study of these effects since 1960. In
summary, although the values of radiative forc-
ing due to the changing stratospheric aerosol
amounts are small as compared to, for example,
colossal eruptions or tropospheric pollution aero-
sol, they nevertheless can provide a significant
contribution to the forcing changes that drive
climate changes, particularly on decadal scales.

Future changes in stratospheric aerosols are
unknown because the frequency and intensity of
minor volcanic eruptions may be greater or less
than in the past decade (Fig. 1), and future trends
in anthropogenic SO2 emissions as well as their
ability to contribute to the stratospheric aerosol
layer remain uncertain. Figure 4 shows several
test cases probing a range of plausible changes
that could occur in the coming decade to 2020.
The figure demonstrates that climate model sce-
narios that neglect the changes in background
stratospheric aerosols relative to the year 2000
should be expected to continue to overestimate
radiative forcing changes and the related global
warming in the coming decade if the stratospher-
ic aerosol burden were to remain constant at cur-
rent values or continue to increase. On the other
hand, if stratospheric aerosols were to decay
back to their 1960 levels within the next decade,
then the rate of warming would be faster, and
the global average temperature is estimated to be
0.06°C greater by 2020. It should be emphasized
that additional contributions to global climate
variations of the past and future decades such
as from solar variations, natural variability, or
other processes are not ruled out by this study.

With the availability of improved satellite,
lidar, and ground-based data, the past decade
has provided an opportunity to document the im-
portance of changes in background stratospheric
aerosols in the absence of major volcanic erup-
tions. The changes in the stratospheric aerosol
layer have probably affected the observed rates
of decadal warming over the past decade, high-
lighting the importance of the variable strato-
spheric aerosol layer for past and future decadal
climate predictability.
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Fig. 4. Radiative forcing for six stratospheric aerosol forcing scenarios (top, also see Fig. 3) and the
resulting change in global average temperature since preindustrial times as calculated by the Bern
earth system model of intermediate complexity (bottom). Scenarios include: no stratospheric aerosol
forcing (solid blue/green line); only background aerosol forcing with no volcanoes (dash-dotted green
line); stratospheric aerosol forcing from GISS optical depths transitioning to no stratospheric aerosol
forcing after 2000 (black line); forcing from GISS until 1998, then assuming forcing inferred from the
global satellite optical depths (black followed by blue lines); this curve then splits into three future
projections (dashed purple lines) as described for Fig. 3.
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Do small changes in stratospheric aerosol impact climate? 



Variability in stratospheric aerosol impacts global radiative forcing 
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Fig. 4. Radiative forcing for six stratospheric aerosol forcing scenarios (top, also see Fig. 3) and the
resulting change in global average temperature since preindustrial times as calculated by the Bern
earth system model of intermediate complexity (bottom). Scenarios include: no stratospheric aerosol
forcing (solid blue/green line); only background aerosol forcing with no volcanoes (dash-dotted green
line); stratospheric aerosol forcing from GISS optical depths transitioning to no stratospheric aerosol
forcing after 2000 (black line); forcing from GISS until 1998, then assuming forcing inferred from the
global satellite optical depths (black followed by blue lines); this curve then splits into three future
projections (dashed purple lines) as described for Fig. 3.
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ilar future changes in the optical depth of strato-
spheric aerosol could affect global climate change.
The tropical and global satellite data together
with the suite of different Mauna Loa observa-
tions suggest a decrease in global radiative forc-
ing (Fig. 3) over the past decade. The model has
been extensively compared to other Earth sys-
tem models of intermediate complexity as well
as to Atmosphere-Ocean General Circulation
Models [AOGCMs, see (28)]. The transient
climate response (TCR) of the model employed
here is slightly less than the mean of models
assessed by the Intergovernmental Panel on
Climate Change (2); the “very likely” range of
TCR across climate models suggests that the
absolute effects of the stratospheric aerosol
changes on climate considered below could be
greater by about 80% or smaller by about 40%.
However, the relative climate change impact of
stratospheric aerosols over a decade as compared
to other forcings, such as that of CO2, is not
affected by the model TCR. Although it is sim-
plified compared to AOGCMs, the Bern model
can be used to examine very small forced global
temperature changes that could be difficult to
quantify in AOGCMs against the computed noise
of internal variability.

A radiative forcing time series of well-mixed
greenhouse gases and tropospheric aerosols (25)
was used to provide a baseline model scenario
against which test cases, including different strato-
spheric aerosol radiative forcing changes for the
past and future, were compared. Figure 4 shows
that the observed increase in stratospheric
aerosol since the late 1990s caused a global
cooling of about –0.07°C as compared with a
case in which near-zero radiative forcing is
assumed after year 2000, as in the forcing data
sets often used in global climate models. Figure
4 shows that stratospheric aerosol changes have
caused recent warming rates to be slower than
they otherwise would have been. Although sub-
ject to much more instrumental uncertainty, Fig.
4 also suggests that the underlying increase in
the background aerosols from the very low val-
ues indicated by observations around 1960 to
the higher levels observed around 2000 prob-
ably reduced the global warming that would
otherwise have occurred between 1960 and 2000
by about –0.05°C. Such changes in integrated
radiative forcing also affect calculated thermal
sea-level rise rates (29). For the decade from
2000 to 2010, the observed stratospheric aerosol
radiative forcing from satellites yields about 10%

less sea-level rise from thermal expansion than
obtained when a background near zero is as-
sumed as in (26), about 0.16 cm versus 0.186
cm; the data presented in Fig. 3 provide a basis
for further study of these effects since 1960. In
summary, although the values of radiative forc-
ing due to the changing stratospheric aerosol
amounts are small as compared to, for example,
colossal eruptions or tropospheric pollution aero-
sol, they nevertheless can provide a significant
contribution to the forcing changes that drive
climate changes, particularly on decadal scales.

Future changes in stratospheric aerosols are
unknown because the frequency and intensity of
minor volcanic eruptions may be greater or less
than in the past decade (Fig. 1), and future trends
in anthropogenic SO2 emissions as well as their
ability to contribute to the stratospheric aerosol
layer remain uncertain. Figure 4 shows several
test cases probing a range of plausible changes
that could occur in the coming decade to 2020.
The figure demonstrates that climate model sce-
narios that neglect the changes in background
stratospheric aerosols relative to the year 2000
should be expected to continue to overestimate
radiative forcing changes and the related global
warming in the coming decade if the stratospher-
ic aerosol burden were to remain constant at cur-
rent values or continue to increase. On the other
hand, if stratospheric aerosols were to decay
back to their 1960 levels within the next decade,
then the rate of warming would be faster, and
the global average temperature is estimated to be
0.06°C greater by 2020. It should be emphasized
that additional contributions to global climate
variations of the past and future decades such
as from solar variations, natural variability, or
other processes are not ruled out by this study.

With the availability of improved satellite,
lidar, and ground-based data, the past decade
has provided an opportunity to document the im-
portance of changes in background stratospheric
aerosols in the absence of major volcanic erup-
tions. The changes in the stratospheric aerosol
layer have probably affected the observed rates
of decadal warming over the past decade, high-
lighting the importance of the variable strato-
spheric aerosol layer for past and future decadal
climate predictability.
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Fig. 4. Radiative forcing for six stratospheric aerosol forcing scenarios (top, also see Fig. 3) and the
resulting change in global average temperature since preindustrial times as calculated by the Bern
earth system model of intermediate complexity (bottom). Scenarios include: no stratospheric aerosol
forcing (solid blue/green line); only background aerosol forcing with no volcanoes (dash-dotted green
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www.sciencemag.org SCIENCE VOL 333 12 AUGUST 2011 869

REPORTS

 o
n 

Au
gu

st
 2

4,
 2

01
1

w
w

w
.s

ci
en

ce
m

ag
.o

rg
D

ow
nl

oa
de

d 
fro

m
 



Variability in stratospheric aerosol impacts global radiative forcing 

Adapted from Solomon et al. (2011), The Persistently Variable “Background” Stratospheric Aerosol Layer and Global Climate Change, Science.

!8

Adapted from Solomon et al. (2011), The Persistently Variable “Background” Stratospheric Aerosol Layer and Global Climate Change, Science.

ilar future changes in the optical depth of strato-
spheric aerosol could affect global climate change.
The tropical and global satellite data together
with the suite of different Mauna Loa observa-
tions suggest a decrease in global radiative forc-
ing (Fig. 3) over the past decade. The model has
been extensively compared to other Earth sys-
tem models of intermediate complexity as well
as to Atmosphere-Ocean General Circulation
Models [AOGCMs, see (28)]. The transient
climate response (TCR) of the model employed
here is slightly less than the mean of models
assessed by the Intergovernmental Panel on
Climate Change (2); the “very likely” range of
TCR across climate models suggests that the
absolute effects of the stratospheric aerosol
changes on climate considered below could be
greater by about 80% or smaller by about 40%.
However, the relative climate change impact of
stratospheric aerosols over a decade as compared
to other forcings, such as that of CO2, is not
affected by the model TCR. Although it is sim-
plified compared to AOGCMs, the Bern model
can be used to examine very small forced global
temperature changes that could be difficult to
quantify in AOGCMs against the computed noise
of internal variability.

A radiative forcing time series of well-mixed
greenhouse gases and tropospheric aerosols (25)
was used to provide a baseline model scenario
against which test cases, including different strato-
spheric aerosol radiative forcing changes for the
past and future, were compared. Figure 4 shows
that the observed increase in stratospheric
aerosol since the late 1990s caused a global
cooling of about –0.07°C as compared with a
case in which near-zero radiative forcing is
assumed after year 2000, as in the forcing data
sets often used in global climate models. Figure
4 shows that stratospheric aerosol changes have
caused recent warming rates to be slower than
they otherwise would have been. Although sub-
ject to much more instrumental uncertainty, Fig.
4 also suggests that the underlying increase in
the background aerosols from the very low val-
ues indicated by observations around 1960 to
the higher levels observed around 2000 prob-
ably reduced the global warming that would
otherwise have occurred between 1960 and 2000
by about –0.05°C. Such changes in integrated
radiative forcing also affect calculated thermal
sea-level rise rates (29). For the decade from
2000 to 2010, the observed stratospheric aerosol
radiative forcing from satellites yields about 10%

less sea-level rise from thermal expansion than
obtained when a background near zero is as-
sumed as in (26), about 0.16 cm versus 0.186
cm; the data presented in Fig. 3 provide a basis
for further study of these effects since 1960. In
summary, although the values of radiative forc-
ing due to the changing stratospheric aerosol
amounts are small as compared to, for example,
colossal eruptions or tropospheric pollution aero-
sol, they nevertheless can provide a significant
contribution to the forcing changes that drive
climate changes, particularly on decadal scales.

Future changes in stratospheric aerosols are
unknown because the frequency and intensity of
minor volcanic eruptions may be greater or less
than in the past decade (Fig. 1), and future trends
in anthropogenic SO2 emissions as well as their
ability to contribute to the stratospheric aerosol
layer remain uncertain. Figure 4 shows several
test cases probing a range of plausible changes
that could occur in the coming decade to 2020.
The figure demonstrates that climate model sce-
narios that neglect the changes in background
stratospheric aerosols relative to the year 2000
should be expected to continue to overestimate
radiative forcing changes and the related global
warming in the coming decade if the stratospher-
ic aerosol burden were to remain constant at cur-
rent values or continue to increase. On the other
hand, if stratospheric aerosols were to decay
back to their 1960 levels within the next decade,
then the rate of warming would be faster, and
the global average temperature is estimated to be
0.06°C greater by 2020. It should be emphasized
that additional contributions to global climate
variations of the past and future decades such
as from solar variations, natural variability, or
other processes are not ruled out by this study.

With the availability of improved satellite,
lidar, and ground-based data, the past decade
has provided an opportunity to document the im-
portance of changes in background stratospheric
aerosols in the absence of major volcanic erup-
tions. The changes in the stratospheric aerosol
layer have probably affected the observed rates
of decadal warming over the past decade, high-
lighting the importance of the variable strato-
spheric aerosol layer for past and future decadal
climate predictability.
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Fig. 4. Radiative forcing for six stratospheric aerosol forcing scenarios (top, also see Fig. 3) and the
resulting change in global average temperature since preindustrial times as calculated by the Bern
earth system model of intermediate complexity (bottom). Scenarios include: no stratospheric aerosol
forcing (solid blue/green line); only background aerosol forcing with no volcanoes (dash-dotted green
line); stratospheric aerosol forcing from GISS optical depths transitioning to no stratospheric aerosol
forcing after 2000 (black line); forcing from GISS until 1998, then assuming forcing inferred from the
global satellite optical depths (black followed by blue lines); this curve then splits into three future
projections (dashed purple lines) as described for Fig. 3.
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ilar future changes in the optical depth of strato-
spheric aerosol could affect global climate change.
The tropical and global satellite data together
with the suite of different Mauna Loa observa-
tions suggest a decrease in global radiative forc-
ing (Fig. 3) over the past decade. The model has
been extensively compared to other Earth sys-
tem models of intermediate complexity as well
as to Atmosphere-Ocean General Circulation
Models [AOGCMs, see (28)]. The transient
climate response (TCR) of the model employed
here is slightly less than the mean of models
assessed by the Intergovernmental Panel on
Climate Change (2); the “very likely” range of
TCR across climate models suggests that the
absolute effects of the stratospheric aerosol
changes on climate considered below could be
greater by about 80% or smaller by about 40%.
However, the relative climate change impact of
stratospheric aerosols over a decade as compared
to other forcings, such as that of CO2, is not
affected by the model TCR. Although it is sim-
plified compared to AOGCMs, the Bern model
can be used to examine very small forced global
temperature changes that could be difficult to
quantify in AOGCMs against the computed noise
of internal variability.

A radiative forcing time series of well-mixed
greenhouse gases and tropospheric aerosols (25)
was used to provide a baseline model scenario
against which test cases, including different strato-
spheric aerosol radiative forcing changes for the
past and future, were compared. Figure 4 shows
that the observed increase in stratospheric
aerosol since the late 1990s caused a global
cooling of about –0.07°C as compared with a
case in which near-zero radiative forcing is
assumed after year 2000, as in the forcing data
sets often used in global climate models. Figure
4 shows that stratospheric aerosol changes have
caused recent warming rates to be slower than
they otherwise would have been. Although sub-
ject to much more instrumental uncertainty, Fig.
4 also suggests that the underlying increase in
the background aerosols from the very low val-
ues indicated by observations around 1960 to
the higher levels observed around 2000 prob-
ably reduced the global warming that would
otherwise have occurred between 1960 and 2000
by about –0.05°C. Such changes in integrated
radiative forcing also affect calculated thermal
sea-level rise rates (29). For the decade from
2000 to 2010, the observed stratospheric aerosol
radiative forcing from satellites yields about 10%

less sea-level rise from thermal expansion than
obtained when a background near zero is as-
sumed as in (26), about 0.16 cm versus 0.186
cm; the data presented in Fig. 3 provide a basis
for further study of these effects since 1960. In
summary, although the values of radiative forc-
ing due to the changing stratospheric aerosol
amounts are small as compared to, for example,
colossal eruptions or tropospheric pollution aero-
sol, they nevertheless can provide a significant
contribution to the forcing changes that drive
climate changes, particularly on decadal scales.

Future changes in stratospheric aerosols are
unknown because the frequency and intensity of
minor volcanic eruptions may be greater or less
than in the past decade (Fig. 1), and future trends
in anthropogenic SO2 emissions as well as their
ability to contribute to the stratospheric aerosol
layer remain uncertain. Figure 4 shows several
test cases probing a range of plausible changes
that could occur in the coming decade to 2020.
The figure demonstrates that climate model sce-
narios that neglect the changes in background
stratospheric aerosols relative to the year 2000
should be expected to continue to overestimate
radiative forcing changes and the related global
warming in the coming decade if the stratospher-
ic aerosol burden were to remain constant at cur-
rent values or continue to increase. On the other
hand, if stratospheric aerosols were to decay
back to their 1960 levels within the next decade,
then the rate of warming would be faster, and
the global average temperature is estimated to be
0.06°C greater by 2020. It should be emphasized
that additional contributions to global climate
variations of the past and future decades such
as from solar variations, natural variability, or
other processes are not ruled out by this study.

With the availability of improved satellite,
lidar, and ground-based data, the past decade
has provided an opportunity to document the im-
portance of changes in background stratospheric
aerosols in the absence of major volcanic erup-
tions. The changes in the stratospheric aerosol
layer have probably affected the observed rates
of decadal warming over the past decade, high-
lighting the importance of the variable strato-
spheric aerosol layer for past and future decadal
climate predictability.
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Fig. 4. Radiative forcing for six stratospheric aerosol forcing scenarios (top, also see Fig. 3) and the
resulting change in global average temperature since preindustrial times as calculated by the Bern
earth system model of intermediate complexity (bottom). Scenarios include: no stratospheric aerosol
forcing (solid blue/green line); only background aerosol forcing with no volcanoes (dash-dotted green
line); stratospheric aerosol forcing from GISS optical depths transitioning to no stratospheric aerosol
forcing after 2000 (black line); forcing from GISS until 1998, then assuming forcing inferred from the
global satellite optical depths (black followed by blue lines); this curve then splits into three future
projections (dashed purple lines) as described for Fig. 3.
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What is driving the variability after 2000?



Two Possible Sources


• Increase in Asian 
Anthropogenic emissions          
(Hofmann et al. 2009) 



• Moderate episodic 
volcanic injections 
(Vernier et al. 2011)
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Satellite Observations Reveal Volcanic Influence
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Asian SO2 Emissions

Adapted from Smith et al. (2011), Anthropogenic sulfur dioxide emissions: 1850–2005, Atmos. Chem. Phys, 11(3), 1101–1116, 
doi:10.5194/acp-11-1101-2011.
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to low-sulfur coal was a major driver of emissions reduc-
tions until recent years. Flue-gas desulfurization has played
an increasing role in recent years, when the coal sulfur con-
tent actually increased, but emissions continued to decrease
(see Supplement, Fig. S-2).

The impact of these changes can be seen in Fig. 7, which
shows the aggregate emissions factor (emissions over fuel
combusted) by region. Note that the split between coal and
petroleum emissions is approximate in some regions, which
means that there is uncertainty in these emissions factors.
The aggregate emissions factor shown in Fig. 7 includes the
impact of changes in sulfur content, sectoral shifts, and emis-
sions controls.

The change in coal emissions factor varies greatly by re-
gion, with some regions showing little change, while emis-
sions factors in many regions, including the Japan, Europe,
United States, Canada, and South Korea, have decreased sub-
stantially since 1970. As a result, the global average emis-
sions factor for combusted coal has decreased by 2005 to
60% of the 1970 value. Shifts to lower sulfur coal and flue-
gas desulfurization have contributed to lower relative emis-
sions from coal combustion, although emissions data alone
is not sufficient to quantify these effects individually.

The emissions factor for petroleum has decreased in all
world regions. The global average emissions factor for
petroleum products in 2005 is about half of the 1970 value.
From a top-down perspective, this is due to an increase in
the fraction of sulfur removed from crude oil at oil refiner-
ies. From a bottom-up perspective, the decrease is due to
limits on the sulfur content of end-use fuels and a reduction
in the fraction of residual oil consumed. Countries such as
Mexico and South Korea had particularly high percentages
of residual oil in their consumption mix until around 1990,
and a decrease in this fraction since then has contributed to
the decline in the aggregate petroleum emissions factor.

4.2 Comparison with other estimates

The methodology used here, whereby regional inventories
are used to calibrate a bottom-up emissions estimate, was
used in order to produce an estimate that uses what was
judged to be the best data from various regions. Use of
such inventory information automatically takes into account
emissions control efforts, providing the inventory data used
accurately takes these factors into account. Uncertainty

Atmos. Chem. Phys., 11, 1101–1116 /1102/1011/11/ten.syhp-mehc-somta.www1102,
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Current observations cannot partition  
the observed variability to sources
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9304 J. M. English et al.: Microphysical simulations of new particle formation

Fig. 1. Diagram of the WACCM/CARMA Model. WACCM simulates emissions, chemistry, dynamics and wet deposition. CARMA
simulates nucleation, condensational growth, coagulation, and sedimentation.

(Zhang et al., 2004). Ion-mediated nucleation (IMN) of sul-
furic acid and water has received increased attention in re-
cent years as a possible link between solar activity and cli-
mate (Yu and Turco, 2001; Lovejoy et al., 2004). Ions pro-
duced by cosmic rays entering earth’s atmosphere may sta-
bilize molecular clusters, increasing the formation rate and
number of new particles. As these ions are produced in much
of the earth’s atmosphere (Usoskin et al., 2009), they can
potentially influence nucleation rates in any region. While
numerous modeling and observational studies have investi-
gated IMN in the lower troposphere (e.g. Yu and Turco 2001,
2011; Lovejoy et al., 2004; Eisele et al., 2006), study of the
UTLS region is more limited. Kanawade and Tripathi (2006)
calculated IMN with a sectional aerosol model and found
agreement with UTLS observations, but did not compare
with BHN simulations. Pierce and Adams (2009) and Snow-
Kropla et al. (2011) calculated changes in IMN from solar
cycle changes using a sectional model and found the IMN
contribution to cloud condensation nuclei to be two orders
of magnitude too small to account for observed changes in
cloud properties. Yu and Luo (2009) calculated IMN with
a sectional microphysical aerosol model and found reason-
able agreement in the troposphere, but did not compare to
BHN, and did not compare to observations in the UTLS. Yu
et al. (2010) compared nucleation rates and number concen-
tration from IMN and two different BHN schemes in the
troposphere to aircraft observations, but did not study the
aerosol evolution (size, mass, effective radius) and did not
study stratospheric properties. Kazil et al. (2010) found that
simulations agree best with observations in the lower and
mid-troposphere when IMN and BHN are included across
the entire model domain and organic cluster formation is in-

cluded but limited to the continental boundary layer, but did
not compare to observations in the stratosphere. We present
the first simulations using a sectional aerosol microphysical
model that includes two different binary homogeneous nu-
cleation schemes and an ion-induced nucleation scheme. We
compare our simulations with UTLS observations of size dis-
tribution (Lee et al., 2003; Deshler et al., 2003), number
concentration (Borrmann et al., 2010; Brock et al., 1995;
Heintzenberg et al., 2003), and Stratospheric Aerosol and
Gas Experiment (SAGE) II aerosol extinctions and effective
radii (Chu et al., 1989).

2 Model description

We have constructed a three-dimensional general circulation
model with sulfur chemistry and sectional aerosol micro-
physics. We use the Whole Atmosphere Community Cli-
mate Model (WACCM) (Garcia et al., 2007) coupled with
the Community Aerosol and Radiation Model for Atmo-
spheres (CARMA) (Toon et al., 1988). Figure 1 illustrates
the processes treated in the coupled model. Model cou-
pling is done by implementing a single column version of
CARMA as a WACCM physics package. Results of this
coupling for meteoric dust (Bardeen et al., 2008), noctilu-
cent clouds (Bardeen et al., 2010) and black carbon (Mills
et al., 2008; Ross et al., 2010) have been published previ-
ously. Other versions of the code have been used to simulate
sea salt and dust (Fan and Toon, 2010; Su and Toon, 2011).
The WACCM state is passed to CARMA one column at a
time. CARMA calculates changes to the constituents, and
the tendencies are sent back to WACCM where they are used
to adjust the model’s state. Each CARMA aerosol size bin

Atmos. Chem. Phys., 11, 9303–9322, 2011 www.atmos-chem-phys.net/11/9303/2011/

The Model:

CARMA
Bins from

0.2 nm to 1100 nm 

Sulfates: Meteoritic Smoke, Pure Sulfates, Mixed Sulfates 
Non-Sulfates: Primary Organics (POA), Secondary Organics (SOA),  
Black Carbon (BC), Wind Blown Dust, Sea Salt

Adapted from English et al. (2011)
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Adapted from J. English



Model Experiment Setup: SO2 Schemes

5 model years

Background
(Year 2000)

Volcanic

Anthropogenic

10 model years

“2000” “2010”

Spin-Up 
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Model: CESM1(WACCM) coupled to CARMA (bin microphysical model)
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Recent variability in stratospheric aerosol is mostly due to volcanic 
eruptions but...influences from anthropogenic emissions may have 

an impact on the lower troposphere (Neely et al. GRL 2013)  Adapted from Neely, R. R., III et al. (2013), Recent anthropogenic increases in SO2 from Asia have minimal impact on stratospheric 
aerosol, Geophys. Res. Lett, doi:10.1002/grl.50263.
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What mechanism leads to this possible enhancement?

Background
Background + China and India
Background + Volcanoes
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Anthropogenic Influence: The Asian Tropical Aerosol Layer (ATAL)
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Fig. 10. JJA depictions of median aerosol extinction coefficient ratio (relative to molecular) for
SAGE II observations between 15 and 45◦ N for individual years: 1989 (a), 1997 (b), 1998 (c),
and 1999 (d). Contours are drawn every 0.1 from 1.4 to 4.0.

27553

Median 1020 nm Extinction Ratio Observed by SAGE II 
from 15N to 45N, June thru August  

Plot adapted from Thomason, L. W. and Vernier, J.-P.: Improved SAGE II cloud/aerosol categorization and observations of the asian tropopause aerosol 
layer: 1989–2005, Atmos. Chem. Phys. Discuss., 12, 27521-27554, doi:10.5194/acpd-12-27521-2012, 2012.



Asian Anthropogenic Influence on the ATAL
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Modeled Mean 1020 nm Extinction Ratio  
from 14ºN to 46ºN, June-August  

Without Chinese and Indian SO2
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Adapted from: Neely et al., (2014), Regional Contributions of Anthropogenic SO2 Emissions to the Asian Tropopause Aerosol Layer, JGR;  Accepted.
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Questions?
!23

Mt. Doom has not contributed to 
stratospheric aerosol 

since the Third Age of  Middle Earth.


