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2000 to 2010 is an unprecedented “background” period
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Clear Sky Transmission At Mauna Loa, HI indicates “background” 
stratospheric aerosol conditions since 1998.



eruption observed at Boulder. Three soundings shortly after
each of these events were not included in the trend data.
Figure 2a shows the Mauna Loa Observatory Nd:YAG lidar
20–25 km integrated backscatter data from 1994, when the
lidar began operating, to early 2009. The data have been
analyzed using the technique of Thoning et al. [1989] to
smooth the data, remove the seasonal variation, and deter-
mine the trend curve and growth rate (determined by differ-
entiating the deseasonalized trend curves). There is a biennial
component in the deseasonalized trend in Figure 2a, likely
related to the quasi-biennial oscillation (QBO) in tropical
winds, as will be discussed later. From 1994 to 1996 the
decay of aerosol from the 1991 Pinatubo eruption dominates
the data [Barnes and Hofmann, 1997]. From 1996 to 2000
there was a slightly decreasing trend at Mauna Loa,
possibly due to remnants of the Pinatubo eruption. How-
ever, after 2000 there is a decidedly increasing aerosol
backscatter trend. The magnitude of the aerosol backscatter
trend at Mauna Loa Observatory varies with altitude. The
maximum trend occurs in the 20–25 km region with an
average value of 4.8% per year, and about 3.3% per year
for the total column for the 2000–2009 period (the
standard error in determining these trends is about ±5%
of the trend value). Figure 2b, for the 20–25 km range at
Boulder, indicates an increasing average trend of 6.3% per
year for the 2000–2009 period.
[7] It is important to note that the seasonal increase in

aerosol backscatter (summer to winter) is about 2.5 times
larger than the backscatter magnitude of the 2000–2009
trend. Therefore, the trend would be difficult to detect by
any method that cannot resolve the seasonal variation. We
are not aware of other surface-based or satellite lidar or
satellite limb extinction instruments that have reported
observing the background aerosol seasonal variation or a
long-term trend. Finally, since 1996, the peak-to-peak mag-
nitude of the detrended, smoothed annual cycle at Mauna

Figure 1. Seasonal average aerosol backscatter ratio profiles at (a) Mauna Loa Observatory and (b) Boulder, Colorado.
The backscatter ratio is defined as the ratio of the total backscatter (aerosol plus molecular backscatter) to the molecular
backscatter. A ratio of 1.0 indicates pure atmospheric molecular scattering. The inset in Figure 1a shows the seasonal cycle
amplitude versus time.

Figure 2. Integrated backscatter for the 20–25 km altitude
range at (a) Mauna Loa Observatory and (b) Boulder,
Colorado.
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Adapted from Hofmann at al. (2009)

   

GMD Lidar observations reveal variability 
in “background” stratospheric aerosol 
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A “Trend” In Global Stratospheric Aerosol?

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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Adapted from Vernier, J. P. et al. Major influence of tropical volcanic eruptions on the stratospheric aerosol layer during the last decade. 
Geophys. Res. Lett 38, L12807– (2011).
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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.
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Greenhouse gas forcing increased continuously throughout period. 
Stratospheric aerosol only slowed increase by ~0.2W/m2

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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Possible Theories for “Trends”: Asian Emissions?
0.6% of Global Emissions   

must make it to stratosphere 
to maintain sulfur burden 
(Hofmann et al. 2009)

S. J. Smith et al.: Anthropogenic sulfur dioxide emissions: 1850–2005 1107

To include the impact of such systemic effects, we add to
the uncertainty estimate for each source category an addi-
tional uncertainty amounting to 5% of total emissions (half
this value for countries with well-specified inventories), with
the additional uncertainty combined again in quadrature be-
tween source categories. This latter assumption is made since
there is little overlap in assumptions between sulfur contents,
emissions controls, or driver data between the broad cate-
gories used in this calculation. The uncertainty estimates are,
again, author’s judgments, but are sufficient to increase the
overall uncertainty estimate enough to encompass a larger
fraction of the existing global estimates (S.13).
The global value of the systemic uncertainty component is

less than 3% since 1960, due to statistical cancellation across
sectors, increasing to 4% by 1920 as emissions from coal
combustion become more dominant. The addition of this
correlated component to uncertainty has a large impact on the
final uncertainty value. The uncertainty range is increased by
a factor of 1.3 to 1.5, depending on the year. Even with this
component, however, the global uncertainty in sulfur diox-
ide emissions over the 20th century is still only 8–14%. The
global emissions estimate of Smith et al. (2004) now largely
falls within this expanded uncertainty range. While this com-
ponent has a large relative impact on the global uncertainty,
the impact of this assumption on regional uncertainties is
somewhat smaller. For example, the largest uncertainty in
recent years is in emissions from China. The addition of this
correlated component increases the magnitude of the total es-
timated uncertainty for China emissions by a factor of 1.2
(from 25% of total emissions to 29% of total emissions).
The combined uncertainty bounds for global emissions are

shown in Fig. 3. The uncertainty bounds are not wide enough
on a global level to change the overall character of emissions
over time, with global emissions peaking in the 1970s, with
a significant decrease over the 1990’s, and likely increasing
slightly in recent years. In 2000, the estimated uncertainty in
global emissions is ±9 600Gg SO2. While a number of pre-
vious estimates lie within the uncertainty bounds estimated
here, there are some significant differences. In particular, a
number of estimates are larger than even the upper uncer-
tainty bound in 1990 (see Supplement S.15). We return to
this point in the discussion.
The estimated uncertainty bounds for the United States

and China are also shown in Fig. 3. The uncertainty range
for the United States is smaller, even in earlier years, than
the estimate for China. In recent years, a large portion of this
difference is due to the assumed lower uncertainty by source
(Table 1). Also contributing to a lower overall uncertainty
estimate is that emissions from the United States throughout
the 20th century are from a wider variety of sources as com-
pared to China, where emissions are dominated by coal con-
sumption in all periods. This results in a larger statistical can-
celation of uncertainties between sectors in the United States.
Examples of such effects are discussed for European emis-
sions estimates in Schöpp et al. (2005). Offsetting this some-
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Fig. 3. Sulfur dioxide emissions from fuel combustion and process
emissions with central value (solid line) and upper and lower un-
certainty bounds (dotted lines). (a) Global,(b) China, and (c) USA.
China and USA graphs exclude shipping emissions.

what is a similar relative impact of systematic uncertainties.
Uncertainty in emissions from China is large enough that sig-
nificant differences in trends over recent decades are possible
if trends in uncertain parameters also change over time.
The regional uncertainty values, before combination to

global values as described above, are shown in Fig. 4. China
is the largest single contributor to emissions uncertainty

www.atmos-chem-phys.net/11/1101/2011/ Atmos. Chem. Phys., 11, 1101–1116, 2011

Adapted from Smith, S. J., J. van Aardenne, Z. Klimont, R. J. Andres, A. Volke, and S. Delgado Arias (2011), Anthropogenic sulfur dioxide 
emissions: 1850–2005, Atmos. Chem. Phys, 11(3), 1101–1116, doi:10.5194/acp-11-1101-2011.



Possible Theories for “Trends”: Moderate Volcanoes?

Adapted from Vernier, J. P. et al. Major influence of tropical volcanic eruptions on the stratospheric aerosol layer during the last decade. GRL 38, L12807– (2011).



Current observations cannot partition 
the observed variability to sources



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
4 x 36 Bins

0.2 nm to 1100 nm 

Meteoritic Smoke, Pure Sulfates, 
Mixed Sulfates

Adapted from English et al. (2011)
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Neely, R. R., III, J. M. English, O. B. Toon, S. Solomon, M. Mills, and J. P. Thayer (2011), Implications of extinction due to meteoritic smoke in the upper 
stratosphere, Geophys. Res. Lett, 38(24), doi:10.1029/2011GL049865.



Model Experiment Setup: SO2 Schemes
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Fig. 10. JJA depictions of median aerosol extinction coe�cient 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.
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Increases in Asian Anthropogenic Emissions since 2000
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2000 to 2010 is an unprecedented “background” period

hanced lofting of the aerosol layer in summer in the tropics
above 22 km, whereas the lofting was suppressed in winter.
In the extratropics, poleward and downward transport and
mixing of aerosols were obvious at around 16–22 km
during winter. The seasonal cycles of stratospheric aerosols
were also examined by Barnes and Hofmann [2001] using
lidar measurements from Mauna Loa (19.5!N) for 1996–
2000. They reported that aerosol backscatter at 0.532 mm
exhibited a distinct maximum in winter and a minimum in
summer across the entire altitude range from 10 to 30 km. It
is worth noting that their results of a winter maximum
conflicted with the results of an enhanced summer uplift and
a summer-fall maximum above 22 km in the subtropics
obtained by Hitchman et al. [1994]. This difference could
have arisen from the fact that the analyses by Hitchman et
al. [1994] and many earlier studies included data from
volcanically active periods, whereas Barnes and Hofmann
[2001] focused on the ‘‘background’’ period. Therefore,
when examining aerosol conditions in volcanically active
periods, it is important to consider the spatial inhomogene-
ity of the aerosol distribution and differences in the decay
timescales depending on latitude and altitude. For example,
year-to-year variation in the aerosol amount caused by some
dynamical effects would be masked by long-term decay

soon after large volcanic eruptions. Furthermore, it is also
important to understand the differences in seasonal cycles of
stratospheric aerosols between volcanically active periods
and background periods in terms of chemical and micro-
physical processes.
[4] In recent years, stratospheric aerosols have remained

at relatively stable levels because of the lack of major
volcanic eruptions after the Pinatubo eruption in June
1991 [Thomason et al., 2008]. Figure 1 shows time series
of zonal mean aerosol extinction coefficients at the three
wavelengths (0.452, 0.525, and 1.02mm), the effective
particle radius, and the Ångström parameter measured with
SAGE II in the region 10!S–10!N at 22 km altitude from
January 1993 to December 2004. Here, the effective radius
was calculated from the principal component analysis of
aerosol extinction at multiple wavelengths, based on Mie
theory [Thomason et al., 1997]. The Ångström parameter
was also calculated using aerosol extinction at 0.452, 0.525,
and 1.02 mm. The wavelength dependence of the extinction
can be approximated as b = b0l!a, where b is an
extinction coefficient, l is wavelength, and a is the
Ångström parameter. The altitude of 22 km was chosen
because volcanic aerosol particles can usually be observed at
this level following volcanic eruptions. The extinction data
at 22 km indicate a relatively quiet ‘‘near-background’’
condition during 1998 and 2004. From 1998 to 1999,
aerosol extinction at 1.02 mm and effective radius slowly
decreased while the Ångström parameter increased. These
three parameters approached a stable condition by 2000. In
contrast, aerosol extinction values at 0.525 and 0.452 mm
seem to have reached a stable condition by 1998. The
difference in the time variation observed at different wave-
lengths is because the aerosol extinctions at shorter wave-
lengths were less sensitive than the 1.02-mm extinction to
large particles that still remained in 1998 and 1999 after the
volcanic perturbation caused by the Pinatubo eruption
[Thomason et al., 2008; L. W. Thomason, personal commu-
nication, 2009]. Except for minor perturbations by the
eruptions of Ruang and Reventador in late 2002, the period
after 2000 is considered to be the only background period of
aerosol level observed by satellite measurements since the
late 1970s. Thomason et al. [2008] examined the sensitivity
of SAGE II aerosol extinction data for 1998–2004 under a
nonvolcanic condition to the major components of the
processing algorithm and found that the aerosol extinction
measurements at 1.02 and 0.525 mm are difficult to have a
bias exceeding 10% at 1.02 mm and 20% at 0.525 mm at the
observed nonvolcanic condition.
[5] The objective of this study was to examine the

seasonal cycles in stratospheric near-background aerosols
(SNBAs) using aerosol extinction data from SAGE II for
the period from January 1998 to December 2004, when
stratospheric aerosol extinction at 0.525 mm reached the
stable level after the eruption of Mount Pinatubo. We
focused on 0.525 mm rather than 1.02 mm because the
record for 0.525 mm provides stable data over a longer time
period for analysis of the near-background period of strato-
spheric aerosols. To understand the seasonal cycles of
SNBAs, we compared these cycles with the seasonal cycles
of water vapor. The seasonal cycles of aerosol extinction
and water vapor have common features controlled mainly
by transport and tropospheric source gases, because the

Figure 1. Time series of zonal mean aerosol parameters
(symbols) with statistical errors (error bars) between 10!S
and 10!N at 22 km altitude from 1993 to 2004. (top)
Extinction coefficients in km!1 at 1.02 (black), 0.525
(blue), and 0.452 mm (red). (bottom) Ångström parameter
(purple) and effective radius in mm (green). The arrow in
Figure 1 (top) indicates a stable period for extinction
coefficients at 0.525 and 0.452 mm, and the arrow in Figure 1
(bottom) indicates the stable period for the extinction
coefficient at 1.02 mm, the Ångström parameter, and the
effective radius.
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Fig. 2. Apparent transmission observed at Mauna Loa (top). Monthly values
are determined from the highest transmission observed in each month that
contained at least 10 observations. The annual values represent the mean of
the 10 most transparent days of each year. Aerosol optical depths for Mauna
Loa stratospheric lidar (middle) and ground-based optical depth data (for the
10 cleanest days from the Precision Filter Radiometer, see text) are also shown,

along with tropical satellite data. The annual apparent transmission values are
also plotted in the middle panel for comparison (+). (Bottom) Comparison of
the global optical depths used in many climate modeling studies [(26) and see
http://data.giss.nasa.gov/modelforce/strataer/ (27)] to the measured values for
50°N to 50°S from satellite data discussed in the text. The satellite data are
integrated from 15 to 40 km and are screened to remove clouds; see (25).

Fig. 3. Radiative forcing from stratospheric aerosols
(scale at left). The forcings that have been used in many
climate modeling studies are represented by the dotted
black (26) and dotted green curves (27), whereas that
derived here from satellite observations is shown in the
solid blue curve (17, 25); + symbols represent the Mauna
Loa apparent transmission observations as in Fig. 2
(scale at right). The dash-dotted green line represents
our estimate of the radiative forcing changes of the
evolving background stratospheric aerosol implied by
the Mauna Loa transmission data to the late 1990s.
Three future test cases are also shown (dashed purple
lines), in which aerosol forcing is held constant from
2010 to 2020, continues to increase in magnitude at
5%/year, or decays back to the assumed 1960 level
with a 3-year time constant.
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Layer became stable only in 2000. 

Previous observations will be influenced 
by 1991 Pinatubo eruption.

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

Niwano et al. (2009), Seasonal cycles of Stratospheric Aerosol and Gas Experiment II near-
background aerosol in the lower stratosphere, J. Geophys. Res, 114(D14), D14306.



Anthropogenic Influence: The Asian Tropical Aerosol Layer (ATAL)
Mean Scattering Ratio (SR) from CALIPSO at 532 nm between 15–17 km

23

1° latitude × 2° longitude × 200 m. Then, the Scattering
Ratio (SR) (the ratio of aerosol plus molecular backscatter to
molecular alone) is computed using the total backscatter
(aerosol+molecular) from CALIPSO and the molecular
alone from European Center Medium Weather Forecast
(ECMWF) model density [Vernier et al., 2009]. However,
preliminary results have shown that the CALIPSO calibra-
tion needs to be adjusted in the tropics, due to the presence
of aerosols in the calibration zone between 30–34 km. To
rectify it, all CALIOP data were corrected using the recal-
ibration method developed by Vernier et al. [2009]. Below
20 km, cloudy pixels with a mean volume depolarization
ratio (d) greater than 5% are removed.

3. An Asian Tropopause Aerosol Layer (ATAL)

[5] Figure 1 represents maps of the mean Scattering Ratio
(SR) between 15–17 km for Jul–Aug 2006 (Figure 1a), 2007
(Figure 1b), 2008 (Figure 1c) and 2009 (Figure 1d), on
which the mean wind fields from ECMWF have been su-
perimposed. The three consecutive summertime maps, from
2006 to 2008, depict the presence of an Asian Tropopause
Aerosol Layer (ATAL), extending from Eastern Mediterra-
nean (down to North Africa) to Western China (down to
Thailand) with a SR between 1.12–1.18. These aerosols are
confined in the anticyclone circulation as shown by the wind
fields, with a maximum more pronounced on its western
part. Since this feature appears every year over the same
region, a volcanic origin hypothesis can be excluded at least
for the first three years. However, this is not the case in Jul–
Aug 2009, when a few months earlier, a large plume of 1 Tg

of SO2 was injected above the tropopause after the eruption
of Sarychev volcano (Kamchatka, Russia) on June 7th,
2009 [Haywood et al., 2010]. It induced a large scale vol-
canic plume circumnavigating the northern hemisphere for
6 months that was consequently observed in Jul–Aug 2009
by CALIPSO with a SR greater than 1.2 (Figure 1d). During
this period, the anticyclone pattern is revealed by the vol-
canic tracers bypassing northern Asia, and subsequently
transported equatorward along its eastern branch. Since the
density of aerosol in Jul–Aug 2009 inside the anticyclone,
compared to the background, remains relatively low, it
also shows that air inside the anticyclone is well isolated
from the rest of the ‘world’, a result in agreement with the
behavior of other trace gases such as CO, O3 and H2O [Park
et al., 2008]. However and in contrast to what has been
deduced from model, the northern part of the anticyclone
seems to offer an effective dynamical barrier for tropo-
sphere‐to‐stratosphere exchange [Dunkerton, 1995; Chen,
1995]. We notice also a similar aerosol feature, though
less pronounced, over Western United States associated with
the North American monsoon.
[6] In order to study the seasonal variation of the Asian

layer, we plotted in Figure 2 the mean SR time series at 3
levels (15, 16, 17 km) within the box roughly bounding the
anticyclone [15–45oN; 5–105oE]. The maximum of Scat-
tering Ratio, when not disturbed by volcanic input, peaks
in phase at each level every year between July and August.
This is not the case in 2008, when a time shift of 1 month
can be observed at 17 km due to the volcanic aerosols from
Okmok which erupted on 7 August 2008 and subsequently
were transported toward Asia. The next year, the strong

Figure 1. Maps of the mean Scattering Ratio (SR) from CALIPSO at 532 nm between 15–17 km in Jul–Aug (a) 2006,
(b) 2007, (c) 2008 and (d) 2009. Superimposed are the wind vectors from ECMWF at 100 hPa integrated during the same
periods. The data in the South Atlantic Anomaly, represented by the white lozenge are discarded. Ice crystals are removed
when the volume depolarization ratio within a pixel is greater than 5%.

VERNIER ET AL.: ATAL L07804L07804

2 of 6

Jun-Aug 2006 Jun-Aug 2007

Jun-Aug 2008 Jun-Aug 2009

Adapted from: Vernier, J. P., L. W. Thomason, and J. Kar (2011), CALIPSO detection of an Asian tropopause aerosol layer, Geophys. Res. Lett, 38(7), doi:10.1029/2010GL046614.



Anthropogenic emissions transported 
to the stratosphere via the Asian Monsoon

Plot from Randel et al. (2010), Asian Monsoon Transport of Pollution to the Stratosphere, Science.



2000 to 2010 is an unprecedented “background” period
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Fig. 2. Apparent transmission observed at Mauna Loa (top). Monthly values
are determined from the highest transmission observed in each month that
contained at least 10 observations. The annual values represent the mean of
the 10 most transparent days of each year. Aerosol optical depths for Mauna
Loa stratospheric lidar (middle) and ground-based optical depth data (for the
10 cleanest days from the Precision Filter Radiometer, see text) are also shown,

along with tropical satellite data. The annual apparent transmission values are
also plotted in the middle panel for comparison (+). (Bottom) Comparison of
the global optical depths used in many climate modeling studies [(26) and see
http://data.giss.nasa.gov/modelforce/strataer/ (27)] to the measured values for
50°N to 50°S from satellite data discussed in the text. The satellite data are
integrated from 15 to 40 km and are screened to remove clouds; see (25).

Fig. 3. Radiative forcing from stratospheric aerosols
(scale at left). The forcings that have been used in many
climate modeling studies are represented by the dotted
black (26) and dotted green curves (27), whereas that
derived here from satellite observations is shown in the
solid blue curve (17, 25); + symbols represent the Mauna
Loa apparent transmission observations as in Fig. 2
(scale at right). The dash-dotted green line represents
our estimate of the radiative forcing changes of the
evolving background stratospheric aerosol implied by
the Mauna Loa transmission data to the late 1990s.
Three future test cases are also shown (dashed purple
lines), in which aerosol forcing is held constant from
2010 to 2020, continues to increase in magnitude at
5%/year, or decays back to the assumed 1960 level
with a 3-year time constant.
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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.

Bern 2.5cc

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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Impacts on global temperature

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.

References and Notes
1. J. Hansen, M. Ruedy, M. Sato, K. Lo, Rev. Geophys. 48,

2010RG000345 (2010).
2. Intergovernmental Panel on Climate Change, Climate

Change 2007: The Physical Science Basis, Contribution of
Working Group I to the Fourth Assessment Report of the
Intergovernmental Panel on Climate Change, S. Solomon
et al., Eds. (Cambridge Univ. Press, Cambridge, 2007).

3. C. G. Newhall, S. Self, J. Geophys. Res. 87, 1231
(1982).

4. J. Hansen, A. Lacis, R. Ruedy, M. Sato, Geophys. Res. Lett.
19, 215 (1992).

5. A. Robock, Rev. Geophys. 38, 191 (2000).
6. C. E. Junge, C. W. Chagnon, J. E. Manson, J. Meteorol. 18,

81 (1961).
7. P. J. Crutzen, Geophys. Res. Lett. 3, 73 (1976).
8. M. Chin, D. D. Davis, J. Geophys. Res. 100, 8993

(1995).

Total Radiative Forcing

1980 1990 2000 2010 2020
0.0

0.5

1.0

1.5

2.0
W

/m
2

Temperature Change

1980 1990 2000 2010 2020
Year

0.0

0.2

0.4

0.6

0.8

1.0

D
eg

 C
 

 

 

 

 

 

 

 

 

"Background"

GISS

Projections
No strat. aerosols

GISS + no strat. aerosols after 2000

Satellite

El
Chichon

Pinatubo

 

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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Lu et al. (2010), Sulfur dioxide emissions in China and sulfur trends in East Asia 
since 2000, Atmos. Chem. Phys, 10(13)

Anthropogenic vs Volcanic emissions

Year China Volcano

2006 0.2 TgS Soufrière Hills
0.17 TgS

Estimated Emission to Stratosphere
(0.6% of Global Emissions must make it to 

stratosphere to maintain sulfur burden 
(Hofmann et al. 2009))
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Table 1. Summary of the available STEM model runs and the applied anthropogenic emission inventories.

2001–2005a 2006 2007 2008

Annual TRACE-Pb – – –
April TRACE-Pb INTEX-Bc – ARCTASd
July TRACE-Pb – – ARCTASd/Olympic-Basee
August TRACE-Pb – Olympic-Basee Olympic-Basee

a Only 8-month simulation (January to August) is available for the year 2005.
b The target year for the TRACE-P inventory is 2001.
c The target year for the INTEX-B inventory is 2006.
d The emission within the Asian continent of the ARCTAS inventory is essentially the same as that of the INTEX-B inventory.
e The Olympic-Base inventory specifically targets the Beijing Olympic Games period in 2008. The emission estimates for China are improved
for the Beijing area and updated based on the INTEX-B inventory.

3 SO2 emission in East Asia after 2000

3.1 Anthropogenic SO2 emission in China after 2000

3.1.1 Trend and distribution of the emissions

Figure 2a shows the annual trend of SO2 emission in China
after 2000, and emissions by province and by sector are pre-
sented in Table 2. Compared to the relatively stable or de-
creasing trend during 1995–1999 (Ohara et al., 2007; Streets
et al., 2000, 2006a, 2008), we estimate that the SO2 emission
in China increased by 53%, from 21.7 Tg in 2000 to 33.2 Tg
in 2006, with an annual growth rate of 7.3%. This growth rate
is in good agreement with annual growth rates of 6.3%–9.9%
estimated by other researchers (Klimont et al., 2009; Ohara
et al., 2007; Zhang et al., 2009a), and of 6.2%–9.6% derived
from satellite constraints (van Donkelaar et al., 2008). This
dramatic change was driven by the rapid increase of fossil-
fuel consumption (78% growth in total energy consumption)
due to the economic boom (99% growth in GDP) during this
period. Although the GDP and the total energy consumption
in China were still increasing after 2006, the national SO2
emissions began to decrease, due to the application of FGD
technology and the phase-out of small, high-emitting power
generation units. In 2006 China’s MEP reaffirmed its com-
mitment to reducing SO2 emissions. It resolved in its 11th
Five-Year Plan (2006–2010) to cut the national SO2 emis-
sions by 10% (i.e., to 22.9 Tg in 2010), relative to the 2005
level. To achieve this goal, emission reduction requirements
were to be strictly enforced. As a result, FGD devices began
to be widely installed in coal-fired power plants in China (Xu
et al., 2009). By the end of 2008, the FGD penetration had
risen to 60%, which is responsible for an estimated reduction
of 13.3 Tg SO2 in that year. However, it should be noted that
the actual operation of FGD equipment is unknown, which
could impact the SO2 emission significantly (see emission
factor changes in Fig. 1) and certainly increases the level
of uncertainty in emission after 2005. To motivate the use
of FGD equipments, multiple measures have been taken by

Fig. 2. Trends of SO2 emission in China, 2000–2008. (a) SO2
emission; (b) Normalized values of SO2 emission.

China MEP since 1 July 2007, including the installation of
the continuous monitoring systems in all power plants with
FGD devices, and the implementation of a premium/penalty
scheme of electricity price that varies with the FGD’s opera-
tion rate. These measures have been reported to be effective.
For example, the coastal province of Jiangsu realized an op-
eration rate of 97% in July 2007 (Xu et al., 2009). Addition-
ally, recent developments in SO2 satellite retrievals may be
able to constrain the SO2 emission values or even the FGD

Atmos. Chem. Phys., 10, 6311–6331, 2010 www.atmos-chem-phys.net/10/6311/2010/

6316 Z. Lu et al.: Sulfur dioxide emissions in China and sulfur trends in East Asia since 2000

Table 1. Summary of the available STEM model runs and the applied anthropogenic emission inventories.

2001–2005a 2006 2007 2008

Annual TRACE-Pb – – –
April TRACE-Pb INTEX-Bc – ARCTASd
July TRACE-Pb – – ARCTASd/Olympic-Basee
August TRACE-Pb – Olympic-Basee Olympic-Basee

a Only 8-month simulation (January to August) is available for the year 2005.
b The target year for the TRACE-P inventory is 2001.
c The target year for the INTEX-B inventory is 2006.
d The emission within the Asian continent of the ARCTAS inventory is essentially the same as that of the INTEX-B inventory.
e The Olympic-Base inventory specifically targets the Beijing Olympic Games period in 2008. The emission estimates for China are improved
for the Beijing area and updated based on the INTEX-B inventory.

3 SO2 emission in East Asia after 2000

3.1 Anthropogenic SO2 emission in China after 2000

3.1.1 Trend and distribution of the emissions

Figure 2a shows the annual trend of SO2 emission in China
after 2000, and emissions by province and by sector are pre-
sented in Table 2. Compared to the relatively stable or de-
creasing trend during 1995–1999 (Ohara et al., 2007; Streets
et al., 2000, 2006a, 2008), we estimate that the SO2 emission
in China increased by 53%, from 21.7 Tg in 2000 to 33.2 Tg
in 2006, with an annual growth rate of 7.3%. This growth rate
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level. To achieve this goal, emission reduction requirements
were to be strictly enforced. As a result, FGD devices began
to be widely installed in coal-fired power plants in China (Xu
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risen to 60%, which is responsible for an estimated reduction
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the actual operation of FGD equipment is unknown, which
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FGD devices, and the implementation of a premium/penalty
scheme of electricity price that varies with the FGD’s opera-
tion rate. These measures have been reported to be effective.
For example, the coastal province of Jiangsu realized an op-
eration rate of 97% in July 2007 (Xu et al., 2009). Addition-
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able to constrain the SO2 emission values or even the FGD

Atmos. Chem. Phys., 10, 6311–6331, 2010 www.atmos-chem-phys.net/10/6311/2010/

Chinese SO2 
Emissions

33 TgS



Geoengineered effective radius is larger

Geoengineered effective radius is largerGeoengineered effective radius is larger

Larger particles fall faster and RF less effective

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

Ja
n-

91
Fe

b-
91

M
ar

-9
1

A
pr

-9
1

M
ay

-9
1

Ju
n-

91
Ju

l-9
1

A
ug

-9
1

Se
p-

91
O

ct
-9

1
N

ov
-9

1
D

ec
-9

1
Ja

n-
92

Fe
b-

92
M

ar
-9

2
A

pr
-9

2
M

ay
-9

2
Ju

n-
92

Ju
l-9

2
A

ug
-9

2
Se

p-
92

O
ct

-9
2

N
ov

-9
2

D
ec

-9
2

Ja
n-

93
Fe

b-
93

M
ar

-9
3

A
pr

-9
3

M
ay

-9
3

Ju
n-

93
Ju

l-9
3

A
ug

-9
3

Se
p-

93
O

ct
-9

3

Ef
fe

ct
iv

e 
R

ad
iu

s 
(m

ic
ro

ns
)

Pinatubo Obs (35-45 N, 60-118mb) 10 Tg Geoeng (30S-30N, 50-200 mb)

Pinatubo Sim (35-45 N, 60-118 mb) Pinatubo Sim (30S-30N, 50-200 mb)

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

0 1 2 3 4 5 6 7

Pa
rt

ic
le

 ra
di

us
 (m

ic
ro

ns
) Vfall

(mm/s)

Mass 
scattering 
efficiency 

(m2/g)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9Pinatubo 10Tg             10Tg/yr Continuos

Effective Radius

Plots adapted from English, J. M., O. B. Toon, and M. J. Mills (2011), Microphysical simulations of stratospheric sulfur geoengineering, J. Geophys. Res., under review.

Why Are Volcanoes More Efficient at Making Aerosol?



All 2000 Anthropogenic SO2

No Anthropogenic SO2 Only Chinese and Indian Anthropogenic SO2

No Chinese and Indian Anthropogenic SO2

June-Aug. Mean Extinction Ratio at 1020 nm, 14N to 46N
A

lti
tu

de
 (

km
)

A
lti

tu
de

 (
km

)

Longitude Longitude



Transport in WACCM

−20 0 20 40 60 80
2
4
6
8

10
12
14
16
18
20
22

Al
tit

id
e (

km
)

Latitude

WACCM, June, 65º E     

 

 

0

10

20

30

40

50

60

70

80

90

100

−20 0 20 40 60 80
2
4
6
8

10
12
14
16
18
20
22

Al
tit

id
e (

km
)

Latitude

WACCM, June, 115º E     

 

 

0

20

40

60

80

100

CO (ppbv) 

c) d)

−100 0 100
−60

−40

−20

0

20

40

60

Longitude

La
tit

ud
e

WACCM CO 100 hPa

 

 

0

20

40

60

80

100

CO (ppbv)
Longitude

La
tit

ud
e

MLS CO 100 hPa

 

 

−100 0 100
−60

−40

−20

0

20

40

60

0

20

40

60

80

100

CO (ppbv) 

a) b)



tudes of the western (67.5!E) and eastern side (112.5!E) of
the anticyclone, as shown in Figure 7. On the eastern side
(Figure 7b) there is a plume of high CO from the surface up
to the tropopause near 30!N, with over 100 ppbv of CO
found near 15 km between 10! and 30!N. In contrast, the
western side (Figure 7a) exhibits an isolated maximum
between !12 to 16 km over low latitudes (0!–30!N). This
structure results from the horizontal transport of CO in the
uppermost troposphere to the west within the monsoon
anticyclone circulation due to strong easterly jets [Lelieveld
et al., 2002]. This isolated maximum in the upper tropo-
sphere (Figure 7a) is similar to the vertical structure
observed in CO and other tropospheric tracers inside the
anticyclone from ACE-FTS data, which shows a maximum
enhancement near the tropopause [Park et al., 2008]. To
better illustrate this behavior of CO, we show the average
profiles of ACE-FTS and MOZART-4 CO in Figure 8,
separated for locations inside and outside of the anticyclone,
following the analysis of Park et al. [2008]. Overall there is
reasonable agreement in the observed and modeled CO

vertical profiles, and the profiles inside of the anticyclone
show a distinctive vertical structure with a relative maxi-
mum near 15 km for both the model and observations.
[19] This characteristic behavior of CO over the monsoon

anticyclone prompts several questions regarding vertical
transport and the origin of CO in the upper troposphere.
Specifically, (1) What regions of CO surface emissions
contribute to the CO maximum inside the anticyclone at
100 hPa? (2) What are the mechanisms responsible for
transport of CO to 100 hPa over the monsoon region in the
model? (3) What is the relative importance of convection
versus other transport processes, and how does this depend
on location?

4.1. Origin of CO in the Upper Troposphere

[20] We address the first question by isolating the trans-
port of specific surface sources of CO in MOZART-4 (so-
called tagged sources). A map of the CO surface emissions
used in the model for June 2005 (both natural and anthro-
pogenic) is shown in Figure 9. The strongest CO surface

Figure 6. Synoptic map of CO at 100 hPa for (a) MLS and (b) MOZART-4 for 14 June 2005.

Figure 7. Latitude-altitude cross-sections of monthly mean MOZART-4 CO at the (a) western (67.5!E)
and (b) eastern (112.5!E) sides of the monsoon maximum in June 2005. Thermal tropopause derived
from the model temperature profile is denoted as thick dashed lines. Thin solid lines are isentropes (320,
340, 360, 380, 450, and 500 K).
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[1] Satellite observations of tropospheric chemical constituents (such as carbon
monoxide, CO) reveal a persistent maximum in the upper troposphere–lower stratosphere
(UTLS) associated with the Asian summer monsoon anticyclone. Diagnostic studies
suggest that the strong anticyclonic circulation acts to confine air masses, but the sources
of pollution and transport pathways to altitudes near the tropopause are the subject of
debate. Here we use the Model for Ozone and Related Tracers 4 (MOZART-4) global
chemistry transport model, driven by analyzed meteorological fields, to study the source
and transport of CO in the Asian monsoon circulation. A MOZART-4 simulation for one
summer is performed, and results are compared with satellite observations of CO from
the Aura Microwave Limb Sounder and the Atmospheric Chemistry Experiment Fourier
Transform Spectrometer. Overall, good agreement is found between the modeled and
observed CO in the UTLS, promoting confidence in the model simulation. The model
results are then analyzed to understand the sources and transport pathways of CO in the
Asian monsoon region, and within the anticyclone in particular. The results show that CO
is transported upward by monsoon deep convection, with the main surface sources
from India and Southeast Asia. The uppermost altitude of the convective transport is
!12 km, near the level of main deep convective outflow, and much of the CO is then
advected in the upper troposphere northeastward across the Pacific Ocean and
southwestward with the cross-equatorial Hadley flow. However, some of the CO is also
advected vertically to altitudes near the tropopause (!16 km) by the large-scale
upward circulation on the eastern side of the anticyclone, and this air then becomes
trapped within the anticyclone (to the west of the convection, extending to the Middle
East). Within the anticyclone, the modeled CO shows a relative maximum near 15 km, in
good agreement with observations.

Citation: Park, M., W. J. Randel, L. K. Emmons, and N. J. Livesey (2009), Transport pathways of carbon monoxide in the Asian
summer monsoon diagnosed from Model of Ozone and Related Tracers (MOZART), J. Geophys. Res., 114, D08303,
doi:10.1029/2008JD010621.

1. Introduction

[2] Carbon monoxide (CO) is a principal pollutant in the
troposphere, which plays an important role in the chemistry
of the atmosphere and has an indirect radiative effect
through its influence on ozone [Marenco et al., 1994;
Novelli et al., 1998]. The main sources of CO are both
natural and anthropogenic, including combustion processes
near the surface (transport, power plants, domestic heating
and biomass burning) and oxidation of methane and other
nonmethane hydrocarbons. Overall, approximately half of
the tropospheric burden of CO comes from photochemical

production, and half from direct surface emissions [Horowitz
et al., 2003; Duncan et al., 2007]. The main sink of CO is
oxidation by the hydroxyl radical (OH) [Logan et al., 1981].
Free troposphere concentrations of CO range from 50 parts
per billion per volume (ppbv) in unpolluted areas to over
700 ppbv near emission sources [Clerbaux et al., 2007].
[3] Because CO has a photochemical lifetime in the range

of 2–3 months [Xiao et al., 2007], it is useful as a tracer of
transport in the troposphere and lower stratosphere [e.g.,
Bowman, 2006]. In situ observations of CO based on
various measurement techniques are used to monitor long-
term changes in the troposphere [Novelli et al., 2003;
Nedelec et al., 2005; Velazco et al., 2007]. Space-borne
measurements of CO are especially useful in studying
transport processes and convective influences on a global
scale [Connors et al., 1999; Edwards et al., 2003, 2006].
Recent measurements of upper tropospheric CO from the
Aura Microwave Limb Sounder (MLS) show evidence of
long-range transport of CO from Asia [Jiang et al., 2007].
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tudes of the western (67.5!E) and eastern side (112.5!E) of
the anticyclone, as shown in Figure 7. On the eastern side
(Figure 7b) there is a plume of high CO from the surface up
to the tropopause near 30!N, with over 100 ppbv of CO
found near 15 km between 10! and 30!N. In contrast, the
western side (Figure 7a) exhibits an isolated maximum
between !12 to 16 km over low latitudes (0!–30!N). This
structure results from the horizontal transport of CO in the
uppermost troposphere to the west within the monsoon
anticyclone circulation due to strong easterly jets [Lelieveld
et al., 2002]. This isolated maximum in the upper tropo-
sphere (Figure 7a) is similar to the vertical structure
observed in CO and other tropospheric tracers inside the
anticyclone from ACE-FTS data, which shows a maximum
enhancement near the tropopause [Park et al., 2008]. To
better illustrate this behavior of CO, we show the average
profiles of ACE-FTS and MOZART-4 CO in Figure 8,
separated for locations inside and outside of the anticyclone,
following the analysis of Park et al. [2008]. Overall there is
reasonable agreement in the observed and modeled CO

vertical profiles, and the profiles inside of the anticyclone
show a distinctive vertical structure with a relative maxi-
mum near 15 km for both the model and observations.
[19] This characteristic behavior of CO over the monsoon

anticyclone prompts several questions regarding vertical
transport and the origin of CO in the upper troposphere.
Specifically, (1) What regions of CO surface emissions
contribute to the CO maximum inside the anticyclone at
100 hPa? (2) What are the mechanisms responsible for
transport of CO to 100 hPa over the monsoon region in the
model? (3) What is the relative importance of convection
versus other transport processes, and how does this depend
on location?

4.1. Origin of CO in the Upper Troposphere

[20] We address the first question by isolating the trans-
port of specific surface sources of CO in MOZART-4 (so-
called tagged sources). A map of the CO surface emissions
used in the model for June 2005 (both natural and anthro-
pogenic) is shown in Figure 9. The strongest CO surface

Figure 6. Synoptic map of CO at 100 hPa for (a) MLS and (b) MOZART-4 for 14 June 2005.

Figure 7. Latitude-altitude cross-sections of monthly mean MOZART-4 CO at the (a) western (67.5!E)
and (b) eastern (112.5!E) sides of the monsoon maximum in June 2005. Thermal tropopause derived
from the model temperature profile is denoted as thick dashed lines. Thin solid lines are isentropes (320,
340, 360, 380, 450, and 500 K).
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Scattering Calculations

2.3 WACCM Data Analysis Chapter 2: Data Analysis

that were adapted for use in MATLAB by Mätzler (2002). Within these calcu-

lations, the particles were assumed to be spherical and, for particles with dust

core, the particle does not behave like a coated sphere. This essentially means

that the total radius of a particle with a dust core is large enough that the light

will not interact with dust core. The complex component index of refraction

was also assumed to be zero because of the lack of data for these particles at

this wavelength. This causes the aerosols in the model to have zero absorption

which may cause an over estimate of their true backscatter. The real compo-

nent was allowed to vary as a function of the mass percent of H2SO4 present

within the aerosol. Data for this dependence is found in the work of Palmer

(1975). A fit was applied to the data so that a continuous function for the index

of refraction as function of the mass percent of H2SO4 could be made and used

to determine the index of refraction for the complete range of values for the

aerosols within the model. The index of refraction of the aerosol should also

be a function of temperature and pressure but for the wavelength of 532nm the

variation is small compared to that caused by the variation in H2SO4 content

(Redemann et al., 2000; Massie, 1994; Myhre et al., 2003; Muller et al., 1999;

Zhao et al., 1997).

To convert the model output into backscatter coe�cients at the wavelength

of the lidar, the integral for calculating the backscatter over a continuous size

distribution of particles (2.8) was converted into a Riemann sum to account for

the discrete number of radius bins used in the model (2.9). This calculation

was done for each type of aerosol element separately and combined later.

�(532nm,⇥, z) = ⇥

⇥ ⇥

0
r2Q�(m̃, x)n(r, z)dr (2.9)

�(532nm,⇥, z) = ⇥
36�

rBin=1

r2BinQ�(m̃, x)n(rBin, z)(rBin � rBin�1) (2.10)
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derived by scaling the portion of LBSR attributed to aerosol scattering by the derived molecular 

backscatter  

!! !! ! ! !!"#$ ! !!!! !! !! ! .  (6) 

Analyses of the errors in this retrieval are discussed at length by Russell et al. (1979). 

Here it is noted that small deviations in the normalization factor attributed to aerosol scattering 

can easily cause biases in the aerosol profiles. Russell et al. (1979) and, as will be discussed 

later, Neely III et al. (2011) show that simply including a small correction to account for 

additional aerosol scattering at the calibration altitude can improve the retrieved aerosol profiles 

when a topside calibration altitude is chosen erroneously to be aerosol free. 

2.2 Lidars and Sources of Data Used within this Study 
 
 The data in this study comes from three ground-based Rayleigh/Mie lidar systems. The 

three lidars are located (See Fig. 5) at Boulder, CO (40° N, 105° W, 1655 m, Mauna Loa 

Observatory, Hawaii (20° N, 155° W, 3394 m) and Lauder, New Zealand (45° S, 170° E, 370 

m), (Barnes and Hofmann, 1997; Hofmann et al., 2003; Barnes et al. 2008; Hofmann et al., 2009; 

Nagai et al., 2010). The lidar data record began at Mauna Loa in 1994, Boulder in 2000 and 

Lauder in 1992. The lidars in Mauna Loa and Boulder are operated by NOAA’s Global 

Monitoring Division (GMD) of the Earth Systems Research Laboratory. The lidar in Lauder is 

operated by New Zealand’s National Institute of Water and Atmospheric Research (NIWA). 

Each of these systems employ frequency doubled Nd:YAG (532 nm) pulsed laser transmitters 

and an optical receiver arranged in a parallel arrangement.  

Bohren and Huffman (1983)
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Volcanoes
 
Table S1: 

 

Volcano Eruption Date Lat. Long. SO2 Injected 
(Tg) 

Max. Injection 
Height (km) 

V
E
I 

Ulawun (Ul) 2000.74 -5 151 0.0529 15 4 

Ruang (Ru) 2002.73 2 125 0.05530 2030 

16*31 4 

Reventador (Ra) 2002.83 0 -78 0.09632 17 4 
Anatahan (At) 2004.28 16 146 0.06530 1530 3 
Manam (Ma) 2005.07 -4 145 0.1830 1933 4 
Sierra Negra (Si) 2005.81 1 91 0.3634 1534,35 3 
Soufrière Hills (So) 2006.38 16 -62 0.230 2030 3 
Tavurvur (Ta) 2006.76 -4 152 0.12530 1730 4 
Jebel at Tair (Jb) 2007.75 16 42 0.0832 1632 3 
Chaiten (Ch) 2008.34 -43 -73 0.0132 19*32 4 
Okmok (Ok) 2008.53 53 -168 0.12236 1637 4 

Kasatochi (Ka) 2008.60 52 -176 1.738 14-1839 

18*40 4 

Sarychev (Sa) 2009.44 48 153 1.441 1741 4 



SO2 Profiles
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Volcanic aerosol is also transported to the stratosphere via the Asian monsoon

Nabro erupted on 13 June, 2011 in NE Africa injecting 
1.3 Tg of SO2 to 9 to 14 km (below tropopause).

considerable cooling of the lower troposphere
in the 2 years after the eruption (11, 12).

Since the eruption ofMount Pinatubo in 1991,
there have been no major volcanic eruptions
that have substantially increased the stratospheric
aerosol load. However, in the past decade an
increase in the so-called “background” level has
been observed. Ground-based lidar measure-
ments show that the stratospheric aerosol load
has increased since 2000 at 5 to 7% per year (6).
Suggested causes of this increase range from
increased anthropogenic emissions (6) to varia-
bility associated with a series of small, typically

tropical, volcanic eruptions (13). This “persist-
ently variable” increase in the background level
has been shown to cause an additional radiative
forcing of –0.1 W/m2 over the past decade, ef-
fectively reducing the impact of greenhouse gas
increases over the same time period (14). The
effects of these relatively minor eruptions are
important to include for climate model predic-
tions in order to avoid overestimation of radia-
tive forcing and thus global warming. The effect
of the 2011 Nabro eruption will extend the neg-
ative forcing from the stratospheric aerosol changes
observed over the past decade.

The OSIRIS instrument on the Odin space-
craft (4, 15), launched in 2001, measures the
spectrum of limb-scattered sunlight, providing
vertical aerosol profiles and almost daily cover-
age of the sunlit globe. The measurements are
used with a radiative transfer code to retrieve
vertical profiles of stratospheric aerosol extinc-
tion coefficient at 750 nm (16, 17). These agree
with coincident SAGE III occultation measure-
ments to within 10% during the 4 years of mis-
sion overlap, 2001 to 2005 (18). The time series
of OSIRIS measurements of stratospheric aero-
sol optical depth over the past 10 years (Fig. 1)
shows the large effect the recent Nabro eruption,
13 June 2011, had on the entire Northern Hemi-
sphere, with zonal mean optical depths reaching
some of the largest values in the entire OSIRIS
record. The stratospheric aerosol optical depth
is calculated for altitudes above 380 K potential
temperature. The 380 K level corresponds to the
altitude of the thermal tropopause in the tropics—
typically 16 to 17 km—and is approximately the
middle of the so-called tropical tropopause layer,
or TTL (19). The use of this lower bound ensures
that the optical depth shown is not due to tropo-
spheric aerosol entering the lowermost strato-
sphere in the mid- and high latitudes, where air
below the 380 K level and above the thermal tro-
popause can enter the stratosphere through quasi-
horizontal isentropic transport. Optical depths
above the background typical of the early OSIRIS
years are also evident after earlier tropical volcanic
eruptions, notably Mount Manam, January 2005;
Soufrière Hills, May 2006; and Mount Merapi,
October 2010. The northern high-latitude eruptions
of Mount Kasatochi, August 2008, and Sarychev
Peak, July 2009, both caused a notable effect on the
stratospheric optical depth that extended to lower
latitudes in the months after the eruption (20–22).

Tropical eruptions are particularly important
to consider when analyzing global climate be-
cause stratospheric aerosol has a long lifetime in
the tropical stratosphere and can be transported
into the mid-latitudes of both hemispheres, as
was the case with the Mount Manam eruption
in 2005 and the Soufrière Hills eruption in 2006.
In contrast, the volcanic aerosol enhancement
from the Nabro eruption was largely confined
to the Northern Hemisphere. The aerosol plume
reached altitudes up to 21 km (Fig. 2), with rapid
transport to higher latitudes following sloping
isentropic levels. The maximum of the enhanced
aerosol extinction ratio occurred at approximate-
ly 30°N latitude, substantially offset from the
Nabro volcano at 13°N. There is a clear differ-
ence in the distribution of aerosol from Soufrière
Hills and Nabro eruptions, which occurred with-
in 3° of latitude and within 1 month in time of
year of each other. The Soufrière Hills eruption
reached altitudes of up to 20 km (23), which is
well above the TTL, and the resulting aerosol cir-
culated within the so-called tropical pipe, where
mixing to mid-altitudes is weak (24, 25). The
Nabro eruption however, reached to much lower
height and only attained stratospheric altitudes

Fig. 1. The weekly zonal mean stratospheric aerosol optical depth at 750 nm for all measurements
during the OSIRIS mission. The locations and times of the six volcanic eruptions with the largest
stratospheric effect in the measurement record are noted with the markers. The yearly time label indicates
1 January of each year.

Fig. 2. Altitude profiles of the zonal average aerosol extinction ratio, over all longitudes, for 12-day time
periods from June through September 2011, showing the progression of the stratospheric aerosol en-
hancement from the Nabro eruption on 13 June. The altitude of the 380 K level of potential temperature
is shown by the dashed line with white contours (kelvin) for higher isentropic levels.
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Bourassa, A., A. Robock, W. Randel, and T. Deshler (2012), Large Volcanic Aerosol Load in the Stratosphere Linked to Asian Monsoon Transport, Science.
through subsequent transport processes associated
with deep convection (fig. S3).

The history of stratospheric aerosol optical
depth over the Northern Hemisphere (Fig. 3)
shows that the aerosol enhancement built while
remaining confined for several weeks to the re-
gion between central Asia and the Middle East.
The zonal andmeridional winds and geopotential
height from the National Centers for Environ-
mental Prediction (NCEP) at 200 and 100 hPa—
approximately 13.5 AND 16.1 km, respectively
(fig. S1)—show the strong Asian monsoon an-
ticyclone, which existed from June through Sep-
tember over Asia and the Middle East, where
the volcanic aerosol was observed. The monsoon
anticyclonic vortex is known to provide an ef-
fective but slow vertical transport of tropospheric
air to the stratosphere and confinement of the
air in the lower stratosphere (26). For example,
enhanced stratospheric hydrogen cyanide (HCN),
measured by the Atmospheric Chemistry Ex-
periment (ACE) satellite, are well correlated with
the Asian monsoon region (5), and Cloud-
Aerosol Lidar and Infrared Pathfinder Satellite
Observations (CALIPSO) measurements have
identified a coincident layer of enhanced aerosol
concentrations (7). Vertical transport to strato-
spheric altitudes is particularly effective on the
eastern side of the monsoon circulation (26),
which is where a large stratospheric optical depth

enhancement was first observed on 1 July, 18 days
after the eruption (Fig. 3). At the same time,
smaller but still enhanced optical depths were
observed over North Africa, much closer to the
Nabro eruption. CALIPSO measurements on
16 June show a large aerosol layer over North Af-
rica at 10 to 13 km altitude colocated with a Global
Ozone Monitoring Experiment-2 (GOME-2) ob-
servation of the SO2 plume (fig. S2) and largely
in good agreement with the reported eruption al-
titude. The NCEP winds at this level (fig. S1) are
also consistent with the SO2 plume dispersion;
the plume is transported in the anticyclonic mon-
soon circulation from Africa to eastern Asia over
a few days. CALIPSO measurements over both
North Africa and the monsoon region on 1 July
show extended aerosol layers at altitudes up to
20 km (fig. S3); the depolarization signature of
these layers indicates spherical, presumably hy-
drated sulfate, aerosols originating from the vol-
canic SO2. Together, these satellite measurements
indicate rapid vertical transport of SO2 through
the TTL to the lower stratosphere. The deep con-
vective activity associated with these geographic
regions, which penetrates to approximately 17 km
according to CALIPSOmeasurements (fig. S3),
demonstrates that the rapid vertical transport of
air by convection—largely thought to play a dom-
inant role only below the TTL—can provide a
rapid pathway to the stratosphere.

In later July, large values of optical depth were
observed constrained to the region over Asia
and the Middle East, until early August, when
the enhanced aerosol dispersed and quickly
circulated throughout the Northern Hemisphere,
likely because of weakening of the anticyclone
near the end of the monsoon. An interesting fea-
ture of the aerosol circulation was a small plume
of westward transport at latitudes close to the
equator and a second higher-latitude small
plume undergoing eastward transport. These two
plumes merged along the western side of North
America on 14 July, 31 days after the eruption. In
situ balloon measurements of stratospheric aero-
sol above Laramie, Wyoming (27), confirm the
transport of volcanic aerosol over North America
and provide estimates of particle size and con-
centration (fig. S4) at 46 and 140 days after the
eruption.

A comparison of the evolution of daily North-
ern Hemisphere optical depth for the four largest
volcanic eruptions in the OSIRIS record is shown
in Fig. 4. The Northern Hemisphere optical depth
is found by integrating the point measurements
of optical depth for each day in a 2-week win-
dow over the hemispheric area. Peaking around
60 days after the eruption, the Nabro eruption
is responsible for the largest stratospheric aero-
sol optical depth in the record and is approxi-
mately 15% larger than Sarychev, which was
previously the largest. Given that the strato-
spheric aerosol burden was extremely low in
the late 1990s and early 2000s because of the
lack of any major volcanic eruptions, the Nabro
eruption has caused the largest stratospheric aero-
sol burden sinceMount Pinatubo. The impact of
Nabro, a relatively low-altitude eruption, appears

Fig. 3. Maps of the mean stratospheric aerosol optical depth at 750 nm for a series of selected days
after the Nabro eruption. Each set of two maps, which are centered on Asia and North America, is a
5-day average, in which the day indicated is day 3 of the 5 days used in the average. White arrows
indicate the direction of the plume transport. The dashed white line on the map for 14 July is a
specific contour of geopotential height for 12 to 16 July that indicates the region of the Asian
monsoon anticyclone (fig. S1).

Fig. 4. The time series of Northern Hemisphere
stratospheric aerosol optical depth during days
after the volcanic eruptions that caused the four
largest stratospheric perturbations as measured
by OSIRIS since its launch in 2001. Soufrière Hills
Montserrat (16.72°N, 62.18°W) erupted on 20 May
2006, Kasatochi (52.1°N, 175.3°W) erupted on
8 August 2008, and Sarychev (48.1°N, 153.2°E)
began erupting on 12 June 2009. The reported
SO2 emissions of these eruptions were 1.3 Tg from
Nabro (3), 1.2 Tg from Sarychev (22), 1.5 Tg from
Kasatochi (20), and 0.1 Tg from Soufrière Hills
Montserrat (23).
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