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Abstract Recent observations reveal a seasonally occurring layer of aerosol located from 0° to 100°E, 20°
to 45°N and extending vertically from about 13 km to 18 km; this has been termed the Asian tropopause
aerosol layer (ATAL), and its existence is closely associated with the Asian summer monsoon circulation.
Observational studies argue that the ATAL is a recent phenomenon, as the layer is not observed in the
satellite record prior to 1998. This suggests that the ATAL may be of anthropogenic origin associated
with a shift in the dominant regional emission of sulfur dioxide (SO,) to China and India in the late 1990s.
Here we test the hypothesis that SO, emitted from Asia led to the formation of the ATAL using an aerosol
microphysical model coupled to a global chemistry climate model. This is the first modeling study to
specifically examine the ATAL and its possible origin. From our results, we conclude that the ATAL is most
likely due to anthropogenic emissions, but its source cannot solely be attributed to emissions from Asia.
Specifically, the results indicate that Chinese and Indian emissions contribute ~30% of the sulfate aerosol
extinction in the ATAL during volcanically quiescent periods. We also show that even small volcanic
eruptions preclude our ability to make any conclusions about the existence of the ATAL before 1998 with
observations alone.

1. Introduction

Sulfur dioxide (SO,) emissions are the dominant source of anthropogenic sulfate aerosol in the Earth’s
atmosphere [Thomason and Peter, 2006; Lamarque et al., 2010; Smith et al., 2011; Granier et al., 2011].
Anthropogenic emissions of SO, are known to alter the global distribution of sulfate aerosol, which in turn
significantly impacts the radiative forcing of Earth’s atmosphere [Charlson et al., 1992; Langner et al., 1992].
Anthropogenic SO, emissions are mainly a result of combustion processes (e.g., coal and wood burning) and
have been rapidly increasing in developing parts of the world, especially Asia, since about the late 1990s
[Lu et al., 2010, 2011; Smith et al., 2011]. Prior to this period, total global SO, emissions had been decreasing
since a peak in the 1970s, due to reductions in developed countries. An accurate understanding of the fate
of aerosol precursors is required to predict the net radiative forcing consequences due to changes in the
regional distribution of emissions and the impact of emission control measures [Andreae et al., 2005; Bond
et al., 2013]. In this study we examine the impact of regional and globally emitted anthropogenic SO, on a
recently identified layer of aerosol in the upper troposphere and lower stratosphere (UTLS) over Asia [Vernier
etal., 2011al.

2. Aerosol and the Asian Summer Monsoon

Satellite observations compiled from Stratospheric Aerosol and Gas Experiment Il (SAGE Il) and
Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) reveal the existence of a layer of aerosol,

from 0° to 100°E, 20° to 45°N and extending vertically from about 13 km to 18 km, termed the Asian
tropopause aerosol layer (ATAL) and strongly associated with the Asian summer monsoon [Vernier et al.,
2011a; Thomason and Vernier, 2013]. The Asian summer monsoon includes a persistent anticyclonic circula-
tion located in the UTLS over Asia and the Middle East during boreal summer [Li et al., 2005; Fu et al., 2006;
Randel and Park, 2006; Park et al., 2007, 2008, 2009; Randel et al., 2010]. This large-scale circulation acts to
isolate and transport upward atmospheric constituents within its interior. Notably, satellite observations
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and modeling of hydrogen cyanide (HCN), a known tropospheric pollutant produced in biomass burning,
clearly show a region of enhanced HCN in the UTLS of the Asian monsoon. Randel et al. [2010] demonstrate
that this is due to rapid vertical transport of emissions from the surface to the upper troposphere where it is
locally confined and lofted further up by the large-scale anticyclonic circulation.

The ATAL forms in June with the onset of the Asian summer monsoon and dissipates around October with
the breakup of the associated UTLS anticyclonic circulation [Vernier et al., 2011a; Park et al., 2009]. The
observed aerosol extinction occurs mainly above 12 km, which is the main region of deep convective out-
flow, and straddles the climatological tropopause [Park et al., 2007, 2009]. This location suggests that the
existence of the layer is tied to large-scale vertical transport in the anticyclone.

Using SAGE Il observations, Thomason and Vernier [2013] argue that the ATAL is a recent phenomenon
because the ATAL is not observed in the satellite record prior to 1998. Considering the ATALs recent appear-
ance in the satellite record, the transport mechanism provided by the Asian summer monsoon and the
coincidental increase in anthropogenic SO,, from increased industrial activity in China and India, it is
hypothesized that the ATAL is an anthropogenic phenomenon. Thus, the Asian summer monsoon may be
acting as a gateway for anthropogenic aerosol precursors and aerosol to enter the stratosphere in a similar
manner to the behavior observed for other species [Randel et al., 2010].

Once in the stratosphere, sulfate aerosol has the potential to affect both the radiation and chemistry. Neely
et al. [2013] showed that trends in Asian emissions of SO, from 2000 to 2010 had minimal effect on the
radiative forcing due to stratospheric aerosol above 20 km compared with the observed moderate vol-
canic injections of aerosol during the same period [Solomon et al., 2011; Vernier et al., 2011b]. Yet aerosol
and aerosol precursors entering the stratosphere via monsoonal transport may be a significant source

of the total extinction and surface area density of aerosol in the lowermost stratosphere of the Northern
Hemisphere during volcanically quiescent periods due to poleward transport along the lower branch of the
Brewer-Dobson circulation [Holton et al., 1995].

Due to limitations of current remote and in situ observations, the composition of aerosol in the ATAL has
not been fully determined. Compositional information will be key in the effort to fully understand and
attribute the ATAL to a specific source. Currently, evidence suggests that the ATAL is most likely com-
posed primarily of sulfate but also includes contributions of black carbon, dust, and organic aerosol
[Vernier et al., 2011al.

3. Method

In this work we address the importance of global and regional SO, emissions on the ATAL using a
three-dimensional general circulation model with sulfur chemistry (Whole Atmosphere Community Climate
Model, version 3; WACCM3) coupled to a aerosol microphysical model (Community Aerosol and Radiation
Model for Atmosphere, CARMA) that was previously used to study stratospheric sulfate aerosol and mete-
oritic smoke [Turco et al., 1979; Toon et al., 1979, 1988; Garcia et al., 2007; Bardeen et al., 2008, 2010; Mills et al.,
2008; English et al., 2011,2012, 2013; Neely et al., 2011, 2013]. The sulfate in this model includes contributions
from carbonyl sulfide (OCS) and SO,, which are the dominant sources of sulfur needed to maintain the back-
ground stratospheric aerosol layer [English et al., 2011, 2012, 2013; Neely et al., 2011, 2013]. We specifically
use the version of WACCM/CARMA described and validated in Neely et al. [2011, 2013]; here we have only
changed the SO, emission inventory files at the model surface to assess how different emission scenarios
impact the ATAL.

In this version of the model, we omit in-cloud production of sulfate. The impact of this omission is to pre-
clude the direct transport of sulfate aerosol to the upper troposphere. We justify this omission as being
insignificant to the sulfate contributing to the ATAL. Contributing to this justification is that in-cloud oxi-
dation and sulfate production are most important in the lower troposphere where liquid water clouds are
found. Harris et al. [2013] have also shown that the dominant pathway of in-cloud oxidation occurs primarily
on coarse mineral dust by way of transition metal ion catalysis. As such, in-cloud oxidation may produce sul-
fate aerosol with significantly shortened lifetimes, though others have previously suggested that metal ion
pathways have minimal impact on global sulfate lifetimes [Alexander et al., 2009].

Central to this experiment are the SO, emissions used within the model. Here we use emissions that come
directly from the work of Lamarque et al. [2010], Smith et al. [2011], and Granier et al. [2011]. Mean global
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Figure 1. Baseline boreal summer mean SO, surface mixing ratio depicted from 50°S to 70°N.

surface concentrations resulting from the model emission inventory files for boreal summer 2000 may be
seen in Figure 1; this clearly shows that Eastern Asia represents the largest source region of SO, in 2000.
Large SO, concentrations are also observed in northern Europe and the eastern United States of America.
Year 2000 is used for baseline emissions in this study because these emissions are representative of emission
levels when the ATAL was first observed, within the error of the underlying inventories used to create the
model files [Smith et al., 2011]. Large SO, concentrations also occur over India.

In this study, three emission scenarios will be examined. The first is the baseline scenario which uses

year 2000 sulfur emissions repeated for each model year. The second scenario only includes natural SO,
emissions (referred as the run with “no anthropogenic SO,” below). The third scenario does not include
anthropogenic SO, emissions contributed by China and India (referred to as the run with “no Chinese or
Indian SO," below). Although the SO, emissions from India are ~3 times smaller than Chinese emissions,
India is centrally located within Asian summer monsoon upwelling so its emissions may contribute propor-
tionally more to the ATAL. For this reason we include both Chinese and Indian emissions together within our
study. The experiment was accomplished by branching the second and third scenarios from the baseline
model state and running model scenario until the simulated aerosol distributions reached a steady season-
ally varying state (i.e., no global trends were observed in aerosol extinction). Each scenario was then run for
20 additional years so that a monthly climatology could be made to help remove any dynamical variabil-
ity that may impact the comparison to observations. From the monthly climatology for each scenario, the
extinction ratio at 1024 nm and lidar scattering ratio (i.e., the backscatter ratio) at 532 nm were calculated
and compared with the SAGE Il 1999-2005 climatology compiled by Thomason and Vernier [2013] and the
2006-2008 CALIOP observations [Vernier et al., 2011a], respectively. All optical calculations followed a tra-
ditional Mie theory treatment based on van de Hulst [1981] using the explicit size distributions derived for
each aerosol type from CARMA [Neely et al., 2013].

As mentioned above, the model also includes other sources of sulfur that lead to the formation of sulfate
aerosol. Most notably, this includes OCS. Documentation of the full set of sulfur sources and validation of
the specific model used in this study may be found in Neely et al. [2011, 2013]. Briihl et al. [2012] show that
as much as 33% of OCS is anthropogenic in origin. OCS is most significant as a source of sulfate aerosol well
above the tropopause where photolysis converts the OCS to sulfuric acid [Whitten et al., 1980]. The majority
of the ATAL is below this level. Therefore, we have omitted anthropogenic OCS from our attribution anal-
ysis although this may lead to a small underestimation of the amount of anthropogenic sulfate aerosol
attributed to the source regions examined.

4, Results

Figure 2a presents the mean derived 1020 nm extinction ratio of the baseline model runs averaged over
boreal summer (June, July, and August or JJA) from 15°N to 45°N. This latitude band and the 1020 nm
extinction ratio were chosen to directly compare with published observations from SAGE Il [Thomason and
Vernier, 2013]. Figure 2b shows the lidar scattering ratio for the same mean aerosol distribution depicted
in Figure 1a, allowing a direct comparison with the observations of CALIOP [Vernier et al., 2011a]. Figure 2
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Figure 2. ATAL representation from the baseline model. (a) The JJA mean 1020 nm extinction ratio averaged from 15°N
to 45°N to match the representation of SAGE Il observations in Thomason and Vernier [2013, Figures 9 and 10]. (b) The
same mean aerosol distribution as Figure 2a but is represented as the 532 nm lidar scattering ratio to match the presen-
tation in Vernier et al. [2011a, Figure 3]. The smaller magnitude of the scattering ratio at 532 nm, relative to the extinction
ratio at 1020 nm, is mainly due to the strong wavelength dependence of the molecular scattering and the change in
definition from aerosol extinction only to the sum of aerosol and Rayleigh backscatter. The white line in each panel
represents the mean model tropopause over the same region.

shows that the baseline model results correspond well to the vertical extent and magnitude of the aerosol
observed by both Thomason and Vernier [2013] and Vernier et al. [2011a].

Figure 3 is similar to Figure 2 but shows a horizontal view of the model results at 100 hPa (about 16 km to
18 km in Figure 2). The results are also very similar to the horizontal extent and magnitude observed by
Thomason and Vernier [2013] and Vernier et al. [2011a]. Figure 3 also displays the mean horizontal winds from
the model. From these, it is seen that the highest aerosol extinctions are contained within the model’s Asian
summer monsoon anticyclone.

Figure 4 shows the results of the three SO, emission schemes on the modeled aerosol distribution. In all
panels of this figure we only show the aerosol distribution as represented by the 1020 nm extinction ratio for
direct comparison with the results of Thomason and Vernier [2013]. Figures 4a and 4d represent the baseline
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Figure 3. Both panels correspond to the same quantities described in the corresponding panels of Figure 2 except all
that panels here are shown at 100 hPa from 50°S to 50°N for all longitudes. Vectors represent relative mean horizontal
winds. The winds depicted here are representative of the horizontal at 100 hPa winds of all the model runs in this study.

model and are identical to Figure 2a and Figure 3a. Figures 4b and 4e are the result of the model run with
no anthropogenic emission of SO,. Notice that in this case the ATAL is nonexistent and the extinction due to
the aerosol above 20 km is reduced by ~25%. In comparison to the high aerosol concentrations of Figures 4a
and 4c, the low aerosol loading in Figure 4b suggests that sulfate aerosol derived from anthropogenic SO,
emissions dominates over aerosol derived from OCS as the source of extinction at 100 hPa outside of the
polar regions. Figures 4c and 4f present the aerosol distribution resulting from the removal of only the
Chinese and Indian SO, emissions. When emissions from China and India are excluded, the extinction of the
ATAL is reduced in magnitude compared to the ATAL with all anthropogenic SO, emissions; however, the
total spatial extent of the ATAL is similar.

It should be noted that the aerosol feature over North America in Figures 2 and 3 also compares well to
the observations of Thomason and Vernier [2013] and Vernier et al. [2011a]. This layer appears to be associ-
ated with the North America summer monsoon and is termed the North American tropopause aerosol layer
(NATAL). Figures 4c and 4f also show a reduction in the NATAL corresponding to the decrease in Asian emis-
sions. The reduction suggests that aerosol in the Northern Hemisphere UTLS are impacted by the global
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Figure 4. JJA mean 1020 nm extinction ratio at 100 hPa for (a) 2000 level anthropogenic SO, emissions (as in Figure 3a); (b) no anthropogenic SO, emissions;
(c) 2000 level anthropogenic SO, emissions excluding the Chinese and Indian contributions. JJA mean 1020 nm extinction ratio averaged from 15°N to 45°N
with the mean model tropopause in white for (d) 2000 level anthropogenic SO, emissions (as in Figure 2a); (e) no anthropogenic SO, emissions; (f) 2000 level
anthropogenic SO, emissions excluding the Chinese and Indian contributions.

pattern of surface emissions, as the modulation of surface emissions in China and India reduces the peak
extinction ratio of this layer at 100 hPa from 1.02 to 0.86 (15%).

The reduction of NATAL implies that SO, or sulfate has a sufficient lifetime in the free troposphere to be
transported intercontinentally within the Northern Hemisphere. Such hemispheric transport has been
previously observed to impact the lower troposphere by Heald et al. [2006]. The impact of both Asian emis-
sions on the NATAL and global emissions on the ATAL presented by this study, suggests the existence and
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Figure 5. Modeled JJA 1020 nm extinction ratio mean profiles of the sulfate distributions including the impact of mod-
erate volcanic activity observed in 2009 due to the Sarychev eruption. (a) Directly comparable to Figures 2a and 4d-4f.
(b) Directly comparable to Figures 3a and 4a-4c.

importance of the long-range transport of sulfate aerosol precursors and aerosol. A more detailed examina-
tion of possible mechanisms for this transport is beyond the scope of the present study.

5. Discussion

Thomason and Vernier [2013] argue that the ATAL is a recent phenomenon because the layer is not evi-
dent in the SAGE Il observations before 1998. This implies that the ATAL was created primarily by increases
in anthropogenic emissions of aerosol constituents in Southeast Asia during the late 1990s. However,
Figures 4c and 4f clearly show that even without any contribution from China and India, the ATAL is still
present, though it is significantly reduced in magnitude.

From June of 1991 to 1998, the ability to observe the ATAL using SAGE Il was likely overwhelmed by the
high aerosol loading due to the Mount Pinatubo eruption. Niwano et al. [2009] clearly show that the SAGE
Il extinction observations were influenced by the Mount Pinatubo eruption until 1998. Prior to the Mount
Pinatubo eruption in 1991 several additional volcanoes, including El Chichén (April 1982), Nevada del Ruiz
(November 1985), Heard (January 1985), Lokon-Emping (March 1986 and April 1988), Ebeko (April 1989),
and Kelut (February 1990), contributed to aerosol loading in the upper troposphere and stratosphere sim-
ilar to that observed during the period of moderate volcanic activity in the late 2000s. Vernier et al. [2011a]
clearly show that even the moderate volcanic aerosol loading of 2009 makes it difficult to discern the ATAL
from the surrounding regions. The enhanced levels of volcanic aerosol in the late 1980s likely hindered
SAGE Il from observing the coherent structure of the ATAL. The reduced volcanic loading in 1998, coupled
with the enhancement from large increases in Asian emissions [Thomason et al., 1997, 2008; Niwano et al.,
2009; Thomason and Vernier, 2013] provided ideal conditions for SAGE Il to make the first observations of
the ATAL.
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As a specific example, in 2009 the ATAL was masked by the Sarychev eruption (the eruption occurred in
June, 2009, 48°N 153°E). This masking was observed by CALIOP and is documented in Vernier et al. [2011a].
Here we have modeled the Sarychev eruption within the baseline model framework to examine the ATAL
in the presence of volcanic aerosol loading. Figure 5 shows the modeled aerosol distribution during JJA
of 2009 in the ATAL region. The panels of Figure 5 are directly comparable to Figures 4a and 4d. Results
shown in Figure 5 are presented as 1020 nm extinction ratio, but also show strong similarities to the struc-
ture of the aerosol distribution found with the lidar scattering ratio observations of Vernier et al. [2011a].
Most significant in the structure of the aerosol distribution in Figure 5a and the CALIOP observation is the
apparent low aerosol concentration in the ATAL region below the tropopause. Comparison of Figures 5a
and 5b to Figures 4a and 4d shows similar amounts of aerosol in the ATAL. In both panels of Figure 5, the
higher aerosol abundance due to the volcanic eruption masks the normally prominent ATAL and NATAL
morphology that typically stands out from the low aerosol concentrations in the UTLS.

The interaction of the aerosol created from the 2009 Sarychev eruption with the Asian monsoon also pro-
vides further evidence that the large-scale circulation isolates the ATAL region from aerosol injections into
the upper troposphere outside the anticyclone. Bourassa et al. [2012] have also shown this isolating phe-
nomenon for aerosol trapped in the anticyclone. Specifically, Bourassa et al. [2012] show that when volcanic
injection of SO, is within the bounds of the anticyclone it remains trapped and is transported upward into
the lower stratosphere. Thus, even moderate volcanic activity outside the anticyclone creates a pattern in
the global aerosol distribution of the UTLS that masks the ATAL, which is identified in current observations
based on an enhancement of aerosol extinction in the Asian monsoon region compared to the aerosol
extinction in the UTLS at other longitudes at the same time.

6. Conclusion

We have used model simulations to further our understanding of the ATAL by exploring the sensitivity of
the aerosol distribution to various emission schemes. We find that model results of the ATAL match well with
current satellite observations of backscatter and extinction. The results indicate that the ATAL is not created
solely from Asian SO, emissions, but likely originates from a wider range of source regions. Specifically, the
results of this study show that Chinese and Indian SO, emissions contribute only ~30% of the sulfate aerosol
extinction in the ATAL during volcanically quiescent periods. The modeled aerosol from China and India that
contributes to the ATAL is proportional to the emission of SO, from these countries and is in line with stud-
ies that have examined the attribution of sources of other pollutants found in the anticyclone of the Asian
monsoon [Smith et al., 2011; Park et al., 2009]. These results also suggest that the ATAL is not a recent phe-
nomenon as suggested by observations [Thomason and Vernier, 2013]. Instead, the ability to easily observe
the ATAL in the satellite record starting in 1998 is most likely due to the coincidental occurrence of low vol-
canic activity coupled with increases in Asian SO, emissions that may have enhanced the ability to identify
the ATAL during the same period. Curiously, we also find that the sulfate in the NATAL may have a modest
(15%) contribution from Asia.
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