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Why?

See Daniel et al.  tomorrow at 17:45  for the “The persistently variable 

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

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

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

Figure 3. Monthly mean stratospheric 525 nm Aerosol Optical Depth (AOD) evolution between 20–30 km since 2000
from SAGE II (black diamonds), CALIPSO (blue triangles), GOMOS (red stars); (top) 50°N‐20°N, (middle) 20°N‐20°S
and (bottom) 20°S‐50°S. Linear fits over the all period are plotted in green. The rate of increase in stratospheric AOD
deduced from the linear fits is 10.9 × 10−5/year for the latitude band 50°N‐20°N, 20.4 × 10−5/year for 20°N‐20°S and
7.7 × 10−5/year for 50°S‐20°S.
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• NCAR’s WACCM with CARMA

• 3D chemical transport Model for 
OZone And Related chemical Tracers (MOZART)(Horowitz et al. 2003)

• Sulfur chemistry includes seven sulfur species:                                                  
SO2, SO3, SO, H2SO4, CS2 and OCS (English et al., 2011(ACPD))

• SO2 Emission data representative of background aerosol period           
(Smith et al. (2010) and English et al., 2011(ACPD)).

Model
Description

January Model Surface SO2 Concentrations



CARMA Setup
•  Aerosol Size Distributions created by 36 bins   

(dry radii from 0.2 nm to 1100 nm) each for: 

• Pure sulfates (English et al., 2011)

• Meteoritic dust (Murphy et al. 2007,         
Bardeen et al. 2008)

• Mixed sulfates (sulfate aerosols with dust cores)
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Models and Measurements
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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/
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Chinese SO2 
Emissions

CALIPSO within the 50°N‐20°N (Figure 3, top), 20°N‐20°S
(Figure 3, middle) and 20°S‐50°S (Figure 3, bottom) latitude
bands. The GOMOS SAODs are consistent with those of
SAGE II before 2005 and those inferred from CALIPSO
after 2006. Between 20°S‐20°N in the tropics, the strato-
spheric aerosol load does not display a linear trend but
instead a sequence of impulses of various amplitudes and
durations associated with the small volcanic eruptions. The
persistence of the volcanic signature is enhanced by the 1 to
2 years required for the ascent of the aerosol to 25 km by the
upwelling branch of the Brewer‐Dobson circulation. Com-
pared to the tropics, the mid‐latitude SAOD records do

show smoother increases with enhancements of smaller
amplitude delayed by an additional year due to the time
required for transport from the tropics to mid‐latitude. This
is illustrated by the series of monthly mean zonal averages
of CALIPSO scattering ratio following the Soufriere Hills
eruption shown in Figure 4. The first in July 2006 (Figure 4a)
shows the dense volcanic plume of the Soufriere Hills at
19–21 km with the remnants of the Manam eruption aerosols
between 22 and 27 km. Six months later (Jan‐07, Figure 4b),
the Soufriere Hills plume has ascended to the stratosphere
and is mostly confined in the tropical reservoir [Plumb,1996;
Hitchman et al., 1994]. During the same period, the plume

Figure 2. (top) Enlargement of Figure 1 in 2002–2009. (bottom) Odin/OSIRIS aerosol extinction at 750 nm zonal monthly
mean profile at 20N‐20S since the beginning of the mission.
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Adapted from: Vernier, J. P. et al. (2011), Major 
influence of tropical volcanic eruptions on the 
stratospheric aerosol layer during the last 
decade, Geophys. Res. Lett, 38(12)

Lu, Z., D. G. Streets, Q. Zhang, S. Wang, G. R. Carmichael, Y. F. Cheng, C. Wei, 
M. Chin, T. Diehl, and Q. Tan (2010), Sulfur dioxide emissions in China and 
sulfur trends in East Asia since 2000, Atmos. Chem. Phys, 10(13)

Volcanic 
Vs. 

Anthropogenic
Emissions

Year China Volcano

2006 0.23 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))

33 TgS



Why Are Volcanoes More Efficient at Making Aerosol?

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.

Pinatubo =10 TgS, 48-hr burst at 216ºN – 4ºS, 92.5ºE – 117.5ºE, 
between 15.1-28.5 km with a 20-km peak

10 TgS/yr = 10 Tg S/yr released continuously at 
4ºN – 4ºS, all longitudes,  between 18.8 –19.9 km 

Aerosol Optical 
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HCN has a long photochemical lifetime of more
than 4 years (12, 13), but it has a strong sink
resulting from contact with the ocean surface
(11, 12). In the tropics, this behavior results in
relatively low values of HCN in the troposphere
apart from seasons with local biomass burning
(10, 14). Global satellite observations of HCN in
the upper troposphere from the Atmospheric
Chemistry Experiment Fourier Transform Spec-
trometer (ACE-FTS) satellite instrument (15–17)
(Fig. 1A) reveal the signature of air depleted in
HCN over the tropical oceans, together with en-
hanced values isolated within the Asianmonsoon
anticyclone during boreal summer (June toAugust).
The tropical minimum for HCN is a distinctive
signature that is very different from most other
tropospheric pollution tracers, such as carbon
monoxide (18). The overall structure of HCN is
accurately simulated by a three-dimensional (3D)
chemical transport model (Fig. 1B) incorporating
HCN sources from wildfires and biofuel com-
bustion, plus an imposed sink from contact with
the ocean surface (19). The realistic structure in
this simulation suggests a reasonable understand-

ing of the processes leading to the observed global-
scale HCN behavior, especially the role of the
oceanic regions in depleting HCN, and the Asian
monsoon circulation in transporting HCN from
the surface to the upper troposphere.

The relative minimum in HCN over the
tropical Pacific ocean is a feature that is observed
throughout the year (fig. S1). In addition to the
maximum associated with the Asian monsoon
during boreal summer, seasonally varying sources
of HCN include burning over Indonesia and Af-
rica during boreal spring (March to May), and
burning over Africa and South America during
austral spring (September to November), with
these emissions transported to the upper tropo-
sphere by deep convection. However, the upper
tropospheric circulation associated with the Asian
summer monsoon is more coherent and vigorous
than the monsoonal circulations in these other
regions and seasons, with a vertical extent that
reaches across the tropopause into the lower
stratosphere. A longitudinally averaged cross sec-
tion of the satellite measurements during boreal
summer (Fig. 2) shows highHCNvalues through-

out the extratropical Northern Hemisphere, ex-
tending across the tropopause into the lower
stratosphere; the pronounced cross-tropopause
maximum near 30° N is associated with the mon-
soon anticyclone shown in Fig. 1. The high HCN
values in the stratosphere extend to low lati-
tudes and vertically over the equator and are trans-
ported into the middle stratosphere in the upward
Brewer-Dobson circulation within the so-called
tropical pipe (20). The enhanced summer HCN
values are observed to persist in the Northern
Hemisphere lower stratosphere through the fol-
lowing seasons (fig. S2).

Further evidence of the Asian monsoon-
stratosphere coupling comes from examining
interannual variations of HCN in the satellite
record. Measurements of HCN from the Aura
Microwave Limb Sounder (MLS) satellite in-
strument (21) complement the ACE-FTS obser-
vations, providing continuous space-time coverage
for ~7-km-thick layers covering the lower tomiddle
stratosphere (but not below the tropopause). Time
series of the MLS data in the lower stratosphere
(~16 to 23 km) from late 2004 to the end of 2009
(Fig. 3) show HCN maxima in the Northern
Hemisphere subtropics during each boreal sum-
mer (~June to October); this is a clear fingerprint
of the Asian monsoon influence (consistent with
the ACE-FTS observations in Fig. 2 and fig. S2).
In this short time record, the HCNmaxima extend
most strongly to near-equatorial latitudes during
2005 and 2007, and less so in the other years.
Previous analyses (22) have demonstrated that
these 2005 and 2007 equatorial HCN maxima
propagate coherently upward into the stratosphere
with the tropical Brewer-Dobson circulation; this
so-called tape-recorder effect is evident in other
stratospheric trace constituents (e.g., H2O) that
have seasonal or interannual anomalies originating
near the tropical tropopause (23). Figure 3 demon-
strates that these stratospheric anomalies are linked
to enhanced boreal summer (Asianmonsoon)max-
ima during 2005 and 2007. Figure 3 also shows
isolatedHCNmaxima in the SouthernHemisphere

Fig. 2. Time and zonal average
mixing ratio (ppbv) of HCN during
boreal summer (June to August) de-
rived from ACE-FTS satellite mea-
surements. The white dashed line
denotes the tropopause, and black
lines denote isentropic levels.

Fig. 3. Color contours
show latitude-time var-
iations of HCN mixing
ratio (ppbv) for the low-
er stratosphere layer, 16
to 23 km, measured by
the Aura MLS satellite
during September 2004
toNovember2009. These
MLSdata are zonalmean
values averaged over
individual week periods,
as described in (22).
Colored crosses indicate
HCN for the 16- to 23-
km layer derived from
the ACE satellite mea-
surements, with each
cross indicating an in-
dividual profile measurement. Comparison of the MLS and ACE-FTS data are shown in fig. S3.
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Could the  Asian Monsoon be Acting as 
a Seasonal “Volcano” like Source?

Plot from Randel, W., M. Park, L. 
Emmons, D. Kinnison, P. Bernath, 
and et al (2010), Asian Monsoon 

Transport of Pollution to the 
Stratosphere, Science.



Jun-Aug 2006 Jun-Aug 2007

Jun-Aug 2008 Jun-Aug 2009

Mean Scattering Ratio (SR) from CALIPSO at 532 nm 
between 15–17 km

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.



CALIPSO within the 50°N‐20°N (Figure 3, top), 20°N‐20°S
(Figure 3, middle) and 20°S‐50°S (Figure 3, bottom) latitude
bands. The GOMOS SAODs are consistent with those of
SAGE II before 2005 and those inferred from CALIPSO
after 2006. Between 20°S‐20°N in the tropics, the strato-
spheric aerosol load does not display a linear trend but
instead a sequence of impulses of various amplitudes and
durations associated with the small volcanic eruptions. The
persistence of the volcanic signature is enhanced by the 1 to
2 years required for the ascent of the aerosol to 25 km by the
upwelling branch of the Brewer‐Dobson circulation. Com-
pared to the tropics, the mid‐latitude SAOD records do

show smoother increases with enhancements of smaller
amplitude delayed by an additional year due to the time
required for transport from the tropics to mid‐latitude. This
is illustrated by the series of monthly mean zonal averages
of CALIPSO scattering ratio following the Soufriere Hills
eruption shown in Figure 4. The first in July 2006 (Figure 4a)
shows the dense volcanic plume of the Soufriere Hills at
19–21 km with the remnants of the Manam eruption aerosols
between 22 and 27 km. Six months later (Jan‐07, Figure 4b),
the Soufriere Hills plume has ascended to the stratosphere
and is mostly confined in the tropical reservoir [Plumb,1996;
Hitchman et al., 1994]. During the same period, the plume

Figure 2. (top) Enlargement of Figure 1 in 2002–2009. (bottom) Odin/OSIRIS aerosol extinction at 750 nm zonal monthly
mean profile at 20N‐20S since the beginning of the mission.
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2007 Had an Enhanced Asian Monsoon and 
No Large Eruption Disturbed the Stratosphere

Adapted from: Vernier, J. P. et al. (2011), Major influence of tropical volcanic eruptions on the stratospheric aerosol layer during the last decade, Geophys. Res. Lett, 38(12)
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