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Abstract

We use observations from the Cloud-Aerosol Lidar with Orthogonal Polarization
(CALIOP) satellite instrument and a global aerosol-climate model to document an
aerosol layer that forms in the vicinity of the tropical tropopause layer (TTL) over
the Southern Asian and Indian Ocean region. CALIOP observations suggest that5

the aerosol layer is present throughout the year and follows the migration of the In-
tertropical Convergence Zone (ITCZ). The layer is located at about 20◦ N during boreal
summers and at about 15◦ S in boreal winters. The ECHAM5.5-HAM2 aerosol-climate
model reproduces such an aerosol layer close to the TTL but overestimates the ob-
served aerosol extinction. The mismatch between observed and simulated aerosols10

extinction are discussed in terms of uncertainties related to CALIOP and possible prob-
lems in the model. Sensitivity model simulations indicate that (i) sulfate particles re-
sulting from SO2 and DMS oxidation are the main contributors to the mean aerosol
extinction in the layer throughout the year, and (ii) transport of sulfate precursors by
convection followed by nucleation is responsible for the formation of the aerosol layer.15

The reflection of shortwave radiations by aerosols in the TTL may be negligible, how-
ever, cloud droplets formed by these aerosols may reflect about 6 W m−2 back to space.
Overall, this study provides new insights in term of composition of the tropical upper
troposphere.

1 Introduction20

Aerosols play a key role in many important aspects of the atmosphere. They influence
the radiative balance of the Earth by scattering and absorbing solar radiation (the di-
rect effect), and by modifying cloud properties (the indirect effect). They interact with
gaseous species by acting as sites where heterogeneous reactions can occur, and also
affect air quality and human health. In the lower troposphere, aerosols have in average25

a lifetime of less than a week and thus mainly impact air quality and climate on regional
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to continental scales. However, their effects may last longer in the upper troposphere
due to the absence of liquid clouds to efficiently scavenge them (Rasch et al., 2008).
In addition, secondary aerosols formed by upper tropospheric nucleation source may
serve as source of cloud condenstation nuclei (Merikanto et al., 2009). It is thus crucial
to assess the distribution of aerosols in the upper part of the troposphere where they5

can remain longer and affect climate.
While few aerosol observations are available in the upper troposphere in compari-

son with surface sites, there are indications that aerosol loadings above 10 km are far
from being negligible, and high numbers of nucleation particles are frequently found in
the free troposphere (Twohy et al., 2002; Kulmala and Kerminen, 2008). For example,10

Clarke and Kapustin (2002) collected in situ measurements in the tropical free tropo-
sphere over the Pacific and observed very low aerosol mass but very high number
concentrations between 10 and 12 km (e.g., about 18 000 cm−3 at 11 km in the Pacific).
They indicated that these aerosols are mainly sulfate particles in the nucleation mode.
Weigel et al. (2011) recently reported in situ measurements of newly formed particles15

at about 1–4 km below the tropical tropopause layer (i.e., at an altitude of about 12–
15 km). According to their measurements, 75 to 90 % of these aerosols are volatile,
which is an indication that they could be sulfate aerosols. Froyd et al. (2009) reported
that about 80 % of observed particles between 12 and 19 km in the tropical Pacific are
sulfate-organic aerosols.20

Vernier et al. (2011a) recently used scattering ratio from the CALIOP instrument to
document an aerosol layer forming between 13 and 18 km during summer over Asia
(15–45◦ N, 5–105◦ E). Vernier et al. (2011a) argued that the observed scattering ratio
is probably attributable to aerosol and not ice clouds due to different optical properties.
However, the origins and the aerosol composition of this layer remain unknown.25

In this study, we build on the work of Vernier et al. (2011a) and use the CALIOP data
to demonstrate that an aerosol layer resides in the TTL throughout the year and follows
the seasonal migration of the ITCZ (Sect. 2.1). We further characterize the layer using
the global aerosol-climate ECHAM5.5-HAM2 model (Sect. 2.2). In Sect. 3, we discuss
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possible uncertainties and problems related to both the model and the observations, in
an attempt to reconcile the two. Conclusions and perspectives are given in Sect. 4.

2 A permanent aerosol layer at the tropical tropopause layer

2.1 CALIOP observations

The CALIOP instrument on-board the Cloud-Aerosol Lidar and Infrared Pathfinder5

Satellite Observation (CALIPSO) satellite (Winker et al., 2007, 2009) is suitable for
the detection of aerosols in the atmosphere. In particular, CALIOP is dedicated to the
retrieval of aerosol vertical distributions in the troposphere and the lower stratosphere.
In this study, we use the standard CALIPSO 5 km Aerosol and Cloud Layer Version
3 products from January 2007 to December 2009 (Hu et al., 2009; Liu et al., 2009;10

Omar et al., 2009; Winker et al., 2009; Young and Vaughan, 2009). Aerosol extinction
and aerosol optical depth (AOD) are retrieved at 532 nm. CALIOP uncertainties are
discussed in Sect. 3.

Building upon the work of Vernier et al. (2011a), we performed a detailed examina-
tion of the CALIOP products in the troposphere over a region covering a large fraction15

of the Asian continent and Indian Ocean (extending from 20◦ S to 30◦ N and from 5 to
105◦ E). We constructed a timeseries of CALIOP daily mean aerosol extinction over
this region from January 2007 to December 2009 (top panel in Fig. 1) by averaging
the vertical daily mean aerosol extinctions of all orbit tracks passing through the region
defined before. As expected, aerosol extinctions are larger in the lower troposphere,20

close to pollution sources. The seasonal cycle in aerosol extinction in the lower tro-
posphere is similar throughout the 3 yr. An aerosol layer of about 2 km depth is seen
at an altitude from 16 to 18 km during the 3 yr of observations. During summer, this
very likely corresponds to the aerosol layer described in Vernier et al. (2011a), but
we find that the layer remains throughout the winters if one considers a region that25

includes the seasonal migration of the ITCZ, extending from 20◦ S to 30◦ N (note that
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Vernier et al. (2011a) used a region extending from 15 to 45◦ N). Figure 2 depicts a lat-
itudinal plot of aerosol extinction sampled at the altitude of 16–18 km that shows that
the aerosol layer moves northward or southward according to the season. In particular,
the aerosol layer migrates from 20◦ S in boreal winter to 30◦ N in boreal summer and
matches very well the location of the ITCZ (not shown). This suggests that aerosol5

precursors and/or aerosols could be transported to the TTL through deep convection
associated with the ITCZ (see Sect. 2.2.2 for more details). Once aerosols reach the
TTL, their lifetime is likely to increase substantially as hardly any little scavenging can
take place due to little concentrations of ice crystals and no liquid phase clouds. Rasch
et al. (2008) show that sulfate aerosols during a volcanic period have a lifetime of about10

2 yr above the tropopause and are likely only removed by sedimentation as ice crystals
are inefficient at removing aerosols (Henning et al., 2004).

In the next section, we compare the CALIOP observations with results from the
global aerosol-climate ECHAM5.5-HAM2 model and characterize the aerosol layer us-
ing a series of model sensitivity simulations.15

2.2 ECHAM5.5-HAM2 model results

2.2.1 Brief model description

The ECHAM5 (Roeckner et al., 2003) general circulation model (GCM) is coupled with
the aerosol module HAM (Stier et al., 2005), here employed in its version ECHAM5.5-
HAM2 (Zhang et al., 2012). The aerosol module HAM2 predicts the size distribution20

and composition (mixing state) of aerosols including sulfate, black carbon (BC), or-
ganic carbon (OC), dust and sea salt. The particle size distribution is described by
7 lognormal modes (Vignati et al., 2004) including a sulfate only nucleation mode,
three internally mixed hydrophilic modes (Aitken, accumulation and coarse) contain-
ing all species, an internally mixed hydrophobic BC/OC mode (Aitken) and two ex-25

ternally mixed dust modes (accumulation and coarse). Nucleation is estimated as
a function of temperature, relative humidity, gas phase sulfuric acid concentration, gas
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phase sulfuric acid condensation sink and ionization rate following the scheme of Kazil
and Lovejoy (2007) and implemented in ECHAM5.5-HAM2 as described in Kazil et al.
(2010). Integration of the time evolution equation for gas phase H2SO4 including chem-
ical production, nucleation and condensation is performed as described in Kokkola
et al. (2009). Processes of coagulation and sulfuric acid condensation occur in and/or5

in between aerosol modes allowing particles to grow and to move from one mode to an-
other (Stier et al., 2005). In the model, OC only originates from primary emissions (i.e.
without an explicit secondary organic aerosol scheme) which may result in an underes-
timate of OC (Kazil et al., 2010). An explicit below-cloud scavenging (Croft et al., 2009)
and a semi empirical water uptake schemes were implemented. A double-moment10

cloud microphysics scheme including prognostic equations for number concentrations
of liquid droplets and ice crystals is used (Lin and Leaitch, 1997; Lohmann et al., 1999,
2007, 2008). The in-cloud scavenging scheme makes use of scavenging ratios that
are prescribed as a function of aerosol size, aerosol mixing state and cloud type (Stier
et al., 2005). In the simulations described in this paper, aerosol scavenging parameters15

were modified following recommendations from Bourgeois and Bey (2011).
ECMWF meteorological fields (ERA-INTERIM) were used to nudge the model en-

abling the representation of large-scale weather systems for specific years. Anthro-
pogenic emissions for aerosols are prescribed using the ARCTAS inventory, which
is representative of the year 2008 (http://www.cgrer.uiowa.edu/arctas/emission.html).20

A mix of FLAMBE (Reid et al., 2009) and GFEDv3 (van der Werf et al., 2010) inven-
tories were used for biomass burning emissions as reported in Bourgeois and Bey
(2011). A 3-year simulation was performed at a T63L31 resolution (about 1.9×1.9◦ in
the horizontal dimension and 31 vertical levels from the surface up to 10 hPa). Aerosol
extinction and AOD are reported at 550 nm.25

2.2.2 Comparison with CALIOP

The model is sampled along CALIOP orbits passing through the chosen region. Fig-
ure 1 (middle panel) shows the aerosol extinction timeseries simulated by the model
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for the same region and time period than those provided by CALIOP while Fig. 3 com-
pares the observed and simulated annual mean vertical distribution of aerosol extinc-
tions over our region of interest. The model reproduces well aerosol extinctions from
the surface to about 8 km but the discrepancy is rather large above 8 km although both
the model and the observations similarly show the presence of an enhanced aerosol5

layer in the TTL (at about 16 km). Observed aerosol extinctions sharply decrease be-
tween 8 and 15 km while simulated aerosol extinctions remain at a similar value from
8 to 11 km and slightly increase from 11 to 16 km. In both the observations and the
model results, aerosol extinction maximizes at around 16 km, where the model simu-
lates the mean tropopause height for the chosen region. The altitude of the observed10

and simulated aerosol extinction maxima are similar but the model simulates a much
broader aerosol layer than the CALIOP retrieval, which shows a finer aerosol layer of
about 2 km thick. The magnitude of these aerosol enhancements are also different with
a mean aerosol extinction of 2.10−4 and 7.10−4 km−1 in the observation and the model,
respectively. The simulated and observed monthly mean AOD integrated throughout15

the troposphere show overall good agreement (R2 = 0.64), but this good agreement
reflects the fact that the total AOD is largely influenced by the high amount of aerosols
found in the planetary boundary layer.

2.2.3 Characterization of the simulated aerosol layer

In the following we discuss the monthly mean aerosol extinctions of the aerosol layer20

for the different aerosol species and modes simulated in the model (approximated by
volume weighted average of the refractive indices of the individual species). According
to the model, sulfate, water and OC contribute 53, 29, and 11 %, respectively, to the
aerosol layer extinction, while dust, sea salt, and BC contribute 7 % in total (Fig. 4). The
sulfate contribution in the aerosol layer is higher during summer, which likely reflects25

the ITCZ located over South East Asia where large amounts of anthropogenic SO2
(sulfate precursor) are emitted. OC and BC contribute more in winter than in summer
to the aerosol layer because biomass burning emissions are large during boreal winter
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in Southeast Asia (van der Werf et al., 2010). The dust signature is maximum from April
to July (about 5 %) and is likely related to dust storms occurring over the Thar desert
in Western India during the pre-monsoon season (Dey et al., 2004). The simulated
lifetimes of sulfate and OC in the aerosol layer with respect to wet deposition and
sedimentation are 116 and 215 days, respectively. Sedimentation contributes 89 and5

79 % to the sulfate and OC removal, respectively. The remaining 11 and 21 % are due
to in-cloud aerosol scavenging.

The annual mean aerosol extinction between 16 and 17.5 km (i.e. at the maximum
aerosol extinction) is dominated at 91 % by internally-mixed aerosols in the accumula-
tion mode. The internally-mixed coarse mode contributes 8 % and the remaining 1 % is10

due to other modes such as internally-mixed Aitken mode and externally-mixed modes.
In terms of aerosol number concentration, the nucleation mode contributes 99.5 %.
This indicates that 0.5 % of the aerosol number concentration (other than aerosols in
the nucleation mode) contributes 99 % of the aerosol extinction (91 and 8 % from the
internally-mixed accumulation and coarse mode, respectively).15

Figure 5 shows the vertical profile of aerosol number concentrations in the nucleation
mode. The maximum aerosol number concentration occurs just below the tropopause
from 14 to 16 km. The annual mean aerosol number concentration for nucleated
aerosols larger than 3 nm (Dp>3 nm) in this layer is about 45 000 cm−3 (at STP). The
nucleation aerosol layer between 14 and 16 km is not visible in Fig. 1 because aerosols20

below 100 nm are not optically active. In order to assess the role of nucleation on the
aerosol layer in the TTL, we performed a sensitivity simulation in which nucleation was
turned off. We find that the aerosol number concentration decreases while the mean
aerosol extinction of the aerosol layer increases by about 10 % when nucleation is
turned off. This likely reflects the fact that without nucleation, sulfate in the gas phase25

can only condense on pre-existing particles and do not form new particles. This allows
aerosols to grow into a radiatively active size range. We find that 60 % of particles in
the accumulation mode in the aerosol layer are formed by nucleation. Hence, nucle-
ation is a significant process in the formation of the aerosol layer in the TTL. We also
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performed a series of sensitivity simulations in which anthropogenic, biomass burning,
volcanic and DMS emissions were turned off and estimated the relative contributions of
these different emissions by subtracting results from the sensitivity simulations to those
from the reference one. These simulations (Fig. 6) show that sulfate in the aerosol
layer is predominantly from SO2 and DMS sources. SO2 anthropogenic and volcanic5

emissions account for 35 % each of the total sulfate extinction, SO2 biomass burning
emissions account for 5 %, and DMS terrestrial and marine emissions account for 25 %.
Thus, 65 and 35 % of the total sulfate extinction are due to natural and anthropogenic
sources, respectively.

In Sect. 2.1, we hypothesis (as many other studies investigating aerosol distribution10

in the upper troposphere) that the formation of the TTL aerosol layer is at least to some
extent driven by deep convection associated with the ITCZ. In the tropics, Hadley cells
largely dominate air circulation. Surface air masses from the Southern and Northern
Hemisphere converge at the ITCZ near the equator. They rise toward the tropopause
near the equator, move slowly poleward, descend toward the surface in the subtrop-15

ics, and flow back toward the Equator near the surface. Over the Asian region, the
ITCZ is located between 5 and 15◦ S in boreal winter and between 5 and 30◦ N in
boreal summer (Chao, 2000; Lawrence and Lelieveld, 2010). In boreal summer, the
ITCZ is located over India (Asian monsoon) where vigorous deep convection reach-
ing across the tropopause and up to the lower stratosphere can take place (Gadgil,20

2003). Fueglistaler et al. (2009) shows that during deep convection event, the main
outflow can reach 200 hPa (about 12.5 km near the equator) with rare penetration of
the outflow in the TTL. Liu and Zipser (2005) estimated that 1.3 % of the convective
air masses reach 14 km and only 0.1 % of them penetrate into the TTL. In a sensitivity
simulation in which tracers (including aerosol precursors and aerosols) did not experi-25

ence convection (i.e. do not undergo convective transport), the aerosol layer does not
form (Fig. 6), which supports the conclusion that convection associated with the ITCZ
is directly responsible for the formation of the TTL aerosol layer.
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3 Discussion

While observed and simulated aerosol extinctions agree quite well in the lower tropo-
sphere, there are significant differences in the upper troposphere. In the following we
discuss possible reasons related to both the model and the observations for these dif-
ferences. Several studies have reported that uncertainties of CALIOP extinction and5

AOD are likely to be large. For example, a case study reported by Kacenelenbogen
et al. (2011) shows that CALIOP version 3 AOD is a factor of two lower than MODIS and
AERONET observations in North America. Yu et al. (2010) also reported that CALIOP
AOD observations for different geopolitical regions are lower than MODIS AOD obser-
vations. CALIOP uncertainties are associated with the sensitivity of the instrument,10

the misclassification of aerosols and clouds, and the determination of the lidar ratio for
each type of aerosol (Winker et al., 2009, and references hereafter).

In the particular case of very low aerosol extinctions as found in the TTL, the sen-
sitivity threshold (3.10−4 km−1 sr−1 Winker et al., 2009) of CALIOP may be the main
issue. As a result, extinctions in the aerosol layer in the TTL may be too low to be15

detected, and thus they may be classified as “clear air” (Winker et al., 2009). Chazette
et al. (2010) suggested that the lower AOD detection limit of CALIOP is about 0.07
during night and 0.1 during day. Another study (Bourgeois and Bey, 2012) also found
that CALIOP significantly underestimates low AOD values in the Northern Hemisphere,
in particular below 0.1. Therefore, the sensitivity threshold on the aerosol attenuated20

backscatter may result in an underestimate of aerosol extinction in the upper tropo-
sphere where aerosol extinctions are particularly low. In addition, a maximum uncer-
tainty of 30 % for aerosol extinction is associated with the determination of the lidar
ratio by the CALIOP algorithm (Omar et al., 2009).

A misclassification of the aerosol type can also induce large errors on the aerosol ex-25

tinction because aerosol lidar ratios range from 10 to 110 sr (Anderson et al., 2000). Oo
and Holz (2011) showed that in some cases, the CALIOP version 3 algorithm misclas-
sifies fine aerosols as coarse over oceans (i.e. the algorithm considers a lidar ratio of
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20 sr instead of 40 sr) inducing an underestimate of the AOD by about a factor of 2. An-
other source of uncertainty is associated with the cloud-aerosol discrimination (CAD)
which is characterized by a confidence value (Liu et al., 2009). Di Pierro et al. (2011)
used CALIOP version 2 products and show that dust aerosol can be misclassified as
clouds due to their high depolarization ratio. However, Redemann et al. (2011) reported5

that CALIOP version 3 AOD are similar to or better agree with MODIS observations
over oceans than the previous version. Redemann et al. (2011) and Yu et al. (2010)
showed that CALIOP observations better reproduce MODIS observations when they
used a filter for CALIOP data. For example, Yu et al. (2010) used only “cloud-free”
profiles and aerosol data with a CAD score between −50 and −100 corresponding to10

a confidence in aerosol data higher than 50 %. In contrast, no screening using CAD
was used in this study because the CAD score of the aerosol layer is between −50 and
0 (not shown), which corresponds to a confidence in aerosol classification lower than
50 %. The low CAD confidence is likely due to the fact that retrieved extinctions in the
aerosol layer are very low (close to the detection limit of the instrument).15

A recent study suggested that overshooting of clean air during convective processes
cleans the upper tropical troposphere and lower stratosphere (between 14 and 20 km)
in the southern tropic convective season (Vernier et al., 2011b), which is in appar-
ent contradiction with our results. Vernier et al. (2011b) used a similar version of
CALIOP product than in our study but applied different averaging or correction on the20

data as described in Vernier et al. (2009): First, they averaged nighttime extinctions
over large boxes (2◦ longitude×1◦ latitude×200 m in vertical); Second, they process
CALIOP data by using a 36–39 km range for the free aerosol background instead of
30–34 km in the CALIOP algorithm; Third, they removed aerosol extinction measure-
ments with depolarization ratios larger than 0.05 to avoid a possible misclassification25

of ice crystals in aerosols. We argue, however, that averaging CALIOP data over large
grid cells as used in Vernier et al. (2009) (rather than making use of the fine CALIOP
resolution) suppresses the aerosol layer in the TTL (not shown). Omar et al. (2009) and
Hu et al. (2009) reported that aerosol and ice cloud depolarization ratios typically range

2873

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/2863/2012/acpd-12-2863-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/2863/2012/acpd-12-2863-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
12, 2863–2889, 2012

A permanent aerosol
layer in the TTL

Q. Bourgeois et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

from 0 to 0.05 and from 0.25 to 0.54, respectively. Therefore, averaging high depolar-
ization ratios of ice clouds (0.25 to 0.54) with low depolarization ratios of aerosols (0 to
0.05) over large grid cells results in depolarization ratios larger than 0.05, which artifi-
cially “remove” aerosol layers with weak depolarization ratios from the dataset. This is
likely to happen because aerosols and clouds cohabite at the TTL, which makes their5

distinction difficult. For example, Weigel et al. (2011) observed that aerosols and ice
clouds coexist below the TTL in agreement with Thomas et al. (2002) who reported
measurements of cirrus clouds there as well. As a matter of fact, the model also sim-
ulates a layer of ice crystals between 10 and 16 km just below the aerosol layer (not
shown), which possibly confirms the co-existence of aerosols and ice crystals in the10

TTL. To test the implications of applying a screening based on depolarization ratios on
our result, we removed aerosol extinctions with depolarization ratios larger than 0.05
for all profiles above our region of interest but without averaging observations over
large grid cells (Fig. 3). This screening results in a decrease of the aerosol extinc-
tions throughout the column but the large aerosol extinctions in the PBL as well as the15

aerosol enhancement around the TTL remain clearly visible.
Sensitivity model simulations provide additional evidence that the TTL layer is likely

composed of aerosols. Two main discrepancies are however remarkable between the
model and the observations. First, the aerosol layer in the model is thicker than in the
observations, which may be related to the quite large vertical resolution of the model20

at this altitude (about 1.4 km). Second, aerosol extinctions in the TTL are larger in the
model than in the observations which may indicate issues related to sulfate formation,
removal or convection in the model. To our knowledge, no measurements of the total
number of nucleated particles are available at these altitudes due to extreme mete-
orological conditions. Clarke and Kapustin (2002) report a maximum aerosol num-25

ber concentration of 19 000 cm−3 (Dp>3 nm) at 11 km in the Pacific tropical region
and a concentration of about 7000 cm−3 (Dp>3 nm) at 12 km. The simulated annual
mean aerosol number concentration at 11 km in the tropical Pacific region is about
45 000 cm−3 (Dp>3 nm), indicating that the model overestimates observed values.
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This overestimate was previously reported in Kazil et al. (2010), who suggested that
this was not due to a nucleation processes. In addition, the simulated maximum of
nucleated aerosol number concentration is located between 14 and 16 km, i.e. higher
that the altitude suggested by observations (11 km, even though observations stop at
12 km, Clarke and Kapustin, 2002). This may indicate a too strong convective transport5

of aerosols and/or aerosol precursors in that region.
SO2 Asian anthropogenic emissions could be also too large in our model though our

global and Asian anthropogenic emissions of SO2 (110 and 40 Tg yr−1, respectively)
agree well with recent estimates such as those provided in Lee et al. (2011). The miss-
ing “connection” in CALIOP between aerosols in the lower troposphere and the TTL10

(Figs. 1 and 3), also discussed in Vernier et al. (2011a), likely results from the pres-
ence of convective clouds that mask vertical transport of aerosols. The model actually
simulates large export of sulfate precursors (i.e. SO2 and DMS) toward the tropical
upper troposphere associated with convective processes. These gases further oxidize
and their product nucleates to form new particles (e.g., the nucleation aerosol layer be-15

tween 13 and 16 km) or condensate on pre-existing particles, inducing aerosol growth.
These particles reach a critical size that matters for extinction once they are in the TTL.
This likely explains why no “connection” is seen between the lower troposphere and
the upper troposphere in CALIOP.

From these different elements, we conclude that the presence of an aerosol layer in20

the TTL with a substantial contribution from anthropogenic activities is very likely, even
though the amount of aerosols in the TTL aerosol layer is still uncertain.

4 Conclusions and perspectives

CALIOP observations indicate that an aerosol layer remains the entire year in the TTL
(at about 16–18 km) and follows the migration of the ITCZ. The confidence for the25

aerosol-cloud discrimination in the CALIOP retrieval algorithm is relatively low (lower
than 50 %), likely because aerosol extinctions in this layer are close to the detection
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limit of the instrument. However, particulate depolarization ratios of the particles in the
layer are mostly lower than 0.05, which is a typical value for aerosols other than dust.

In order to characterize this aerosol layer, we used the ECHAM5.5-HAM2 model.
The model simulates an aerosol layer during the whole year and at the same altitude
but the magnitude of the aerosol layer extinction is substantially larger in the model than5

in observations and the seasonal cycle of the layer is stronger in the model. A sensitiv-
ity simulation shows that convection is unambiguously responsible for the formation of
the simulated aerosol layer in the TTL. According to the model, sulfate, water and OC
contribute 53, 29, and 11 %, respectively, to the aerosol layer extinction, while dust, sea
salt, and BC contribute 7 % in total. Extinction due to sulfate aerosols comes from the10

nucleation and condensation of sulfuric acid, which, in turn, comes at 75 % and 25 %
from the SO2 and DMS oxidation, respectively. SO2 emitted by volcanic and anthro-
pogenic emissions contributes 35 % each to the sulfate extinction in the aerosol layer
while DMS emitted by terrestrial biogenic and marine contributes 25 %. SO2 emitted in
biomass burning emissions contribute 5 %. Therefore, 35 % of the extinction in term of15

sulfate in the aerosol layer are related to anthropogenic activities while 65 % are due
to natural sources. The fast increase in anthropogenic pollution sources in Asia may
further increase the proportion due to human activities and, as such, the total aerosol
extinction of the TTL aerosol layer, with some possible implications for the chemical
and radiative impacts of this aerosol layer. The aerosol layer may have substantial ef-20

fects. As it is mostly composed of sulfate and sulfate aerosols that reflect sunlight, it
likely decreases solar radiations absorbed by the atmosphere and induces a cooling
of the troposphere over the Southern Asian region. The AOD of the TTL aerosol layer
accounts for less than 1 % of the AOD integrated throughout the troposphere (from
the surface to 20 km), and therefore the direct effect of aerosols on solar radiation is25

probably small. However, aerosols can act as CCN and form cloud droplets that also
reflect solar radiation. For example, Merikanto et al. (2009) reported that secondary
aerosols derived from upper tropospheric nucleation contributes 14 % of CCN at 0.2 %
supersaturation in Southeast Asian low level clouds. Over our region of interest, the
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model indicates that 29 and 42 W m−2 are reflected back to space by aerosols and
clouds, respectively, in the shortwave radiation. Hence, about 6 W m−2 (i.e. 14 % of
42 W m−2) are reflected back to space due the cloud formation by aerosols in the TTL.
From a chemical point of view, sulfate may reduce ozone production in the TTL and in
the stratosphere by reacting with ozone precursors (Unger et al., 2006).5

Effects of aerosols, especially sulfate particles, in the TTL have been carefully stud-
ied for geoengineering purposes (e.g., Wigley, 2006; Rasch et al., 2008). Some sci-
entists and non-scientists proposed to inject sulfate aerosols in the stratosphere to
counter global warming associated with increasing greenhouse gases concentrations.
However, impacts are still uncertain and more comprehensive studies are needed be-10

fore any definitive conclusion can be reached and the impacts of such propositions as-
sessed. The semi-natural aerosol layer over Southeast Asia and the Indian Ocean de-
scribed in this study provides great opportunity for better understanding and assessing
the chemical and radiative impacts of sulfate aerosols in the upper troposphere. Fur-
ther characterization and investigation of the TTL aerosol layer are therefore needed to15

reduce remaining uncertainties, especially those related to lidar ratio assignment, cloud
aerosol discrimination and measurement threshold of the aerosol attenuated backscat-
ter in CALIOP, and to convection strenght, and aerosol formation and deposition in the
model.
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Figures497

498

Figure 1: Daily mean vertical aerosol extinctions (km-1) from January 2007 to December 2009 for
the CALIOP instrument (top) and the model (middle). Aerosol extinctions are averaged over the
region from 20◦S to 30◦N and from 5◦E to 105◦E. White and gray colors denote periods with no
aerosol and no available data, respectively. The black line in the top and middle plots represents
the tropopause height as simulated by the model. We sampled aerosol extinction of the model along
CALIOP tracks and we averaged them for the region defined before. The bottom plot compares
monthly mean AOD for CALIOP (black) and the model (red).

Fig. 1. Daily mean vertical aerosol extinctions (km−1) from January 2007 to December 2009
for the CALIOP instrument (top) and the model (middle). Aerosol extinctions are averaged over
the region from 20◦ S to 30◦ N and from 5 to 105◦ E. White and gray colors denote periods
with no aerosol and no available data, respectively. The black line in the top and middle plots
represents the tropopause height as simulated by the model. We sampled aerosol extinction
of the model along CALIOP tracks and we averaged them for the region defined before. The
bottom plot compares monthly mean AOD for CALIOP (black) and the model (red).
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Figure 2: Timeserie of aerosol extinction in the upper troposphere (15 to 20 km) versus latitude for
the CALIOP instrument. These data are for a longitude between 5◦E and 105◦E. No-aerosol and
no-available-data periods are shown in white and gray, respectively.

Figure 3: Annual vertical distribution of aerosol extinctions over the Asian region (same as Figure
1). Observations and model results are in black and red, respectively. The 25-75% percentiles
corresponding to observations are in gray. In the dashed curve, we removed aerosol extinctions
having a depolarization ratio larger than 0.05 (see discussion in section 3). The horizontal dashed
line represents the tropopause height as simulated by the model.

Fig. 2. Timeserie of aerosol extinction in the upper troposphere (15 to 20 km) versus latitude
for the CALIOP instrument. These data are for a longitude between 5 and 105◦ E. No-aerosol
and no-available-data periods are shown in white and gray, respectively.
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Figure 2: Timeserie of aerosol extinction in the upper troposphere (15 to 20 km) versus latitude for
the CALIOP instrument. These data are for a longitude between 5◦E and 105◦E. No-aerosol and
no-available-data periods are shown in white and gray, respectively.

Figure 3: Annual vertical distribution of aerosol extinctions over the Asian region (same as Figure
1). Observations and model results are in black and red, respectively. The 25-75% percentiles
corresponding to observations are in gray. In the dashed curve, we removed aerosol extinctions
having a depolarization ratio larger than 0.05 (see discussion in section 3). The horizontal dashed
line represents the tropopause height as simulated by the model.

Fig. 3. Annual vertical distribution of aerosol extinctions over the Asian region (same as Fig. 1).
Observations and model results are in black and red, respectively. The 25–75 % percentiles
corresponding to observations are in gray. In the dashed curve, we removed aerosol extinctions
having a depolarization ratio larger than 0.05 (see discussion in Sect. 3). The horizontal dashed
line represents the tropopause height as simulated by the model.
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Figure 4: Monthly mean aerosol extinction (km-1) of the aerosol layer (i.e. between 16 and 17 km)
over the Asian region (same as Figure 1) for the different aerosol species simulated by the model.

Figure 5: Annual mean vertical profiles of aerosol number concentrations (at STP) in the nucleation
mode (black line) and in the nucleation mode with a minimum aerosol size of 3 nm (black dotted
line) over the Asian region (same as Figure 1) for 2007. The horizontal dash line represents the
tropopause height as simulated by the model.

Fig. 4. Monthly mean aerosol extinction (km−1) of the aerosol layer (i.e. between 16 and 17 km)
over the Asian region (same as Fig. 1) for the different aerosol species simulated by the model.
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Figure 4: Monthly mean aerosol extinction (km-1) of the aerosol layer (i.e. between 16 and 17 km)
over the Asian region (same as Figure 1) for the different aerosol species simulated by the model.

Figure 5: Annual mean vertical profiles of aerosol number concentrations (at STP) in the nucleation
mode (black line) and in the nucleation mode with a minimum aerosol size of 3 nm (black dotted
line) over the Asian region (same as Figure 1) for 2007. The horizontal dash line represents the
tropopause height as simulated by the model.

Fig. 5. Annual mean vertical profiles of aerosol number concentrations (at STP) in the nucle-
ation mode (black line) and in the nucleation mode with a minimum aerosol size of 3 nm (black
dotted line) over the Asian region (same as Fig. 1) for 2007. The horizontal dash line represents
the tropopause height as simulated by the model.
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Figure 6: Monthly mean extinction (km-1) in the aerosol layer (same as Figure 1) for sulfate aerosols
resulting from different emission types. These contributions were obtained by subtracting simula-
tions without these emissions from the standard simulation.

Figure 7: Daily mean vertical aerosol extinctions (km-1) over the Asian region (same as Figure 1)
for 2007 in which we turned off convective transport for all tracers. The black line represents the
tropopause height as simulated by the model.

Fig. 6. Monthly mean extinction (km−1) in the aerosol layer (same as Fig. 1) for sulfate aerosols
resulting from different emission types. These contributions were obtained by subtracting sim-
ulations without these emissions from the standard simulation.
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Figure 6: Monthly mean extinction (km-1) in the aerosol layer (same as Figure 1) for sulfate aerosols
resulting from different emission types. These contributions were obtained by subtracting simula-
tions without these emissions from the standard simulation.

Figure 7: Daily mean vertical aerosol extinctions (km-1) over the Asian region (same as Figure 1)
for 2007 in which we turned off convective transport for all tracers. The black line represents the
tropopause height as simulated by the model.

Fig. 7. Daily mean vertical aerosol extinctions (km−1) over the Asian region (same as Fig. 1)
for 2007 in which we turned off convective transport for all tracers. The black line represents
the tropopause height as simulated by the model.
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