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Characterizing the vertical distribution of aerosol optical properties is crucial to reduce the uncertainty in
quantifying the radiative forcing and climate effects of aerosols. The analysis of four-year (2007—2010)
Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO) lidar measurements
revealed the existence of tropospheric aerosol layers associated with the Asian summer monsoon. The
measurements of five typical aerosol optical and microphysical parameters were used to explore the
properties, spatial/vertical distributions, annual evolution of tropopause aerosols over the South Asia
region. Results extracted from various latitude-height and longitude-height cross sections of aerosol

iee{x%rlds. extinction coefficient at 532 and 1064 nm, backscatter coefficient at 532 nm, and depolarization ratio at
Asian summer monsoon 532 nm demonstrated that a large amount of aerosols vertically extended up to the tropopause (12 km)
Tropopause during the monsoon season over the north Arabian Sea, India, north Bay of Bengal, and equatorial Indian
Vertical Ocean, finally reaching the southeast of the Tibetan Plateau. Convective transport associated with Asian

summer monsoon is an important factor controlling the vertical distribution of tropopause aerosols. The
evolution of aerosol scattering ratio at 532 nm indicated that from equatorial Indian Ocean to South Asia,
there exists an upward tilting and ascending structure of the aerosols layer during the monsoon season,
which typically indicates enhanced aerosols over the Asian monsoon region. Information on aerosol size
distribution and detailed composition are needed for better understanding the nature and origin of this
aerosol layer. Enhancement of the tropopause aerosols should be considered in the future studies in
evaluating the regional or global climate systems. Further satellite observations of aerosols and in-situ
observations are also urgently needed to diagnose this aerosol layer, which likely originate from
anthropogenic emissions.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

The tropical tropopause layer is generally recognized to control
the entry of air from troposphere into the stratosphere (Vernier
et al., 2011, 2015; Kremser et al., 2016). However, the Asian
monsoon circulation offers an alternative way that bypasses the
tropical region (Gettelman et al., 2004; Randel et al., 2010).
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Previous study indicated that convection is strongest in the tropics
and aerosols were uplifted to higher altitudes as compared to
elsewhere (Holton et al., 1995; Fu et al., 2006). The transport of
atmospheric sulfur, mostly produced from the tropic region
(Kremser et al., 2016; Vernier et al., 2011, 2015), to higher altitudes
by the monsoon wind/air, could affect the chemical balance of at-
mosphere and the climate (Thomason et al., 2007; Randel et al,,
2010; Solomon et al., 2011). Global satellite aerosol data implies a
negative radiative forcing (- 0.1 Wm?) due to stratospheric aerosol
changes (Solomon et al., 2011; Vernier et al., 2015). Model simu-
lations had suggested that deep convection could efficiently lift
human-derived species (e.g., SOx, NOx, H,S) from strong source
regions over Asia (Lawrence et al., 2003; Niemeier and Timmreck,
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2015; Guo et al., 2017), the atmospheric species could be entrapped
and transported to the Eastern Mediterranean Sea along the
southern edge of the anticyclone circulation during Asian Summer
Monsoon (ASM) (Li et al., 2005; Park et al., 2007; Randel et al., 2010;
Lawrence and Lelieveld, 2010; Vernier et al., 2015; Cohen et al,,
2018). It has been observed that during the fast convective, tropo-
spheric air can directly enter into the lower stratosphere over the
Tibetan Plateau (TP) (Fu et al., 2006). In addition, numerical simu-
lations suggest that 75% of the total summer water vapors were
transported into the global tropical stratosphere, which may easily
occur over the South Asian monsoon regions (Gettelman et al.,
2004; Li et al., 2005; Kim et al., 2003).

Given the underlying impacts of aerosol on the radiative forcing
of the tropopause, a key scientific question is whether natural and/
or anthropogenic aerosols and their gas-precursors can also be
transported to the upper troposphere by deep convection during
the ASM. However, there are substantial obstacles to this transport
because, generally, aerosols are effectively scavenged by frequent
rainfall events in ASM season (Rosenfeld et al., 2007; Mari et al,,
2010; Niu et al., 2014, 2018). Moreover, heterogeneous aerosol
processing may change the hygroscopicity (Cohen et al., 2018;
Wang et al., 2006), which in turn affects the scavenging efficiency
and vertical distribution of the aerosols (Kim et al., 2008; Cohen
and Prinn, 2011). These components have been revealed to
interact and combine each other, the slight changes in their premier
vertical distribution can result in distinct discrepancies in atmo-
spheric transport thousands of kilometers apart (Tao et al., 2012;
Wang, 2013; Pei et al., 2019). Therefore, characterizing the vertical
distribution of aerosols properly is important to restrict their at-
mospheric spatial-distribution and climatic effects, which also
impact the atmospheric energy balance (Cohen et al.,, 2018; Kim
et al., 2008), atmospheric circulation, and precipitation (Ming
et al., 2010; Tao et al.,, 2012; Wang, 2013; Li et al., 2015). Large
scale variability of atmospheric deep convection accounts for most
of the vertical transport of energy from the planetary boundary
layer (PBL) to upper troposphere and rainfall (Rajeevan et al., 2013).

However, aerosol field observations in the upper troposphere
either from satellites or other instruments have been very scarce.
Recent investigations of aerosol layer in the upper troposphere
from the Cloud-Aerosol Lidar with Orthogonal Polarization (CAL-
IOP) lidar (Thomason et al., 2007; Winker et al., 2007, 2010; 2013;
Yu et al., 2010; Tian et al., 2017) have identified a notable amount of
non-volcanic aerosol near the tropopause during the ASM
(Anderson et al., 2003; Fu et al., 2007; Thomason and Vernier,
2013), which was named the Asian Tropopause Aerosol Layer
(ATAL) (Vernier et al., 2011, 2015). Tropospheric aerosols are largely
variable in terms of time and space (e.g., Winker et al., 2007;
Vernier et al., 2011), satellite observations are urgently needed to
well understand the distribution and impact of aerosols on regional
and global scales. This study deeply surveys the optical character-
istics, vertical distributions, formation mechanisms, and possible
sources of the ATAL.

The CALIOP lidar, onboard the Cloud-Aerosol Lidar and Infrared
Pathfinder Satellite Observation (CALIPSO) satellite, has been
acquiring global aerosol profile and layer data since June 2006
(Winker et al., 2007, 2010), the observations crossing the latitudes
from 82° S to 82° N. CALIPSO is in an earth sun-synchronous
pathway at a 705 km height, and with a 16-day orbit repeat-cycle
(Liu et al., 2008a; Winker et al., 2013; Vernier et al., 2015). One
limitation of the CALIPSO is that its global sampling coverage takes
16 days. CALIOP aerosol profile products (e.g., Level 2 and 3) have
been extended to provide a three-dimensional view of the global
distribution of atmospheric aerosols. CALIOP is a nadir-viewing
instrument and only acquires measurements along the satellite
ground-track (Cohen et al., 2018; Winker et al., 2013). The global

investigation of vertical profiles of aerosols from CALIPSO obser-
vations provides many options to study vertical distribution of
aerosol and to improve parameterization of aerosol in the climate
and weather-forecast models (Liu et al., 2017; Thomason et al.,
2007; Rajeevan et al.,, 2013). In this paper, four-year (2007—2010)
satellite observations of tropospheric aerosols from the CALIPSO
have been performed to examine the vertical distribution of aero-
sols associated with the ASM, and particularly the mean vertical
distribution and its variability during the active and break monsoon
spells/periods. Section 2 provides a description of CALIPSO satellite
measurements used in this study and the statistic methods
employed in data processing. In section 3, we focused on the ver-
tical distribution of tropospheric aerosols during the active and
break spells investigated by using microphysical and optical pa-
rameters of aerosol. We have examined annual vertical structure of
tropopause aerosols using aerosol scattering ratio at 532 nm.
Finally, mechanisms responsible for the formation of ATAL and its
origin are discussed and concluded.

2. Data and methodology
2.1. Description of CALIPSO

The primary objective of CALIPSO is to provide measurements
that can improve our understanding of the role of aerosol in the
climate system (e.g., Winker et al., 2007, 2010). The primary task of
CALIPSO is devoted to the detection of aerosols vertically from the
whole troposphere to the lower stratosphere (Vernier et al., 2011;
Winker et al,, 2010). The CALIPSO payload consists of three in-
struments, including the Cloud-Aerosol Lidar with Orthogonal Po-
larization (CALIOP) and two others (Winker et al., 2007; Thomason
et al.,, 2007). CALIPSO detects the aerosol at global-scale with an
absolutely high resolution and sensitivity, its vertical resolution is
60 m in the upper troposphere (<20.3 km) (Thomason et al., 2007;
Winker et al., 2010). The highest detecting resolution is 1/3 km
horizontally and 30 m vertically (height: —0.5 km - 8.2 km) for the
532 nm data. The vertical resolution of the aerosol profile data
changes with altitude. The highest resolutions are employed for the
lower altitudes where aerosol generally has a larger spatial vari-
ability and stronger backscatter intensity (Liu et al., 2008b). Data
from these equipments are used to explore the vertical distribu-
tions of aerosols in the atmosphere, as well as aerosols optical and
microphysical properties which influence the Earth's radiation
budget. CALIOP provides profiles of total attenuated backscatter
coefficients at wavelengths of 532 and 1064 nm, and two perpen-
dicular and parallel polarization components. The estimates of
aerosol particle size can be obtained from the depolarization ratios
at the two wavelengths. Aerosol heights and the extinction coeffi-
cient (at 532 or 1064 nm) data can be extracted/retrieved from the
total backscatter coefficients.

In this study, five parameters which closely associated with
aerosol optical and microphysical properties are employed: aerosol
extinction coefficient at 532 and 1064 nm, total backscatter coef-
ficient at 532 nm, particulate depolarization ratio profile at 532 nm,
as well as aerosol scattering ratio at 532 nm. Profile data for
tropospheric aerosols is retrieved from the CALIPSO.

2.2. CALIPSO measurements of aerosols in the troposphere

The CALIOP data set has been arranged in a series of 16-day time
resolution 3-D grids of 1° latitude x 1° longitude x 1 km height.
The Scattering Ratio (SR) is calculated using the total backscatter
(aerosol + molecular) coefficients and the molecular alone (Vernier
et al., 2009).

For the 532nm data, the particulate total backscatter



H. Niu et al. / Environmental Pollution 253 (2019) 207—220

coefficients are derived from the sum of the parallel and perpen-
dicular backscatter measurements recorded aboard the CALIPSO
satellite (i.e. 8532 total = B532 parallel + Bs32 perp)-

The vertical structure of aerosols has been examined by
analyzing the vertical distribution of extinction coefficient and total
backscatter coefficient, as well as particulate depolarization ratio.
For examining vertical structure, we have evaluated several vertical
cross sections over the ASM region, e.g., latitude-height cross sec-
tion and longitude-height cross section. The latitude-height section
is identified to examine the north—south variation of aerosol
properties along the north Arabian Sea and the Bay of Bengal and
the south of TP.

Extensive global observations have revealed the break and
active monsoon phases during the ASM over the Indian subconti-
nent. The two phases have an overlap of 30—60 days and 10—20
fluctuations (Rajeevan et al., 2010, 2013). During the break (active)
spells, suppression (intensification) of deep convection activity
occurs over the Indian subcontinent (Ravi Kiran et al., 2009). During
the break phase, the monsoon trough is located near the foothills of
the Himalayas which cause distinct decrease of rainfall. In this
study, employing the break and active phases during the monsoon
period, as identified by Rajeevan et al. (2010, 2013) and Ravi Kiran
et al. (2009), we thoroughly determined the vertical distribution of
aerosols associated with active and break phases over the ASM
region. Using the CALIPSO data for the monsoon seasons in 2007,
2008, 2009, 2010, the vertical profiles (longitude and latitude-
height cross sections) of the five optical and microphysical pa-
rameters of aerosols over the ASM regions were identified.

3. Results and discussion
3.1. Optical properties of Asian tropopause aerosol

A typical profile of the CALIPSO observation over the summer
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monsoon region has been retrieved and displayed in Fig. 1, which
represents aerosol extinction coefficient at 532 nm on 13 August
2007 as a function of heights. It generally demonstrates the vertical
distribution of tropopause aerosol-signal over the study area of this
work. The spatial distribution of the mean aerosol extinction co-
efficient at 532 nm over the ASM region during July and August in
2007, 2008, 2009, and 2010 has been shown in Fig. S1. Tropospheric
aerosols were more and more extensive from southwest to north-
west of the region. In addition, among the investigated years, the
average aerosol extinction coefficient in 2009 was higher, which
probably indicates stronger aerosols or airborne dust emissions
from Pakistan, Afghanistan, north Arabian Sea, and west of India
during the summer monsoon season (Liu et al., 2008a). The vertical
profiles of aerosol extinction coefficient, total backscatter coeffi-
cient and particulate depolarization ratio derived from CALIPSO at
532nm during the ASM of 2007—2010 are shown in Fig. 2.
Maximum aerosol extinction coefficient is observed over the west
coast of India and the southwest of the TP. The most obvious
aerosols are vertically homogeneously distributed below the PBL
height, but they vertically extended beyond 10 km in the tropo-
sphere (Fig. 2 a, d). The vertical distribution of aerosol extinction
coefficient observed from the latitude-height cross section indi-
cated that aerosols were transported from south to north over the
ASM region. In addition, over the west coast of India and the north
Arabian Sea, the most pronounced extinction coefficient of aerosol
has been observed over the North Bay of Bengal (Fig. 2a, d). The
vertical distribution of total backscatter coefficient of aerosol has
the similar trend with that of aerosol extinction coefficient (Fig. 2b,
e). However, aerosol total backscatter coefficients are marginally
smaller than extinction coefficients over the ASM region. It was
identified that a lower planetary boundary layer height also con-
tributes to higher aerosol loading near the ground surface (Guo
et al., 2016). Strong vertical mixing in summer transports more
aerosols from the atmospheric boundary layer to the free
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Fig. 1. Profile of the aerosol extinction coefficient at 532 nm (unit: km~') over the Asia summer monsoon region on August 13, 2007 detected by CALIPSO.
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troposphere (Tian et al., 2017). Based on the longitude-height cross
sections of aerosol extinction coefficient and total backscatter co-
efficient (Fig. 2a and b), we can observe that there is a vertical tilting
structure of enhanced aerosol optical properties over the north Bay
of Bengal and southeast of TP. The enhanced aerosol extinction
coefficient and backscatter coefficient probably associated with
boreal summer intra-seasonal variability (BSISV) (Jiang et al., 2011).
Moreover, it was observed that aerosols within PBL height have
distinct seasonal variation (Tian et al., 2017). The vertical structure
of tropopause aerosol could be an indicative of a pre-conditioning
process for the northward propagation of BSISV (Rajeevan et al.,
2013; Jiang et al., 2011). Lidar and balloon-borne measurements
demonstrated that appearance of cold tropopause and increase in
moisture in the upper troposphere (Park et al., 2007) are consid-
ered to be important factors to explain the enhancement of
tropopause aerosol observed in summer over the TP (Kim et al.,
2003).

Different with the vertical distribution of aerosol extinction
coefficient and total backscatter coefficient, three-dimensional
structure of particulate depolarization ratio has more distinct
characteristics over the ASM region. From the longitude-height
cross section we noticed that the depolarization ratio is higher
over the north Arabian Sea, the west coast of India, as well as the
southwest of TP, which corresponded to an elevated aerosol or dust
layer transported from west to east at heights of 1—6 km over these
regions. Depolarization ratio was normally used as an indicator to
separate dust from other types of aerosols (Murayama et al., 2001;
Huang et al., 2008; Haarig et al., 2018). High depolarization ratio in
the west of the region (Fig. 2c) probably indicates dust was lofted
and advected over the north Arabian Sea and the west coast of
India. It is well known that dust events occur frequently as sources
over the Arabian Peninsula through western India (Wang, 2009;
2018; Liu et al., 2008a). Located in the dust belt, the Arabian

Peninsula is a major source of atmospheric dust. Frequent dust
outbreaks (15—20 dust storms per year) have profound impacts on
all aspects of human activities and natural processes in this region
(Prakash et al., 2015; Jin et al., 2016). Moreover, another enhanced
aerosol layer over the entire ASM region considerably extended
even up to 16 km in the tropopause which can be identified by the
maximum particulate depolarization ratio (Fig. 2c). The vertical
distribution of the enhance aerosol layer over the ASM region can
further be verified in latitude-height cross section (Fig. 2f). It is
worth noting that the elevated aerosol layer was extensively
transported from the equatorial Indian Ocean, crossed over the
North Bay of Bengal and finally reached the southeast of the TP.
High depolarization ratio in the eastern part of the region (Fig. 2c)
suggests that the tropopause aerosols were probably composed of
urban aerosols and biomass burning aerosols, which have different
depolarization ratios. Therefore, those aerosols were carried up-
ward by convection and trapped into the tropopause region. Pre-
vious study recognized that over the North Bay of Bengal, deep
convective clouds with the maximum altitude above 16 km were
also detected (Rajeevan et al., 2013), which greatly consistent with
the vertical distribution of tropopause aerosol found in this study.
Convective transport has been identified as an important factor that
controls the vertical structure of tropopause aerosols (Kipling et al.,
2016). A recent re-analysis of Stratospheric Aerosol and Gas
Experiment II satellite observations has confirmed the enhance-
ment of aerosol associated with the ASM from the early 2000s
(Thomason and Vernier, 2013; Vernier et al., 2015). ATAL during the
ASM has extended vertically up to the tropopause and was confined
by the Asian anticyclone (Vernier et al., 2011) which enables the
transport of air masses from Southeast Asia (Lawrence and
Lelieveld, 2010). The ATAL probably is of non-volcanic aerosols for
the global upper troposphere.
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3.2. Vertical structure of tropopause aerosol during the active and
break spells

It is generally recognized that during the boreal-summer
monsoon season, substantial climate variability (on daily, sea-
sonal, inter-annual, and decadal time scales) of convection and
rainfall over the ASM region arises from the oscillation on the intra-
seasonal scale between active and break spells. It is important to
understand the physical mechanism of the active and break spells
and transition from the active to break phases. Light-absorbing
(e.g., carbonaceous aerosols) aerosols in tropopause layer play an
important role, especially in the transition of Indian monsoon from
break to active spells. Manoj et al. (2011) proposed that absorbing
aerosols modulate the north-south temperature gradient at lower
levels during the transition period, and facilitate the transition of
Indian monsoon from breaks to active phases. Both the dynamical
and thermo-dynamical factors might play an important role in
modulating the intra-seasonal activity of ASM and thus causing the
active and break spells during the ASM. Moreover, absorbing
aerosols have a strong influence on the monsoon circulation and
the development of convective precipitation, aerosol induced per-
turbations can affect Indian summer monsoon circulation and
precipitation (Wang, 2009). The distinct meridional evolution of
intraseasonal variability from the equatorial zone to the Indian
continent modulates of the active/break phases of the south Asian
monsoon (Jiang et al., 2011). A number of studies using different
general circulation models indicate that direct radiative forcing of
carbonaceous aerosols can result in northward shift of precipitation
in the intertropical convergence zone (Wang, 2009). Recent
modeling studies also suggest that direct radiative forcing of
aerosols has a significant influence on Indian summer monsoon
(Lau et al., 2008, 2016). Radiative forcing of carbonaceous aerosols
can enhance the Indian summer monsoon circulation (Wang, 2004;
2007). Ramanathan et al. (2005) found that an increase in the black
carbon radiative forcing over the Indian subcontinent and sur-
rounding areas leads to changes in monsoon and pre-monsoon
tropical convective precipitations. In the northern precipitation-
band of the Intertropical Convergence Zone, its precipitation has
an enhancement of 15% due to the direct forcing of black carbon
aerosols (Wang, 2007).

The mean vertical profiles of aerosol extinction coefficient over
the ASM region associated with active and break spells are
retrieved and are shown in Fig. S2 (a - d). Maximum of aerosol
extinction coefficient is observed over the northwest Arabian Sea
and the west coast of India, where it is extended vertically up to
more than 5 km (Fig. S2a) during the active spell, and it is extended
vertically 4km during the break spell (Fig. S2b). In addition,
maximum aerosol extinction coefficient is observed over the
northwest coast of India and north Arabian Sea, where it is
extended vertically up to 5 and 4 km during the active and break
spells, respectively (Figs. S2c and d). It is obvious that during the
active spell, the aerosol extinction coefficient is extended vertically
to altitude higher than that during the break spell, and thus a
vertical tilting structure of enhanced aerosol optical properties
associated with the ASM over the northwest coast of India and
north Arabian Sea can be clearly identified. It is widely recognized
that the ASM is one of the most dominant tropical circulation
systems in the general circulation of the atmosphere, atmospheric
aerosols affect the circulations of the atmosphere by modulating
the spatial distribution of heating within the atmosphere and at the
surface. In addition, during the active spells, large scale convection
can be observed over the western parts of India and the adjoining
north Arabian Sea and North Bay of Bengal; suppressed convection
was mainly observed during the break spells over the northeast
India (e.g., Rajeevan et al., 2013), this is consistent with the spatial

trend of the enhanced aerosol extinction coefficient over these
regions. The enhanced aerosol layer demonstrated by extinction
coefficient measurements during active and break phases in the
troposphere probably consisted of dust and anthropogenic aerosols
from biomass burning and urban emissions. Generally, extinction
coefficients at the two wavelengths (532 and 1064 nm) are quite
different, particularly for the larger dust particles and the smaller
urban and biomass burning particles. It was proposed that mixtures
of anthropogenic aerosols and dust were commonly detected by
CALIOP over the southern slope of the TP and a large area in South
Asia (Liu et al., 2008a). The latitude-height cross sections (0° N - 40°
N) of extinction coefficient at 1064 nm averaged between 50° E —
65° E and 65° E — 80° E associated with active and break phases
during the ASM period are shown in Fig. S3. The vertical distribu-
tions of aerosol extinction coefficient at 1064 nm (Fig. S3) and
532 nm (Fig. S2) are a little different. The tilting structure generated
from 1064 nm extinction coefficient is more distinct compared to
from 532 nm, particularly during the active monsoon phase. The
enhanced aerosols might be composed of anthropogenic aerosols
and airborne dust in the troposphere over the ASM region. Tropo-
spheric aerosols and airborne dust have different sources over the
ASM region. Generally, urban and biomass burning emissions are
major anthropogenic aerosol sources in the ASM region. Biomass
burning represents a major source of pollution throughout the
troposphere, with strong impacts on the atmospheric composition
(e.g., Hodzic et al., 2007; Konovalov et al., 2011; Yamasoe et al.,
2015; Petetin et al., 2018). Urban aerosol is also a major compo-
nent of tropospheric aerosol, most of the particles in urban aerosol
are by-products of photochemical reactions involving nitrogen and
hydrocarbons oxides, which are emitted from combustion (Hill and
Smoot, 2000).

In order to understand the variability of three dimensional
aerosol vertical structure during the active and break monsoon
spells, we investigated the total backscatter coefficient of aerosol
using the latitude-height cross sections (0°—40° N). The latitude-
height cross sections were averaged between 50° and 65° E and
65°—80° E both during the active and break spells associated with
the ASM (Fig. 3). It is notable that during the active spells, the
spatial distribution of the total backscatter coefficient was vertically
extended up to 6 km over north Arabian Sea and the northwest of
India (Fig. 3a, c). During the break spells, atmospheric aerosols were
vertically extended up to 4 km over those regions. However, most
pronounced aerosol occurred in the lower troposphere (below
2 km) either during the active spells or during the break spells
(Fig. 3). This is due to extensive convection has lifted the human-
derived species (e.g., SO2, NOy, dust) from source regions in South
Asia (e.g.,, Cong et al, 2015; Niemeier and Timmreck, 2015;
Howarth, 1998; Mitchell, 1970; Zhang et al., 2017). The atmospheric
aerosols could almost be transported over the TP during the ASM
demonstrated in Fig. 3 (c, d). During the active spells, enhanced
aerosol extinction coefficient and total backscatter coefficient
suggesting deep convection of atmospheric aerosol over the west
coast of India and the north Arabian Sea (Fig. Slc, Fig. 3c). This
phenomenon is consistent with the results of vertical cloud struc-
ture of the Indian summer monsoon investigated by Rajeevan et al.
(2013). The spatial distribution of tropopause aerosol associated
with the break and active monsoon spells we found are part of large
scale perturbations over the ASM region which comprising other
regional heat sources of the ASM.

In addition to the intra-seasonal variability of total backscatter
coefficient of aerosol, we investigated the vertical aerosol struc-
tures with the microphysical parameter of particular depolarization
ratio averaged between 50° and 65° E and 65°—80° E associated
with active and break spells during the ASM period. Maximum
particular depolarization ratio is observed over the equatorial
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Fig. 3. Latitude-height cross sections (0°—40° N) of aerosol total backscatter coefficient at 532 nm (unit: km~") averaged between 50° and 65° E and 65°—80° E associated with
active and break spells during the ASM period. The shaded parts in plots (¢) and (d) indicate the topography of the Tibetan Plateau.

Indian Ocean, north Arabian Sea, the west of India, and the
southwest of the TP during the active spell associated with the ASM
(Fig. 4a, c), it vertically extends to 6 km over these regions due to
large scale convection. The distinct vertical tilting structure of
enhanced particular depolarization ratio during the active spell
anomalies may be relevant to the BSISV (Jiang et al., 2011), more-
over, the vertical tilting structure of aerosol suggests a pre-
conditioning process for the northward spread/diffusion of the
BSISV, it is well recognized that a wide range of convection was
observed over the west of India and the surrounding north Arabian
Sea (Rajeevan et al.,, 2013). During the break spell, the vertical
distribution of aerosol particulate depolarization ratio from the
latitude-height cross-sections nearly has not presented remarkable
trend (Fig. 4b, d), which can be attributed to suppressed convection
over the western India during the break period (e.g., Ravi Kiran
et al., 2009; Rajeevan et al., 2013).

It is interesting that the enhanced aerosol depolarization ratio
can be found over the eastern region of India and adjoining
Northern Bay of Bengal, and other adjoining countries in South
Asia, i.e. Burma, Laos, and Thailand (Fig. 5). The vertical tilting
structure of enhanced particular depolarization ratio extends up to
6 km either during the active (Fig. 5a, c) or break monsoon spells
(Fig. 5b, d) over the east of South Asia, as well as the southeast of TP,
which suggesting an equatorial and eastward shift of monsoon
convection. Previous study suggested that the presence of dust at
an altitude of 5 km was detected using the depolarization ratio. The
depolarization ratio of dust is high due to the nonsphericity of the

dust particles (Murayama et al., 2001), whereas this ratio is low
(close to zero) for other aerosol types (Lau et al., 2018). The vertical
tilting structure of the enhanced depolarization ratio probably in-
dicates dust aerosol over this region due to strong monsoon con-
vection. Moreover, pollution aerosols and mixtures of pollution
aerosols and airborne dust were commonly observed by CALIOP
over the southern slope of the TP and a large area to the south (Lau
et al.,, 2018). During the active spell, the vertical structure of aerosol
is more extensive compared with the break phase (Fig. 5a, c),
indicating large scale convection was significantly prevailing over
this region. The ASM system is characterized by deep convective
transport of boundary layer air into the upper troposphere over
South East Asia which is horizontally and vertically advected by an
anticyclone (Liu et al., 20083, b; Vernier et al., 2011). The enhanced
aerosol depolarization ratio firmly demonstrates a vertical struc-
ture of aerosol associated with ASM over the east of South Asia.
Overall, it is worth noting that an elevated aerosol layer at heights
from 1 to 5km is identified in the west (50°—65° E) and east
(80°—105° E) regions of the South Asia.

3.3. Annual variation of tropopause aerosol

In addition to the general characteristics of tropospheric aerosol
associated with ASM, we further investigated the spatial and
temporal distribution of tropospheric aerosols using the annual
dataset of aerosol extinction coefficient. Fig. 6 shows the latitude-
height cross section (Fig. 6a, b, ¢, d) and longitude-height cross
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Fig. 6. Latitude-height cross section between 50° and 110° E (upper panel) and longitude-height cross section between 0° and 40° N (lower panel) of aerosol extinction coefficient
at 532 nm (unit: km™") for July and August in 2007, 2008, 2009, 2010. The shaded parts in plots (a)—(d) indicate the topography of the Tibetan Plateau.

section (Fig. 6e, f, g, h) of the mean aerosol extinction coefficient for
July and August 2007—2010, which clearly demonstrate the evo-
lution of aerosol extinction coefficient over the four years. Aerosol
extinction coefficient associated with ASM in the lower tropo-
sphere (3 km) was significantly high over north Arabian Sea, India,
Bangladesh, and north Bay of Bengal, which vertically extends up to
tropopause between 2007 and 2010 (Fig. 6). The second most
extensive aerosol signal demonstrated by aerosol extinction coef-
ficient from the latitude-height cross section was that tropospheric
aerosols were transported upward to 8 km from the equatorial In-
dian Ocean to South Asia (Fig. 6a, b, ¢, d). Based on the mean
variation of tropospheric aerosols over the four years in ASM re-
gion, it seems that during the monsoon seasons of 2008 and 2009,
tropospheric aerosols were enhanced than those detected in 2007
and 2010 (Figs. 6 and 7). The longitude-height cross section be-
tween 0° and 40° N indicated that from west to east of the region,
aerosols in the lower troposphere have strong signals, which
vertically extended up to the tropopause. This spatial trend agrees
well with the results exhibited in Figs. 2, 3 and 7. Furthermore,
latitude-height cross sections between 10° and 30° N (averaged at
50°—80° E) and longitude-height cross sections between 50° and
80° E (averaged at 10°—30° N) of aerosol extinction coefficient at
532 nm for July and August in 2007, 2008, 2009, 2010 are shown in
Figs. S4 and S5, respectively. The results indicated that tropospheric
aerosols were extensive in several vertical layers with the heights of
2 km, 4 km, and 5—7 km. The vertical structure of aerosol in the
lower troposphere was more distinct particularly in the longitude-
height cross sections (Fig. S5). It is apparent that from the equa-
torial Indian Ocean to north Arabian Sea and southwest Asia,
tropospheric aerosols were vertically distributed and propagated
over this sub-region in three layers. It is an interesting finding since
over the investigated time series, this has always been the case
(Figs. S4 and S5). The high aerosol extinction coefficients over the
lower troposphere of India, north Bay of Bengal, and other
adjoining areas suggest that atmospheric aerosols transport in the
boundary layer was significant. Tropospheric aerosols were trans-
ported from west to east of South Asia as revealed from the

longitude-height cross section in Figs. 2 and 6. In addition, those
tropospheric aerosols can easily cross the TP by long-range trans-
boundary transport from South Asia and other source regions (e.g.,
Liithi et al., 2015; Cong et al., 2015), because the ASM circulations
offer an effective pathway for water vapor and other atmospheric
emissions from the lower troposphere into the upper troposphere
(e.g., Park et al.,, 2004, 2007; Fu et al, 2006). Moreover, the
monsoon circulation provides a vertical pathway for atmospheric
pollution from South Asia (e.g., India, Bangladesh) to the incursion
of the global stratosphere (Randel et al., 2010). Previous study
recognized that convective transportation of lower tropospheric
materials can affect atmospheric constituents near the tropopause
region (Tobo et al., 2007). Particularly the effects of hydration and
adiabatic cooling relevant to deep convection over the TP observed
using balloon-borne may also trigger enhancement of pre-existing
or vertically-transported aqueous solution droplets (e.g., liquid
sulfate particles) near the tropopause region (Kim et al., 2003; Tobo
et al., 2007). The deposition of light-absorbing aerosols in ATAL on
snow and glaciers of the TP has significant impacts on snow dark-
ening, snow and glacier melt, as well as meltwater runoff (e.g., Qian
et al., 2011, 2015; Lau et al., 2018). Study on snow and ice samples
from glaciers revealed that the presence of carbonaceous particu-
late matter, with biomass burning identified as account for more
than 90% of carbonaceous particles (Pavese et al., 2014). Therefore,
enhancement of the tropospheric aerosols should be considered in
evaluating the regional or global climate system and the
geochemical cycle.

The evolution of the spatial distribution of aerosol particulate
depolarization ratio during the monsoon season of 2007—2010 has
been investigated by using latitude-height cross section (between
50° E — 110° E) and longitude-height cross section (between 0° N
and 40° N) (Fig. 7). The monsoon aerosols signal was more and
more extensive from 2007 to 2009, substantial fraction of aerosols
layer between 2 and 5km can be seen from the latitude-height
cross section (Fig. 7a, b, c). However, this aerosol layer is not
detected in the year of 2010 since it was transported to higher
tropopause (Fig. 7d). The vertical extent of aerosols extends even up
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Fig. 7. Latitude-height cross section between 50° E — 110° E (upper panel) and longitude-height cross section between 0° N and 40° N (lower panel) of the mean particulate
depolarization ratio at 532 nm for July and August in 2007, 2008, 2009, 2010. The shaded parts in plots (a)—(d) indicate the topography of the Tibetan Plateau.

to 12 km over South Asia and the TP during the monsoon period of
2008, 2009, and 2010. The ATAL aerosols in 2009 and 2010 have the
most pronounced signal among the examined four years, this might
be due to the volcanic eruption, for example, a large plume of 1.2 Tg
of SO, and ash was injected above the tropopause after the eruption
of Sarychev volcano (Kamchatka, Russia) in June 2009 (Haywood
et al., 2010). A large scale volcanic plume had circumnavigated
the northern hemisphere for 6 months that was consequently
observed in Jul-Aug 2009 by CALIPSO with a SR greater than 1.2
(Vernier et al., 2015); Alaska's Mount Redoubt volcano erupted in
March 2009 continued for several months, which represented the
most seismic activity occurring on the mountain (Werner et al.,
2013). The spatial distribution of aerosols displayed by the
longitude-height cross section has similar trend with that revealed
from latitude-height cross section. The most obvious aerosols layer
was vertically distributed between 2 and 6 km in the atmosphere
over the west and southwest Asia. In addition, another detected
aerosols layer was widely suspended in the atmosphere at the
height of 8—12 km over South Asia, this result is agree well with the
trend of aerosols revealed by aerosol extinction coefficient in Fig. 6.

Based on the spatial and temporal distribution of aerosols
associated with ASM detected by investigating optical properties of
aerosols over South Asia and the TP region, we further examined
the characteristics of tropospheric aerosols using SR. Fig. 8 shows
the evolution of aerosols associated with ASM over time from 2007
to 2010. The latitude-height cross section (50° E — 110° E) of SR
revealed that besides the lower aerosol layer (below 4 km in the
atmosphere), there has another aerosol layer primarily at the
height of 4—8 km, which is closely consistent with the results
detected by using aerosol extinction coefficient, backscatter coef-
ficient, as well as depolarization ratio. The aerosols over the study
region were transported northward from equatorial Indian Ocean,
cross South Asia, and finally transported to the TP. During the
monsoon period of the investigated four years from 2007 to 2010,
aerosols were distributed more and more extensively, especially
after the 2008, a small fraction of aerosols vertically extended up to

10 km in the troposphere primarily due to deep convection over
South Asia. It is worth noting that tropospheric aerosols were
simultaneously transported upward and northward from equato-
rial India Ocean to South Asia. However, tropopause aerosols
associated with ASM were most pronounced in South Asia region,
reflected from SR latitude-height cross section in Fig. 8, most
importantly and interestingly, from equatorial India Ocean to South
Asia an upward tilting and ascending structure of aerosols layer can
be found during the monsoon season, which typically indicates
enhanced aerosol and its optical properties over these regions.

The evolution of SR longitude-height cross section (between
0° N and 40° N) from 2007 to 2010 has been demonstrated in Fig. 9.
The spatial distribution of aerosol SR during the monsoon period of
the four years is largely consistent. There has been a typical tilting
structure of enhanced aerosols over northeast India, north Bay of
Bengal, which has been identified in the previous section. It is
important to note that from west to east (50° E — 110° E), aerosols
signal retrieved by the SR was more intense and distinct, which
largely associated with deep convection and emission intensity of
source areas. In addition, the low-height aerosols peak is due to
locally generated aerosols, while the high-height maximum is most
likely due to convectively lifted aerosols that originated at distant
sources and subsequently were transported by horizontal upper air
movement. In sum, the spatial and temporal distribution pattern of
aerosols associated with ASM over South Asia is basically consistent
with each other, either from the latitude-height cross section or
from longitude-height cross section of SR. Overall, there was a
dramatically enhanced aerosols layer, which with tilting structure
in the troposphere over the four years, probably it is a natural
phenomenon of human-derived aerosols in the troposphere over
this region.

3.4. Possible formation mechanisms of the ATAL

The nature and the origin of tropospheric aerosol is a funda-
mental question for understanding its radiative and chemical
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impact on climate. It was investigated that aerosols at lower heights
of the ATAL are largely composed of carbonaceous, sulfate, and
organic materials associated with long-range transport of Asian
pollutants (Randel et al., 2010) under deep convection over the
Indian subcontinent, plus amplification by local input in a large-
scale subsidence backdrop (Ravi Kiran et al., 2009; Manoj et al.,
2011). Secondary aerosol formation and growth in a cold, moist,
and deep convective environment (the monsoon anticyclone is
characterized by cold temperate in the upper troposphere) play an
important role in the formation of ATAL (Randel and Park, 2006).
Secondary organic aerosol, which relevant to extensive biogenic
emission from the earth surface, is the dominant component of
aerosol mass in the free troposphere, with large implications for
inter-continental pollution transport and radiative forcing of
climate (Heald et al., 2005; Yu et al., 2015). Moreover, the oxidation
of sulfur-containing gaseous pollutants in the tropopause by radical
OH (i.e. OH-) could lead to generate new micro-particles (Vernier
et al,, 2009, 2015). Modeling by Neely et al. (2014) suggested that
ATAL was mainly the product of human-derived sulfur emissions
with at least 30% of the sulfur coming from South Asia. Simulation
studies conducted by other groups suggest that South Asian sulfur
contributed high percentage to ATAL (Yu et al, 2015) and thus
supports the ATAL phenomenon as a recent development. The

upward transport of primary aerosols (dust, soot, salt) by deep
convection system could result in the formation of an aerosol layer
at higher heights, which to a large extent, depending on their sol-
ubility with water. The Southeast Asian monsoon also offers a
possible vertical pathway for the transport of aerosols from the
boundary layer to the upper troposphere (Randel and Park, 2006;
Vernier et al., 2011) because the strongest convection occurs over
the Indian Ocean and Southeast Asia, on the southeastern edge of
the anticyclone (Park et al., 2007). Once transported, aerosol is
trapped in the boundary due to large scale deposition relevant to
the heat trough in the tropical region (Ravi Kiran et al., 2009).
Moreover, tropopause aerosol enhancement greatly associated
with water vapor transportation from the lower troposphere to
tropopause which was caused by dynamical upward movement of
air mass over the TP during the ASM season (e.g., Kim et al., 2003).
The formation of aerosols layers near the tropopause probably
impacted by monsoon activities in summer over the TP. Recent
study indicated that monsoonal convection over the Indian sub-
continent combined with high levels of air pollution from the near
surface is mainly responsible for ATAL's formation and impact the
global upper tropospheric aerosol budget (Vernier et al., 2015).
Aircraft in situ measurements suggest that aerosols at lower
heights of the ATAL are largely composed of carbonaceous and
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Fig. 9. Mean scattering ratio (SR) longitude-height cross section between 0° N and 40° N for July and August in (a) 2007, (b) 2008, (c) 2009, (d) 2010.

sulfate materials. Carbonaceous particles and their organic com-
ponents are one of the major combustion by-products, they are
identified to play an important role in radiative transfer, air quality,
and even human health, due to their fine-micrometric property.
Carbonaceous particles also contribute to the extinction of visible
light by both scattering and absorption, thus influencing visibility
degradation and radiative transfer through the atmosphere (Penner
and Novakov, 1996). These effects are magnified by trans-boundary
air masses transport of natural fires plumes or anthropogenic
emissions from domestic heating, cooking, and industrial activities
(Pavese et al., 2014). The tropospheric aerosols are emitted from a
mixture of anthropogenic and natural sources. Aerosol climate ef-
fects depend on the chemical and physical properties of individual
particles (Pdsfai and Buseck, 2010). Radiative forcing of the aerosols
can intensify the accumulation of aerosol pollution (Ding et al.,
2016; Petaja et al., 2016; Peng et al., 2016). Light-absorbing aero-
sols can hinder the amount of outgoing spectrum and amplify the
greenhouse effect (e.g., Bond et al, 2013; Koch and Del Genio,
2010). Aerosol microparticulates affect the Earth's climate and ra-
diation budget and modify the greenhouse effect (Boucher et al.,
2013). The magnitude of this modulation depends on their chem-
ical composition and size distribution determining their close in-
teractions with clouds and radiation (Formenti et al., 2018). These
theories are somewhat suitable to be used to decipher the spatial

trend of enhanced aerosol backscatter coefficient, extinction coef-
ficient over South Asia regions revealed in this study. The obser-
vations and preliminary analyses in this study are, however, still
tentative and need to be further refined. More robust investigations
are needed to better understand tropospheric aerosols near the TP
over the ASM region. It is also necessary to have direct particulate
and gaseous speciation measurements near the tropopause to
obtain a better understanding of chemical disturbance relating to
the tropopause aerosol enhancement.

4. Conclusions

A procedure for studying the evolution of the aerosols in the
troposphere using four-year (2007—2010) CALIOP lidar data has
been explored. Measurements of aerosol optical and microphysical
parameters were used to explore the properties, vertical distribu-
tion, and the evolution of tropopause aerosols. A large amount of
aerosols, i.e., ATAL, extended up to the tropopause during the
monsoon season in the tropic areas. The presence of ATAL during
the monsoon season highlights the role of deep convection asso-
ciated with the ASM in transporting aerosols to the upper tropo-
sphere and lower stratosphere. Over the ASM region, enhanced
aerosols with a large vertical extent due to deep convection are
observed over the north Bay of Bengal, the north Arabian Sea, the
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west coast of India, and equatorial Indian Ocean. Convective
transport is an important factor controlling the vertical structure of
tropopause aerosols during the monsoon season in these regions.

An interesting feature associated with the active convection
period revealed in this study is the vertical tilting structure of de-
polarization ratio over the west and east regions of South Asia.
Moreover, the evolution of aerosol SR indicated that from equato-
rial Indian Ocean to South Asia, there is an upward tilting and
ascending structure of the aerosols layer during the monsoon
season, which typically indicates enhanced aerosol presence over
those emission regions. It is probably a natural phenomenon of
human-derived aerosols in the troposphere over this region.

The lower part of the ATAL is largely composed of carbonaceous,
sulfate, and organic materials associated with long-range transport
of Asian pollutants by deep convection over the Indian subconti-
nent. Secondary organic aerosol is a major component of aerosol
mass in the free troposphere, with potential implications for
intercontinental pollution transport and radiative forcing of
climate. Information on aerosol size distribution and composition
are needed for better understanding the nature and origin of ATAL.
Enhancement of the tropospheric aerosols should be considered in
future studies in analyzing the regional or global climate system
and the geochemical cycles.

5. Main finding of this paper

There exists an upward tilting and ascending structure of the
aerosols layer during the monsoon season over the north Arabian
Sea, India, north Bay of Bengal, and equatorial Indian Ocean, and
finally reached to the southeast of Tibetan Plateau, which typically
indicates enhanced aerosols over the Asian monsoon region.
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