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Abstract

The Asian tropopause aerosol layer (ATAL) is characterized by enhanced aerosol concentrations in
the Asian summer monsoon anticyclone in the upper troposphere and lower stratosphere at

13-18 km altitude. A growing body of evidence suggests that the aerosol enhancement is closely
connected with deep convection during the monsoon. However, the origin of the aerosols is under
debate, and the key factors that determine the ATAL variability remain poorly understood. We
investigated the formation and dissipation mechanisms of the ATAL and the inter-annual variation
from a dynamical viewpoint using satellite observations and meteorological reanalysis data from
2012 to 2018. We identified the northern Bay of Bengal and adjacent land area, where air pollution
from the Indian subcontinent converges, as the major convection source area of aerosols to the
ATAL. The spatial extent of the ATAL, represented by the mean attenuated scattering ratio from
satellite measurements, appears to be related to a secondary circulation driven by the stratospheric
quasi-biennial oscillation. The aerosols are not homogeneously distributed within the ATAL, and
descending motion in the western part is found to play an important role in dissipation of the layer.
These findings elucidate the ATAL dynamics and associated regional and global air pollution
transports.

1. Introduction

The Asian tropopause aerosol layer (ATAL, more
information about acronyms, abbreviations and
definitions can be found in supplementary file) is
characterized by enhanced aerosol extinction extend-
ing horizontally from the Eastern Mediterranean
across India to Western China (~5-105° E; ~15-45°
N) and vertically from about 13 km to 18 km altitude,
and it forms in May/June with the onset of the Asian
summer monsoon (ASM), while it dissipates around
September with the breakup of the ASM associated

© 2020 The Author(s). Published by IOP Publishing Ltd

anticyclonic circulation (Vernier et al 2011, 2015,
Thomason and Vernier 2013). Air pollution in the
ATAL causes a significant regional radiative forcing
(RF), and is important for the aerosol loading of the
global stratosphere, which significantly influences
climate change (Vernier et al 2015, Yu et al 2017).
The ASM induces quasi-stationary anticyclonic
circulation, located in the upper troposphere and
lower stratosphere (UTLS) over Asia and the Middle
East during boreal summer and flanked by the sub-
tropical westerly jet to the north and the equatorial
easterly jet to the south (Li et al 2005, Fu et al 2006,
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Randel and Park 2006, Park et al 2007, 2008, 2009,
Randel et al 2010). The appearance of the ASM is
mainly connected with the seasonal shifts of the Inter-
tropical Convergence Zone, land—ocean thermal con-
trasts (Basha et al 2020), and also the diabatic heat-
ing associated with persistent deep convection, which
results in rapid vertical transport of near-surface air
from Southeast and South Asia and confinement
of the air masses by the strong anticyclone during
summer (Hoskins and Rodwell 1995, Highwood and
Hoskins 1998). The mean upward circulation, espe-
cially at the eastern side of the anticyclone extends
the transport into the lower stratosphere. The ASM
offers a transport pathway of anthropogenic pollut-
ants like carbon monoxide (CO) and hydrogen cyan-
ide (HCN) as well as water vapor from the boundary
layer into the UTLS through convective overshoot-
ing and into the stratospheric Brewer—Dobson cir-
culation (Gettelman et al 2004, Fu et al 2006, Fueg-
listaler et al 2009, Randel et al 2010, Bian et al 2011,
Srivastava et al 2016). Previous studies have con-
cluded that deep convection can efficiently transport
aerosols and their precursors from the boundary layer
into the interior of the anticyclone, where they can
be trapped for several months, subject to slow, large-
scale ascent and weak lateral exchange with air masses
outside the anticyclone (Dethof et al 1999, Randel
and Park 2006). However, if the polluted air would be
fully confined in the interior of the anticyclone with
continuous intrusions of fresh aerosols and gaseous
precursors, the ATAL intensity would increase cease-
lessly throughout the ASM period, from the onset
until the breakup of the associated anticyclonic circu-
lation. But in fact, the ATAL intensity remains approx-
imately constant during the ASM period. Therefore,
we expect mechanisms which play a role in maintain-
ing the balance of the ATAL intensity throughout the
ASM period.

Deep convection occurs in different areas within
the ASM region, most frequently over the Bay of
Bengal (BoB), North India, the South China Sea,
the Southern Tibetan Plateau (TP), and the central
TP (Fu et al 2006, Tzella and Legras 2011, Wright
et al 2011, Bergman et al 2012, 2013). A study by
Chen et al (2012), based on Lagrangian model simu-
lations driven by Global Forecast System wind fields,
suggested that transport from the boundary layer to
the UTLS is predominant over the Western Pacific
region and the South China Sea, followed by the
BoB and the South Asian subcontinent and, to a
lesser extent, the TP. A few studies argued that the
main air source within the ASM anticyclone is from
the Indian subcontinent (Bergman et al 2013, Yan
and Bian 2015, Lelieveld et al 2018). The TP is loc-
ated at the core region of the ASM, thereby poten-
tially acting as a significant transport pathway for
pollutants to enter the stratosphere (Fu et al 2006,
Wright et al 2011, Bergman et al 2013, Gu et al 2016).
The formation of the ATAL is multi-facetted, as it
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involves not only dynamics (and deep convection)
but also chemical (e.g. for secondary aerosols) and
deposition processes, depending on environmental
conditions (e.g. temperature and relative humidity)
and geographical regions in which important emis-
sion sources of pollutants are located (both for aero-
sols and their gaseous precursors). Therefore, traject-
ory analysis without considering aerosol sources and
sinks may not fully capture the transport of surface
sources into the ATAL.

Atmospheric chemistry general circulation mod-
els have been used to simulate the formation of the
ATAL (Li et al 2005, Fadnavis et al 2013, Neely et al
2014, Yu et al 2015, Gu et al 2016, Lelieveld et al
2018, Ma et al 2019). Although all models could pre-
dict the general contours of the ATAL (i.e. enhance-
ment of aerosols at the tropopause within the ASM
anticyclone), there is controversy among the model
analyses about the chemical components that dom-
inate the ATAL and the most important emission
sources. Vernier et al (2015) reported that the aero-
sol optical depth (AOD) of the ATAL had increased
by a factor of three from the late 1990s to the early
2000s, exerting a short-term direct regional RF of
—0.1 W m~2 at the top of atmosphere over 18 years,
comparable but of different sign as the total RF due
to increased carbon dioxide (CO,) over the same
period. Note that Vernier et al (2015) calculated the
RF based on the assumption that the ATAL was com-
posed of sulfate and organic aerosols (OAs), while
recent balloon measurements showed that nitrate was
an important component of the ATAL while sulfate
was below the detection limit (Vernier et al 2018). It
should be noted that increased sulfur dioxide (SO,)
emissions in India, as reported by recent studies (e.g.
Krotkov ef al 2016), cannot fully explain the trend of
the ATAL. In addition to increasing emission sources,
inter-annual changes in dynamic features associated
with the ASM may influence the ATAL intensity (Lau
et al 2018, Yuan et al 2019, Bian et al 2020).

The ASM is subject to strong dynamic variability,
oscillations and eddy shedding (e.g. Randel and Park
2006, Yan et al 2011, Pokhrel et al 2012, Garny and
Randel 2013, Vogel et al 2014, Niitzel et al 2016, Luo
et al 2018). Inter-annual dynamical processes such as
the quasi-biennial oscillation (QBO) can play a role
in transporting trace gases and aerosols from the sur-
face to the UTLS (Garny and Randel 2016, Pan et al
2016). The QBO, known to modulate tropical con-
vection (Collimore et al 2003, Fadnavis et al 2013,
Nie and Sobel 2015), consists of a primary circula-
tion with alternating easterly—westerly stratospheric
winds descending from about 30 km to the tropo-
pause with a period of about 26-27 months (Baldwin
etal2001). Although the QBO is confined to the trop-
ics, the oscillation can induce secondary circulations
in the extra-tropics and affect the temperate latitudes
through changes in planetary wave ducting. Previous
research focused on the influence of the QBO on the
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transport of trace gases and aerosols from the surface
to the UTLS in the tropics (e.g. Collimore et al 2003,
Schoeberl et al 2008, Ding and Fu 2018). No work has
yet been reported to quantify the relation of the inter-
annual QBO variability with the ATAL intensity in the
ASM region. In this study we fill the gap with the help
of long-term records of the QBO together with atmo-
spheric vertical motion from the most recent ERA5
reanalysis data and the attenuated scattering ratio
(ASR) from the Cloud-Aerosol Lidar and Infrared
Pathfinder Satellite Observations (CALIPSO) strato-
spheric aerosol product for the ASM region. We also
investigated the potential mechanisms that balance
the ATAL intensity against vertical transport by deep
convection during the ASM period.

2. Data

The CALIPSO satellite is part of the A-train con-
stellation, which was launched in April 2006 to a
Sun Synchronous polar orbit with 98.2° inclination
at an altitude of 705 km (Winker et al 2009). The
constellation repeats the cycle every 16 d with local
equator crossing times of nearly 01:30 h and 13:30 h
(Winker et al 2009). The Cloud-Aerosol Lidar with
Orthogonal Polarization (CALIOP) is one of the
main instruments on board the CALIPSO satellite
with a dual-wavelengths (532 nm and 1064 nm)
polarization sensitive lidar. CALIOP provides pro-
files of clouds and aerosols and is capable of detect-
ing clouds with an optical depth of 0.01 or less.
Because of the low levels of aerosols in the UTLS
region during non-volcanic periods, features of
the ATAL could not be clearly detected by the
L2 products of the extinction coefficient, nor by
their vertical integral referred to as AOD. We util-
ized L3 global distribution of monthly gridded
stratospheric aerosol profile data of 532 nm ASR
(https://eosweb.larc.nasa.gov/project/calipso/cal_
lid_13_stratospheric_apro-standard_v1-00) to invest-
igate the distribution and intensity of ATAL from
2012 to 2018. In this data product, ASR is computed
using equation (1):

ASR:B//(ﬁmX szx TZOS) (1

where 3’ is the L1B attenuated backscatter. T?,, and
T?0s refer to the two-way transmittance from the
molecules and that of ozone respectively and 3y, is the
modeled molecular backscatter coefficient. T2, and
T?03 are computed from the meteorological model
(MERRA-2) used for CALIOP V4.10 data products.
This profile dataset is available on a monthly basis
with 900 m vertical resolution from 8.2 km to 36.2 km
and 20° longitude by 5° latitude horizontal resolu-
tion. The ASR averaged in the range of 13-18 km
is used to represent the intensity of ATAL. Specific-
ally, the data with high noise is discarded. Outliers are
eliminated using a spike filter that uses a threshold
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scheme similar to the one used in the automatic
layer detection scheme in the CALIOP L2 algorithm
(Vaughan et al 2009).

We also utilized the L3 global distribu-
tion of monthly gridded tropospheric aerosol
profile data of 532 nm extinction coefficient
(https://eosweb.larc.nasa.gov/project/calipso/cal_
lid_I3_tropospheric_apro_cloudfree-standard-V4-
20) to investigate the transportation and linkage of
tropospheric aerosol to the ATAL. The version 4.20
release of the CALIPSO lidar L3 tropospheric aero-
sol profile product was released in September 2019.
The new L3 product is constructed from version 4
L2 input data which are the highest quality and most
sophisticated of all CALIOP L2 data products. New L3
quality screening procedures have been implemented
to improve the quality of statistics reported by the
product. This profile data has a 60 m vertical resolu-
tion from 0 km to 12 km and horizontal resolution of
2° latitude by 5° longitude.

The L3 MODIS Atmosphere Monthly
Global Product MOD08_M3 (https://atmosphere-
imager.gsfc.nasa.gov/products/) is used to investigate
the AOD variation in the ASM region. The monthly
dataset involves the AOD over both land and ocean
with a horizontal resolution of 1° latitude by 1°
longitude.

The most recent ERAS5 reanalysis, which was
released by the European Centre for Medium-Range
Weather Forecasts (ECMWTF) in 2018, has been used.
Compared to ERA-Interim (Dee et al 2011), the ERA5
data assimilation system uses the new version of
the Integrated Forecasting System (IFS Cycle 41r2)
instead of IFS Cycle 31r2 by ERA-Interim. In addition,
various newly reprocessed data sets, recent instru-
ments, cell pressure correction stratospheric sound-
ing units, improved bias correction for radiosondes,
etc, are updated in ERA5. Ming et al (2019) eval-
uated the representation of temperature and ozone
in the UTLS and concluded that ERAS5 is signific-
antly improved compared to ERA-Interim by bet-
ter agreement with the Global Navigation Satellite
System radio occultation (GNSS RO) temperature.
The monthly meteorological fields contained in the
ERAS5 data are available on 60 hybrid model levels
from the ground to 0.1 hPa at a spatial resolution of
2.5° x 2.5°. The geopotential height, temperature,
specific humidity and horizontal wind at the 100 hPa
level as well as vertical velocity at 37 pressure levels
from 1000 hPa to 1 hPa are selected in this study.
The ASM intensity index (ASMI) is defined as follows
(Webster and Yang 1992),

ASMI = Ujpo — Useo (2)

where U is the regionally averaged monthly
zonal wind at the corresponding barometric sur-
face, indicated as subscript over the domain
(40-110° E, 0-40° N). A higher ASMI refers to
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Figure 1. The climatological distribution of mean attenuated scattering ratio (ASR) in the upper troposphere and lower
stratosphere (UTLS, at an altitude range of 13-18 km) during the entire Asian summer monsoon (ASM) period from 2012 to
2018 (color shading), superimposed with wind vectors and the contours of geopotential height at 1635 gpm (white solid line),
temperature at 194 K (blue solid line), water vapor at 4 ppmv (red solid line) and outgoing long-wave radiation (OLR) at

200 w m~2 (dashed contours) at 100 hPa. Locations with vertical motion >0 Pa s~! (indicating descent) are highlighted with
white dots. The coastline and outline of the TP are also indicated with black thin solid lines. A reference wind vector (30 m s~!) is

il 112 114 116 1.18 1:2

stronger vertical wind shear and enhanced monsoon
circulation.

The outgoing long-wave radiation (OLR) aver-
aged over this region is an indicator of convect-
ive forcing; hence the OLR time series can be used
as a proxy of monsoon convection (Randel and
Park 2006). NOAA interpolated OLR at a spa-
tial resolution of 2.5° x 2.5° is used as a proxy
for convection. This data was downloaded from
https://www.esrl.noaa.gov/psd/data/gridded/data.
interp_OLR. html.

For the QBO, we used the normalized monthly
mean zonal winds (m s~!) at 30 hPa level
over Singapore (1° N, 104° E) as QBO index.
This data set is available at https://www.geo.fu-
berlin.de/met/ag/strat/produkte/qbo.

Topography information is provided by
the Global Multi-resolution Terrain Elevation
Data 2010 (GMTED2010) website (https://www.
temis.nl/data/gmted2010/) of the U.S. Geological
Survey (USGS) and the U.S. National Geospatial-
Intelligence Agency (NGA).

3. Results and discussion

Figure 1 shows the distribution of mean ASR in
the UTLS and associated meteorological variables at
100 hPa during the ASM period for the years 2012—
2018. It shows the pronounced mean anticyclonic
(high pressure) and water vapor center in the UTLS,
with strong easterlies in the tropics and westerlies

in the extra-tropics, in conjunction with a cold cen-
ter over the southern TP. Significant deep convec-
tion occurs over the west coast of India, BoB, north-
eastern India, and occasionally over the southern TP.
These are well-known climatological features associ-
ated with the ASM (Lau and Li 1984, Krishnamurti
1985, Yanai et al 1992, Webster et al 1998, Wu et al
2007). Pronounced enhancement in ASR with a mag-
nitude ranging from 1.05 to 1.22 is found over the
southern anticyclone, spanning the Arabian Penin-
sula, the Himalayan-Gangetic Plain (HGP) and the
China South Sea, with the highest ASR appearing over
the northern BoB, East India and Bangladesh. The
regions with the maximum ASR largely overlap with
those of the minimum tropopause temperature and
deep convection, with the former being located to
the north of the latter, where pollutants from nearby
emission sources are abundant and can be transpor-
ted upward by deep convection associated with the
ASM (Randel et al 2015). The most noteworthy aspect
of the ASR is the confined local maximum over the
BoB.

Note that in most years, except for 2012 and
2018, the ASR and deep convection maxima show
notable differences with respect to the horizontal
locations. The pronounced ASR enhancement is loc-
ated north of the deep convection region. There is a
pattern of strong enhancement of ASR between 15—
25° N and 80-100° E, just over the northern BoB
and Bangladesh, located at the northwestern edge
of the extensive areas of the strongest convection.
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Compared to southeastern Asia and central India,
higher AODs are found around the northern BoB
and adjacent coastal areas (figure S2 (available online
at https://stacks.iop.org/ERL/16/014015/mmedia)),
where strong convection occurs as well. Therefore, the
locations of largest aerosol loading in the planetary
boundary layer (PBL) and deep convection indicate
that the major pathway for the convective transport
of aerosols and precursors to the tropopause is loc-
ated at the northern BoB and adjacent land areas.
The deep convection over the BoB triggers low-level
convergence of polluted air from the Indian subcon-
tinent. It appears that the aerosols transported to the
UTLS over the northern BoB and adjacent land areas
originate from anthropogenic sources since carbon
monoxide, which is generally considered as a pollu-
tion tracer, takes on a similar regional distribution
pattern (figure S3). Our results are in agreement with
recent studies (e.g. Lau et al 2018, Lelieveld et al 2018)
in that South Asia emissions are a major pollution
source of the ATAL. However, there are inconsist-
ences with respect to the specific regions over which
deep convection can transport South Asian pollut-
ants to the UTLS most efficiently. Lau et al (2018)
proposed that the HGP in northern and northeastern
India and the Sichuan Basin in southwestern China
are the two preferred regions for vertical transport of
CO, OAs, and dust to the ATAL. Note that in addi-
tion to OA and dust, the ATAL also contains nitrate,
sulfate and other aerosols (He et al 2019, Hopfner
et al 2019, Ma et al 2019), which are likely to have
different source regions and physical properties (e.g.
solubility) from those of CO, OA and dust. Moreover,
there are remaining uncertainties in model simula-
tions, even for the vertical transport pathway of dust
to the UTLS during ASM (Lau et al 2018, Ma et al
2019, Yuan et al 2019). Our findings based on satel-
lite data analysis provide an observational base for
further model investigations.

As shown in figure S1, the enhancements of ASR
in the UTLS during the ASM period show large inter-
annual differences from 2012 to 2018, with the ASR
varying from a minimum of 1.058 in 2013 to a max-
imum of 1.075 in 2012, averaged over the ATAL
region (15-45° N; 5-105° E) defined by Vernier et al
(2011,2015). Since pollution emissions are not expec-
ted to be highly variable on an inter-annual basis,
changes in the activity of deep convection are likely
to be primarily responsible for the inter-annual vari-
ability in the ASR during the ASM period. It should
be noted that the geographical location and range of
strong anticyclonic circulation varied from year to
year (see figure S1). The inter-annual variations in the
intensity of the ATAL compared to that of the ASM
were investigated based on the relationship between
the regionally averaged ASR in the ATAL and the QBO
index for different ASM periods (see figure 2). The
inter-annual fluctuations in the ASR appear to be syn-
chronized with inter-annual QBO index variations.
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Higher ASR corresponds to the easterly shear (neg-
ative) phase of the QBO and the lower value matches
the westerly (positive) phase. The highest ASR cor-
responds to the lowest QBO index in 2012, and vice
versa in 2013. The ASR and QBO show an anti-phase
relationship with a correlation coefficient of —0.78
(p = 0.04 within a confidence level of 95%, same
as hereafter). The ASM intensity is associated with
the QBO, and the correlation coefficient between the
QBO index and the ASMI was calculated to be as
high as 0.91 (p = 0.004) for the years 2012-2018 (see
figure S4).

Previous work has shown that the QBO-induced
secondary circulation is associated with an increase in
upwelling during the easterly shear phase and a sup-
pression of the upwelling during the westerly phase
(Plumb and Bell 1982), and large anomalies of annual
cycle variations in water vapor and other trace gases
are due to the QBO disruption (Schoeberl et al 2008).
The regionally averaged ASR in 2013, when the QBO
index was in the westerly phase characterized by sup-
pression of upwelling, is relatively lower than that
in 2012, 2014 and 2018, when the negative QBO
index was in the easterly shear phase. This result is
consistent with the conclusion about the variation
in water vapor during the 2015-2016 QBO disrup-
tion by Tweedy et al (2017). We also investigated the
relationship between the regional average CO mix-
ing ratio and the QBO index for different ASM peri-
ods, and the result also shows a correlation, although
not as significant as that between the ASR and the
QBO (figure 2). Atmospheric CO levels over South
Asia are significantly influenced by biomass burn-
ing, and a close relationship between the CO mix-
ing ratio in the UTLS region and the carbon emis-
sion flux from biomass burning is found (R = 0.79
with p = 0.06, figure S5). The increasing trends of
ASR with CO mixing ratio underscore the influence
of anthropogenic pollution on the formation of the
ATAL. As mentioned above, we applied the latitude
and longitude range of 15-45° N and 5-105° E to
average the ASRs over the ATAL region. Sensitivity
tests show that small differences in selected latitude
and longitude range does not substantially change the
inverse relationship between the ASR and the QBO
(see table S1).

The increase in tropopause ASR with decreas-
ing QBO index can be attributed to dynamic pro-
cesses, i.e. the intensification of the secondary cir-
culation driven by the QBO. Figure 2 also shows
that deep convective activity increases with decreas-
ing QBO index, being strongest between 10° N and
20° N during the extreme easterly shear phase. Deep
convective activity is gradually suppressed with an
increasing QBO index. Collimore et al (2003) invest-
igated the mechanisms linking the QBO with deep
convection and found that the QBO modulation of
tropopause height can allow convection to penet-
rate deeper. Therefore, deeper convection favors the
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Figure 2. The relationship between the quasi-biennial oscillation (QBO) index and the average ASR enhancement in the ATAL
(blue circles), as well as the average CO mixing ratio at 100 hPa in the ASM region (15-45° N and 5-105° E), and the variation of
zonal mean anomalous OLR (W m™2) in the convective regions (60—120° E) at different latitudes with the QBO index during the

transport of aerosols and gaseous precursors from the
PBL to the tropopause. Some previous studies con-
cluded that ENSO affects the ASM characterized by
large anomalies in trace gases (ozone and CO) in the
tropical UTLS region (e.g. Ravindrababu et al 2019).
In this study, we have also analyzed the impact of
ENSO on ASM and ASR, and found no significant
relationship between them with R = 0.16.

We further explored the inter-annual variations of
the three-dimensional structure of the vertical velo-
city with the QBO. The latitude-height cross sections
of the vertical velocities and the difference between
2012 and 2013 at the 90° E cross section are shown in
figure S6. These 2 years, characterized by the extreme
QBO index during the easterly and westerly phase,
respectively, are particularly suitable to demonstrate
the difference in vertical velocity induced by the QBO
secondary circulation. Three outstanding columns
with stronger upwelling motion, reaching the UTLS
and capped near 100-90 hPa, are identified at about
18° N, 25° N and 32° N during the easterly phase in
the year 2012. This QBO-associated secondary circu-
lation anomaly produces upwelling by —0.05 Pa s—!
with a peak of —0.15 Pa s~! at the southern flank
of the TP, which facilitates the entry of tropospheric
constituents into the subtropical lower stratosphere.
The increased subtropical upwelling also supports the
transport of aerosols from the upper troposphere to
the lower stratosphere. As found in previous stud-
ies (e.g. Fadnavis et al 2013, Nie and Sobel 2015),
this upwelling develops in association with the QBO-
derived secondary circulation near the UTLS. Inter-
estingly, the descending motion over the region north
of the TP is suppressed during the easterly phase

of the QBO in 2012. This configuration of atmo-
spheric vertical motion helps maintaining a balance
of the ATAL intensity. The ASM anticyclone is gener-
ally isolated although horizontal exchanges can occur
due to dynamical instabilities (Gottschaldt eral 2018).
Chemical formation and transformation of aerosols
can occur within the ASM due to enhanced hydroxyl
(OH) radical and aerosol precursors concentrations
(Hoptner et al 2016, 2019, Lelieveld et al 2018, Ma et al
2019, Lamotte et al 2020). Aerosols in the ATAL can
undergo gravitational settling, which should not be a
dominant sink for the small particles in the accumula-
tion mode and which could be counteracted by large-
scale upward motion in the eastern ATAL (Renard
etal 2018).

A most striking feature of the ATAL is the asym-
metry in the regional distribution of enhanced aero-
sol levels even within the anticyclone. Relatively high
ASR on the southeast of the anticyclone coincides
with the strong convection between 40° E to 120° E
and 10° N to 30° N. To the west of this strong con-
vection region, there is a gradual decrease of ASR
associated with downward transport and westward
advection from the hot spot over the BoB, where
the largest enhancement of ASR has been found
(see figure 1). We analyzed this asymmetry distri-
bution of ASR together with the vertical velocity
from the ERA5 data, and noticed that the spatial
distribution of enhanced aerosol in the UTLS was
closely related to the horizontal cycle and vertical
motion. During the ASM period, westerlies and des-
cending motion prevail over the Middle East and
northeastern Africa (figure 1). This overlap between
the main descent region and the low ASR indicates
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Figure 3. (a) Longitude—altitude cross section (0-140° E) of the ASR and extinction coefficient over the equatorial easterly jet
(25° N) and associated vertical motion (Pa s~!) field with solid (dashed) contours indicating descent (ascent), averaged over the
ASM period in 2012. The squares with green dashed lines denote the tropopause altitude derived from the CALIPSO satellite L3
monthly stratospheric aerosol data during the same period. The black areas denote the terrain height (km) above sea level. The
red rectangle denotes the upper troposphere below the western Asian tropopause aerosol layer (ATAL) domain (0-60° E). (b) The
inter-annual variations of the average extinction coefficient in the upper troposphere (612 km), the ASR in the UTLS

(13-18 km), and the vertical velocity at 100 hPa for the western ATAL domain (0-60° E, 25° N).

that aerosol particles have been transported into
the upper troposphere region below 12 km altitude
within the ASM anticyclone. This finding can explain
the significant reduction of aerosols in the north-
ern ASM region. Past studies showed that the aero-
sols transported into the lower stratosphere by the
monsoon convection are confined within the strong

anticyclonic circulation until breakup of the associ-
ated ASM anticyclone followed by recirculation in the
lower stratosphere (Hoskins and Rodwell 1995, High-
wood and Hoskins 1998, Fadnavis ef al 2013, 2017).
The asymmetry distribution of enhanced aero-
sols reveals a significant sink within the ASM
region.
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Figure 4. Schematic of the transport processes that indicate the formation and dissipation dynamics of the ATAL during the ASM.
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We selected a vertical cross section at 0-60° E and
90° E of the western anticyclone to demonstrate the
role of downward transport in this area, which plays
a key role in balancing the ATAL intensity. For quant-
itative comparison, we calculated the average extinc-
tion coefficients in the upper troposphere (6-12 km)
and the vertical velocity at 100 hPa, and the ASR in
the UTLS at the vertical cross section. As shown in
figure 3(b), there is a clear relationship between the
vertical velocity and the upper tropospheric extinc-
tion coefficient. Attada et al (2019) confirmed that the
impact of ASM on the Arabian climate is mainly asso-
ciated with large-scale circulation variability in the
upper troposphere through monsoon induced down-
ward motion. The load of UTLS aerosols in the west-
ern anticyclone can also impact the concentration
levels further downward through descending motion
in the upper troposphere, as indicated by the similar
inter-annual variation trends between the extinction
coefficient and ASR for the years 2015-2018. How-
ever, their relationship is not significant for the period
before 2015. Statistical analysis indicates that the cor-
relation of the extinction coefficient with ASR does
not meet the 95% confidence level of student ¢ test
(see table S2). A possible reason for this asynchronic
variation is that the transport capacity of aerosols
by descending motion approaches saturation for the
abundant aerosol loading in the UTLS. But it is evid-
ent that the descending motion can play a role in the
dissipation of the ATAL.

To summarize, figure 4 illustrates the horizontal
movement of the aerosols within the anticyclone and
the vertical transport pathways in the troposphere
that balance the intensity of the ATAL during the ASM
season. Deep convection over the BoB plays a dom-
inant role in the vertical transport of aerosols from

the polluted boundary layer to the UTLS within the
anticyclone, where they are transported westward by
the equatorial easterly jet. At approximately 70° E
the aerosol particles and precursor gases are partially
removed from the UTLS by the large-scale descend-
ing motion, resulting in a concentration reduction in
the western part of the ASM anticyclone. Our analysis
indicates that in addition to the large-scale ascending
circulation inside and eddy shedding at the margins
of the anticyclone (Park et al 2007, Garny and Ran-
del 2013, 2016), downward transport in the western
part of the ASM anticyclone provides an important
dynamical aerosol sink in the UTLS, which maintains
a balance in the intensity of the ATAL.
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