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Abstract
The Asian Tropopause Aerosol Layer (ATAL) is characterized by enhanced aerosol concentrations in the
Asian Summer Monsoon (ASM) 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 identi�ed the northern
Bay of Bengal (BoB) and adjacent land area, where air pollution from the Indian subcontinent converges,
as the major 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 (QBO). 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 �ndings elucidate the ATAL dynamics and associated regional and
global air pollution transports.

Signi�cance Statement
The ATAL in the annually recurrent quasi-stationary anticyclone near the tropopause at 13- 18 km altitude
is closely connected to deep convection during the ASM, and plays a key role in regional radiative forcing
and climate change. We identi�ed transport from the BoB and its surroundings as the major pathway of
polluted air masses into the ATAL, based on satellite observations and meteorological data over the
period 2012 to 2018. We also found that the ATAL variability is in�uenced by a secondary circulation
related to the QBO in the stratosphere and descending motion in the western ATAL, the latter being a key
factor in its dissipation. These �ndings explain the air pollution transport dynamics from the Indian
subcontinent during the ASM.

Introduction
The Asian tropopause aerosol layer (ATAL) is characterized by enhanced aerosol extinction extending
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 associated ASM
anticyclonic circulation (1-3). Air pollution in the ATAL causes a signi�cant regional radiative forcing, and
is important for the aerosol loading of the global stratosphere, which signi�cantly in�uences climate
change (3, 4).
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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 �anked by the subtropical
westerly jet to the north and the equatorial easterly jet to the south (5-11). The ASM occurs as a response
to the diabatic heating associated with persistent deep convection, which results in rapid vertical
transport of near-surface air from Southeast and South Asia and con�nement of the air masses by the
strong anticyclone during summer (12, 13). The mean upward circulation, especially at the eastern side of
the anticyclone extends the transport into the lower stratosphere. The ASM offers a pathway for the
transport of anthropogenic pollutants from the boundary layer into the UTLS through convective
overshooting and into the stratospheric Brewer-Dobson Circulation (BDC) (6, 11, 14-17). Previous studies
have concluded that deep convection can e�ciently 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 (7, 18).
However, if the polluted air would be fully con�ned in the interior of the anticyclone with continuous
intrusions of fresh aerosols and gaseous precursors, the ATAL intensity would increase ceaselessly
throughout the ASM period, from the onset until the breakup of the associated anticyclonic circulation.
But in fact, the ATAL intensity remains approximately constant during the ASM period. Therefore, we
expect mechanisms which play a role in maintaining 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 (6, 19-22).
A study by Chen et al. (23), based on Lagrangian model simulations driven by Global Forecast System
(GFS) wind �elds, suggested that the boundary layer to UTLS transport is predominant over the Western
Paci�c 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 (21, 24, 25). The TP is located at the core region of the ASM, thereby acting as a
signi�cant transport pathway for pollutants to enter the stratosphere (6, 21, 22, 26). The formation of the
ATAL is complex, as it 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 emission sources of pollutants are
located (both for aerosols and their gaseous precursors). Therefore, trajectory analysis without
considering aerosol sources and sinks may not fully capture the transport of surface sources into the
ATAL.

Atmospheric chemistry general circulation models have been used to simulate the formation of the ATAL
(5, 25-30). Although all models could predict the general contours of the ATAL (i.e., enhancement of
aerosols at the tropopause within the ASM anticyclone), there is controversy among the model analyses
about the chemical components that dominate the ATAL and what are the most important emission
sources. Vernier et al. (3) reported that the aerosol 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 radiative
forcing (RF) of -0.1 W m-2 at the top of atmosphere over 18 years, comparable to the total RF due to
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increased CO2 over the same period. Note that Vernier et al. (3) calculated the RF based on the
assumption that the ATAL was composed of sulfate and organic aerosols, while recent balloon
measurements showed that nitrate was an important component of the ATAL while sulfate was below the
detection limit (31). It should be noted that increased SO2 emissions in India, as reported by recent
studies (e.g., ref. 32), 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 in�uence the ATAL
intensity. To the best of our knowledge, this issue has not been addressed in previous studies, although it
is very important for understanding the ATAL extent, trends and accurately estimating the RF.

The ASM is subject to strong dynamic variability, oscillations and eddy shedding (e.g., refs. 7, 33-38).
Inter-annual, dynamical processes, such as the Quasi-Biennial Oscillation (QBO), can play a role in
transporting trace gases and aerosols from the surface to the UTLS (39, 40). The QBO, known to
modulate tropical convection (27, 41, 42), consists of a primary circulation by alternate easterly-westerly
stratospheric winds descending from about 30 km to the tropopause with a period of about 26–27
months (43). Although the QBO is con�ned to the tropics, 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 in�uence of the QBO on the transport of trace gases and
aerosols from the surface to the UTLS in the tropics (e.g., refs. 41, 44, 45). No work has been reported to
quantify the relation of the inter-annual QBO variability with the ATAL intensity in the ASM region. In this
study we bridge the gap with the help of long-term records of the QBO together with atmospheric vertical
motion from the most recent ERA5 reanalysis data and the Attenuated Scattering Ratio (ASR) from the
Cloud-Aerosol Lidar and Infrared Path�nder Satellite Observations (CALIPSO) stratospheric 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.

Results And Discussion
Fig. 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 to 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 center over the southern TP. Signi�cant deep convection occurs
over the west coast of India, the Bay of Bengal (BoB), northeastern India, and occasionally over the
southern TP. These are well-known climatological features associated with the Asian summer monsoon
(46-50). Pronounced enhancement in ASR with a magnitude ranging from 1.05-1.22 is found over the
southern anticyclone, spanning the Arabian Peninsula, 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 transported upward by deep convection associated with the
ASM (51). The most noteworthy aspect of the ASR is the con�ned local maximum over the BoB.
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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 located 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. Compared to southeastern Asia and central India, higher AODs are
found around the northern BoB and adjacent coastal areas (Fig. S1), where strong convection occurs as
well. Therefore, the locations of largest aerosol loading in the PBL and deep convection indicate that the
major pathway for the transport of aerosols and precursors to the tropopause is located at the northern
BoB and adjacent land areas. The deep convection over the BoB triggers low-level convergence of
polluted air from the Indian subcontinent. 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 pollution tracer, takes on a similar regional distribution pattern (Fig.
S2).

As shown in Fig. 1, 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 maximum of
1.075 in 2012, averaged over the ATAL region (15-45°N; 5-105° E) de�ned by Vernier et al. (1, 3). Since
pollution emissions are not expected to be highly variable, changes in the activity of deep convection are
likely responsible for the inter-annual variability 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 Fig.
1). 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  Fig.  2).  The  inter-annual  �uctuations  in  the  ASR  appear  to be
synchronized with inter-annual QBO index variations. Higher ASR corresponds to the eastward (negative)
phase of the QBO and lower value matches westward (positive) phase. The highest ASR corresponds to
the lowest QBO index in 2012, and vice versa in 2013. The ASR and QBO show an anti-phase relationship
with a correlation coe�cient of -0.78. The ASM intensity is affected by the QBO, and the correlation
coe�cient between the QBO index and the ASM intensity Index (ASMI) was calculated to be as high as
0.91 for the years 2012 to 2018 (see Fig. S3).

Previous work has shown that the QBO-induced secondary circulation is associated with an increase in
upwelling during the easterly shear phase and a suppression of the upwelling during the westerly phase
(52), and large anomalies of annual cycle variations in water vapor and other trace gases are due to the
QBO disruption (44). The regionally averaged ASR in 2013, when the QBO index was in the westerly phase
characterized by suppression 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 2015–16 QBO disruption by Tweedy et al. (53). We also
investigated the relationship between  the regionally averaged CO mixing ratio and the QBO index for
different ASM periods, and the result also shows a correlation, although not as signi�cant as that
between the ASR and the QBO (Fig. 2). Atmospheric CO levels over South Asia are signi�cantly in�uenced
by biomass burning, and a close relationship between the CO mixing ratio in the UTLS region and the
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carbon emission �ux from biomass burning is found (R=0.79, Fig. S4). The increasing trends of ASR with
CO mixing ratio underscore the in�uence 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 decreasing QBO index can be attributed to dynamic processes, i.e.,
the intensi�cation of the secondary circulation driven by the QBO. Fig. 2 also shows that deep convective
activity increases with decreasing QBO index, being strongest between 10 and 20°N during the extreme
easterly shear phase. Deep convective activity is gradually suppressed with an increasing QBO index.
Collimore et al. (41) investigated the mechanisms linking the QBO with deep convection and found that
the QBO modulation of tropopause height can allow convection to penetrate deeper. Therefore, deeper
convection favors the transport of aerosols and gaseous precursors from the PBL to the tropopause.

We further explored the inter-annual variations of the three-dimensional structure of the vertical velocity
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 Fig. S5. These two 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 identi�ed at about 18°N, 25°N and 32°N during the easterly phase in the year 2012. This QBO-
associated secondary circulation anomaly produces upwelling by -0.05 Pa s−1 with a peak of -0.15 Pa
s−1 at the southern �ank 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 studies (e.g., refs. 27,
42), this instability develops in association with the QBO-derived secondary circulation near the UTLS.
Interestingly, the descending motion over the region north of the TP is suppressed during the easterly
phase of the QBO in 2012. This con�guration of atmospheric vertical motion helps maintaining a balance
of the ATAL intensity.

A most striking feature of the ATAL is the asymmetry in the regional distribution of enhanced aerosol
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 convection
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 Fig. 1). We
analyzed this asymmetry distribution 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 descending motion prevail over the
Middle East and northeastern Africa (Fig. 1). This overlap between the main descent region and the low
ASR indicates that aerosol particles have been transported into the upper troposphere region below 12 km
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altitude within the ASM anticyclone. This �nding can explain the signi�cant reduction of aerosols in the
northern ASM region. Past studies showed that the aerosols transported into the lower stratosphere by
the monsoon convection are con�ned within the strong anticyclonic circulation until breakup of the
associated ASM anticyclone followed by recirculation in the lower stratosphere (12, 13, 27, 54). The
asymmetry distribution of enhanced aerosols reveals a signi�cant sink within the ASM region.

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
quantitative comparison, we calculated the average extinction coe�cients 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 Fig. 3b, there is a clear relationship between the vertical velocity and the upper tropospheric extinction
coe�cient. The load of UTLS aerosols in the western 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 coe�cient and ASR for the years 2015 to 2018.
However, their relationship is not signi�cant for the period before 2015. Statistical analysis indicates that
the correlation of the extinction coe�cient with ASR does not meet the 95% con�dence level of student t
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 evident that the descending motion can play a role in the dissipation of the ATAL.

To summarize, Fig. 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 dominant 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 descending 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 (8, 35, 39), 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.

Materials And Methods
The CALIPSO satellite is a part of the A-train constellation, which was launched in April 2006 to a Sun
Synchronous polar orbit with 98.2° inclination at an altitude of 705 km (55). The constellation repeats the
cycle every 16 days with local equator crossing times of nearly 01:30 h and 13:30 h (55). 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�les of clouds and aerosols and is capable of detecting clouds with an optical depth of 0.01
or less. We utilized level 3 global distribution of monthly gridded stratospheric aerosol pro�le data of 532
nm ASR (https://eosweb.larc.nasa.gov/project/calipso/cal_lid_l3_stratospheric_apro-standard_v1-00) to

https://eosweb.larc.nasa.gov/project/calipso/cal_lid_l3_stratospheric_apro-standard_v1-00
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investigate the distribution and intensity of ATAL from 2012 to 2018. This pro�le data 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 resolution. The ASR averaged in the range of 13-18 km is used to represent the intensity of
ATAL (see Fig. 1). We also utilized level 3 global distribution of monthly gridded tropospheric aerosol
pro�le data of 532 nm extinction coe�cient
(https://eosweb.larc.nasa.gov/project/calipso/cal_lid_l3_tropospheric_apro_cloudfree-standard-V4-20) to
investigate the transportation and linkage of tropospheric aerosol to the ATAL (see Fig. 3). The version
4.20 release of the CALIPSO lidar level 3 tropospheric aerosol pro�le product was released in September
2019. The new level 3 product is constructed from version 4 level 2 input data which are the highest
quality and most sophisticated of all CALIOP level 2 data products. New level 3 quality screening
procedures have been implemented to improve the quality of statistics reported by the product. This
pro�le data has a 60 m vertical resolution from 0 km to 12 km and horizontal resolution of 2° latitude by
5° longitude.

The Level-3 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 ERA5 reanalysis, which was released by the European Centre for Medium- Range
Weather Forecasts (ECMWF) in 2018, has been used. Compared to ERA-Interim (56), 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 instruments, cell
pressure correction stratospheric sounding units (SSU), improved bias correction for radiosondes, etc., are
renewed in ERA5. Shangguan et al. (57) evaluated the representation of temperature and ozone in the
UTLS and concluded that ERA5 is signi�cantly improved compared to ERA-Interim by better agreement
with the Global Navigation Satellite System radio occultation (GNSS RO) temperature. The monthly
meteorological �elds contained in the ERA5 data are available on 60 hybrid model levels from the ground
to 0.1 hPa at a spatial resolution of 2.5°×2.5°. The geopotential height, temperature, speci�c humidity and
horizontal wind at the 100 hPa level as well as vertical velocity at 37 pressure levels from 1000 to 1 hPa
are selected in this study. The ASM intensity Index (ASMI) is de�ned as follows (58),

ASMI = U100− U500

Where U is the regionally averaged monthly zonal wind at the corresponding barometric surface,
indicated as subscript over the domain (40–110°E, 0–40°N). A higher ASMI refers to stronger vertical
wind shear and enhanced monsoon circulation.

The OLR averaged over this region is an indicator of convective forcing; hence the OLR time series can be
used as a proxy of monsoon convection (7). NOAA interpolated OLR at a spatial resolution of 2.5°×2.5° is
used as a proxy for convection. This data was downloaded from
https://www.esrl.noaa.gov/psd/data/gridd ed/data.interp_OLR.html.

https://atmosphere-imager.gsfc.nasa.gov/products/
https://www.esrl.noaa.gov/psd/data/gridd%20ed/data.interp_OLR.html
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For the QBO, we used the normalized monthly mean zonal winds (m s-1) at 30 hPa level over Singapore
(1°N, 104°E) as QBO index. This data set is available at http://www.geo.fu-
berlin.de/met/ag/strat/produkte/qbo.

Topography information is provided at the Global Multi-resolution Terrain Elevation Data 2010
(GMTED2010) website (http://www.temis.nl/data/gmted2010/) of the U.S. Geological Survey (USGS)
and the U.S. National Geospatial-Intelligence Agency (NGA).
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Figure 1

The distribution of mean ASR in the UTLS (at an altitude range of 13 18 km) over the ASM period for
each year 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 speed > 0 Pa s-1 (indicating descent) are highlighted with white dots.
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The coastline and outline of the TP are also indicated with black thin solid lines. A reference wind vector
(30 m s-1) is shown in bottom right corner.

Figure 2

The relationship between the QBO index and the averaged ASR enhancement in the ATAL (blue cycles), 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 to 120°E) at different
latitudes with the QBO index during the ASM period, for the 7 years from 2012 to 2018.
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Figure 3

(a) Longitude-altitude cross section (0°-140°E) of the ASR and extinction coe�cient over 24 the equatorial
easterly jet (25°N) and associated vertical motion (Pa s-1) �eld with solid (dashed) 25 contours indicating
descent (ascent), averaged over the ASM period in 2012. The squares with 26 green dashed line denotes
the tropopause altitude derived from the CALIPSO satellite level 3 27 monthly stratospheric aerosol data
during the same period. The black areas denote the terrain 28 height (km) above sea level. The red
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rectangle denotes the upper troposphere below the western 29 ATAL domain (0-60°E). (b) The inter-
annual variations of the average extinction coe�cient in 30 the upper troposphere (6-12 km), the ASR in
the UTLS (13-18 km), and the vertical velocity at 31 100 hPa for the western ATAL domain (0-60°E, 25°N).

Figure 4

Schematic of the transport processes that indicate the formation and dissipation dynamics of the ATAL
during the ASM.
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