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ABSTRACT
Due to its surrounding strong and deep Asian summer monsoon (ASM) circulation and active surface
pollutant emissions, surface pollutants are transported to the stratosphere from the Tibetan Plateau region,
which may have critical impacts on global climate through chemical, microphysical and radiative processes.
This article reviews major recent advances in research regarding troposphere–stratosphere transport from
the region of the Tibetan Plateau. Since the discovery of the total ozone valley over the Tibetan Plateau in
summer from satellite observations in the early 1990s, new satellite-borne instruments have become
operational and have provided significant new information on atmospheric composition. In addition, in situ
measurements and model simulations are used to investigate deep convection and the ASM anticyclone,
surface sources and pathways, atmospheric chemical transformations and the impact on global climate. Also
challenges are discussed for further understanding critical questions onmicrophysics andmicrochemistry in
clouds during the pathway to the global stratosphere over the Tibetan Plateau.

Keywords:Tibetan Plateau, atmospheric composition, troposphere–stratosphere transport, deep
convection, Asian summer monsoon

INTRODUCTION
Chemical species emitted at Earth’s surface can be
transported into the stratosphere, where they can in-
fluence climate and initiatemany chemical processes
responsible for stratospheric ozone variation [1–3].
Therefore, it is critical to understand how chemical
species, whether natural or anthropogenic, are trans-
ported from the surface into the stratosphere.

In the global view, the stratospheric mass cir-
culation is governed by the so-called Brewer–
Dobson circulation, in which tropospheric air en-
ters the stratosphere in the tropics, upwells within
the tropical stratosphere and then spreads pole-
ward before descending in the middle and high
latitudes [4]. It is well recognized that the tropi-
cal tropopause layer (TTL) acts as a ‘gate to the
stratosphere’ [5]. Although transport of air from
the troposphere to the stratosphere occurs primar-
ily in the tropics, many tropospheric pollutants can-

not enter the stratosphere through this stratospheric
gate [6].

Significant transport of air from the surface into
the stratosphere also occurs over the Asian summer
monsoon (ASM) regions. During the boreal sum-
mer, the Intertropical Convergence Zone (ITCZ)
moves northward and is located between 15◦N and
30◦N over Asia, directly over highly populated and
polluted regions of southern Asia [7]. The ITCZ,
where air parcels converge at low levels, is associ-
ated with the occurrence of frequent deep convec-
tion during the ASM period. Deep convection and
the associated ASM anticyclone form a critical path-
way for air from the surface to enter the global strato-
sphere, and it is obviously a pathway strongly af-
fected by pollutants emitted at the ground [6,8].

Once entering the upper troposphere and lower
stratosphere (UTLS), pollutants accumulate and
undergo chemical processes in a reactive reser-
voir, from which carbon-, sulfur-, nitrogen- and
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halogen-containing reaction products disperse glob-
ally [9]. The abundant aerosol precursor emis-
sions from southern Asia also lead to significant
aerosol formation in the UTLS within the ASM
anticyclone, that is the Asian Tropopause Aerosol
Layer (ATAL). Subsequently, these aerosols spread
throughout the entire lower stratosphere in the
Northern Hemisphere and contribute significantly
to the stratospheric aerosol layer [10]. Currently,
pollutant emissions are increasing rapidly in the
monsoon-impacted southern region of Asia [11].
It is therefore expected that increasing emissions
will intensify the pollutant flux into the global
stratosphere through the ASM circulation in future
decades.

In this review, we summarize the significant re-
search findings regarding critical atmospheric pro-
cesses that affect the transport of Asian surface pol-
lutants to the global stratosphere over a broad region
including the Tibetan Plateau. We discuss their po-
tential contribution to the global budget of strato-
spheric chemical species and the implications for the
global climate.

FORMATION OF THE SUMMERTIME
OZONE VALLEY OVER THE TIBETAN
PLATEAU
Troposphere–stratosphere transport over the Ti-
betan Plateau was first recognized as a result of
the discovery in 1994 of a ‘summertime ozone val-
ley over the Tibetan Plateau’ by Zhou and Luo
[12]. Analysis of total ozone data from the To-
tal Ozone Mapping Spectrometer (TOMS) experi-
ment aboard the Nimbus-7 satellite shows that to-
tal ozone has relatively low values over the Tibetan
Plateau (∼10% lower than the same latitude) dur-
ing May through September every year [13]. Con-
sidering the local atmospheric circulation over the
summertimeTibetanPlateau, which is controlled by
the South Asian High in the upper troposphere and
the frequent occurrence of convection in the lower
levels, Zhou et al. [14] speculated that the Tibetan
Plateau is an important pathway for lower tropo-
spheric air to reach the stratosphere, and that sur-
face pollutants within the range of hundreds of kilo-
meters around the Tibetan Plateau converge to the
Tibetan Plateau, rise to the lower stratosphere and
then diverge. Therefore, transport of ozone-poor air
from the troposphere to the stratosphere, alongwith
physical andchemical processes (e.g. hydrogenchlo-
ride (HCl)) in the stratosphere involving pollutants
transported from the lower levels, may be the rea-
sons for the formation of a summertime ozone valley
over the Tibetan Plateau [14,15].

Since this discovery, Chinese scientists have
made great efforts to characterize the features of
the summertime ozone valley over the Tibetan
Plateau and understand its formation mechanisms.
Ozonesondes were launched in Xining (36.43◦N,
101.45◦E, 2296mabove sea level) duringApril 1995
through August 1996 [16], and in Lhasa (29.40◦N,
91.03◦E, 3650 m above sea level) during June–
October 1998 [17,18].These ozonesonde measure-
ments show that the summertime ozone concentra-
tion around the tropopause over theTibetanPlateau
is lower in comparison to the ozonesonde measure-
ments at Kagoshima Island (31.55◦N, 130.55◦E) of
Japan at a similar latitude, in agreement with the
results from satellite measurements of the Strato-
spheric Aerosol and Gas Experiment (SAGE) I
[19], SAGE II andHalogenOccultationExperiment
(HALOE) [20,21]. All of thesemeasurements show
that the ozone concentration between the 12 -and
22-km levels over theTibetan Plateau is significantly
lower in comparison to regions outside of the ASM
region at the same latitude.

In the first studies, many mechanisms were sug-
gested to explain the formation of the ozone valley.
The air column above the Tibetan Plateau region
is shorter because of terrain and this had been sug-
gested as an explanation for the variation of total
ozone column [22]; however, from the earliest stud-
ies, it was thought to make a secondary and mi-
nor contribution [23,24]. Other suggested mecha-
nisms fall into two main categories: dynamical and
chemical.Dynamical processes postulated to explain
the ozone valley over the Tibetan Plateau included
the elevated heat source associated with thermally
forced circulation [23,25,26]; large-scale uplift and
descent of isentropic surfaces and higher tropopause
height [24], temperature and geopotential height
[27]; and troposphere–stratosphere mass exchange
[28–31]. Chemical processes were also investigated
in earlier studies; however, they were found to play a
minor role [29]. Overall, most of these mechanisms
focus only on local atmospheric circulation around
the Tibetan Plateau, and almost no ozone profiles
were used to support the earliest analyses.

Subsequent studies have used satellite measure-
ments of both total ozone and ozone profiles to in-
vestigate the possible mechanisms for the ozone val-
ley formation. Based on these measurements, it has
been found that the formation of the summertime
ozone valley over the Tibetan Plateau is related to
two factors: terrain-induced air-column variations
and dynamical processes that cause UTLS ozone to
be lower in the ASM region [32]. The first factor is
seen by comparing the Tibetan Plateau (elevation
∼4000m) to the IranianPlateau (elevation∼1000–
1500m). Both plateaus share almost the sameozone
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Figure 1. This figure summarizes the formation of the summertime total ozone valley
over the Tibetan Plateau, which extends from ∼30◦E to ∼120◦E longitude. The upper
panel shows the ozone profiles for the ASM region (blue) and the non-ASM region
(red), total ozone (green) and the terrain altitude (gray shading). The lower panel shows
the ozone-concentration distribution at 100 hPa (light green, green and blue for 300,
150 and 100 ppbv, respectively) and the location of the ASM anticyclone (denoted by
16 750-gpm contour, purple).

profiles in the upper troposphere and stratosphere
[20], but the atmosphere above the Tibetan Plateau
has ∼14 Dobson units (DU) less total ozone. The
total ozone difference between the two plateaus is
related to their elevation difference, with the Ti-
betan Plateau lacking the integrated ozone partial
column from (non-mountain) ground to the moun-
tain surfaces. Actually, along the same latitude, to-
tal ozone changes identically with variations in ter-
rain height, showing a high correlation with terrain
pressure over the whole ASM region. Calculations
show that total ozone decreases by 4–4.5 DU when
the pressure altitude rises each 100 hPa, and that the
high elevation of the Tibetan Plateau causes a de-
crease of ∼20 DU total ozone in comparison to sea
level [32].

Dynamical processes in the ASM region lead
to a second factor that causes the ozone valley
above the Tibetan Plateau. Satellite observations
of ozone profiles show that ozone concentrations
over the ASM region have lower values in the
UTLS than those over the non-ASM region [20,32].
These observations point to dynamical processes in
the ASM region as a root cause, in particular the
frequent deep convective transport of low-ozone
air from the lower troposphere to the UTLS re-

gion, combined with trapping by the ASM anticy-
clone [6].This negative offset contributes to another
∼20 DU deficit in the ozone column over the ASM
region [32].

In total, these two factors (higher terrain height
of the Tibetan Plateau and lower UTLS ozone
within the ASM anticyclone) would be expected
to contribute to a ∼40-DU decrease in the ozone
column over the Tibetan Plateau. However, mea-
surements show that summertime total ozone over
the Tibetan Plateau is only ∼33 DU lower than
zonal mean values over the ocean at the same
latitudes. This offset suggests that the ASM re-
gion has higher ozone concentrations in the lower
troposphere (below 300 hPa), which contributes
∼7 DU of the total ozone. This explanation for
the offset is confirmed by ozonesonde and satellite
observations [32].

Figure 1 summarizes the formation of the sum-
mertime total ozone valley over the Tibetan Plateau.
At the larger scale, the ozone profiles are different
between the ASM region and non-ASM region, as
seen in the plot at the far-right side of the upper
panel, particularly in the UTLS. This is also evident
in the ozone-concentration distribution at the level
of 100 hPa (lower panel).TheASManticyclone (de-
noted by the 16 750-gpm contour at 100 hPa) has
lower ozone concentrations inside (blue, green and
bright-green curves denote different ozone mixing
ratios). The non-ASM ozone profile (red line) has a
higher ozone concentration in the UTLS and lower
ozone concentration in the lower troposphere, and
the total column is 300 DU, ∼13 DU higher than
that over theASMregion (i.e. 287DU)when the ter-
rain effect is removed.

For the whole ASM region, the ozone profiles are
almost the same, but theTibetanPlateau and the Ira-
nian Plateau have 267 and 281 DU of total ozone,
respectively, due to the terrain variations (the far-
left and middle plots of the upper panel in Fig. 1).
The Tibetan Plateau has∼20 DU lower total ozone
caused by its high elevation in comparison with the
ASMregionwithout terrain.Thebudget for the sum-
mertime total ozone over theTibetan Plateau can be
summarized as:

267DU
(1)

= 300DU
(2)

+ 7DU
(3)

− 20DU
(4)

− 20DU
(5)

where the five terms stand for the total ozone over
the Tibetan Plateau (1) and the non-ASM region
(2), the higher ozone column in the lower tropo-
sphere over the ASM region (3), the total ozone
shortage causedby the lowerUTLSozonewithin the
ASM anticyclone (4) and finally the terrain-induced
air-column shortage (5), respectively.
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Figure 2. Distribution of CO (upper) and water vapor (lower)
as observed by the Microwave Limb Sounder (MLS) satellite
at the level of 100 hPa for the summertime average during
2005–09. The solid black curves are the contours for sum-
mertime mean geopotential height at 100 hPa. This figure is
adapted from Bian et al. [35].

POLLUTANT TRANSPORT TO THE
STRATOSPHERE VIA ASM CIRCULATION
As mentioned above, the ASM circulation is a criti-
cal factor in the formation of the summertime ozone
valleyover theTibetanPlateau.However, it is also an
important factor beyond this role, and at scales larger
than at theTibetanPlateau. Actually, theASMcircu-
lation influences not only the ozone distribution, but
also other aspects of atmospheric composition in the
UTLS.

Satellite measurements show that the ASM an-
ticyclone or the South Asian High, which covers
and centers the Tibetan Plateau, creates a contained
area having increased or decreased concentrations
of various atmospheric constituents. The ASM an-
ticyclone has higher concentrations of tropospheric
tracers (such as carbon monoxide (CO), hydrogen
cyanide (HCN) and methane (CH4)) [6,8,33,34]
as shown in Fig. 2 for CO and water vapor at the
level of 100 hPa, and lower concentrations of strato-
spheric tracers (such as O3, HCl and nitric acid
(HNO3)) [33].

Measurements and simulations show that the
water-vapor concentration in the tropical lower
stratosphere is about 60% higher in the boreal sum-
mer than in the winter, and that about 75% of the
total water vapor transported to the global strato-
sphere in the summer comes from the Asian mon-
soon region [36]. Additional 3D global chemical
transport model simulations show that most of the
pollutants entering the UTLS region, such as sul-
fur dioxide (SO2), HCN and CO, are related to
the transport associated with the ASM circulation
[6,37].

Taken together, these satellite data and model
simulations point to the ASM circulation as an im-
portant pathway for surface pollutants to rise into
the stratosphere [6]. The next section describes re-
search regarding the possible mechanisms for this
transport.

Dynamic mechanisms for transport of
pollutants to the stratosphere over the
ASM region
During the boreal summer, a very strong and deep
ASM circulation exists in southern Asia due to the
combined effects of the continent–ocean contrast
and the extreme terrain of the Tibetan Plateau.
The ASM circulation includes frequent deep con-
vection in the troposphere and a very stable and
strong planetary-scale anticyclone (i.e. the South
Asia High, called the ASM anticyclone thereafter)
in the UTLS [38–40]. During the boreal summer,
with the northwardmigration of the ITCZ, theASM
anticyclone is included in the northern part of the
TTL [41]. Because the TTL acts as the gateway to
the stratosphere for tropospheric air, various micro-
physical and chemical processes occurring there de-
termine thedistributionof chemical species entering
the stratosphere [5].

The stratosphere above the TTL is in radia-
tive equilibrium, i.e. positive radiation heating bal-
ances the cooling by the slow adiabatic uplift of the
Brewer–Dobson circulation in the tropics. The tro-
posphere below the TTL is featured by strong con-
vection and negative radiative heating, and there-
fore has large-scale weak subsidence and sporadic
strong convective updraft. Within the TTL, the
vertical motion is characterized by large-scale weak
ascending motion accompanied by occasional con-
vective intrusions (∼360 K). Therefore, the atmo-
spheric boundary layer (ABL) air can rise into the
stratosphere only after entering the TTL by way of
deep convective transport [42].

Deep convective transport
As stated above, deep convective transport is a pre-
requisite for the ABL air to enter the stratosphere,
and is also the most efficient transport mechanism.
Deep convection can transport the air from the ABL
quickly to the main deep outflow level (∼360 K)
within tens ofminutes, so this is a crucialmechanism
especially for very short-lived chemical species (e.g.
bromocarbons, HCl) to enter the TTL [15,43,44].
The short-lived species are important in impacting
the local ozone budget near the tropopause within
the ASM region [15].
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From the perspective of chemical-species trans-
port, it is very important to understand the distribu-
tion of convective clouds activity within the ASM re-
gion, particularly the main level of deep convective
outflow. In the upper troposphere, even a difference
of only 1–3km in theheight of themainoutflow level
will have a great impact. Above the zero heating rate,
the large-scale upward velocity is usually very small
(only mm s−1) so it will take a few weeks to climb
a height of 1–3 km [45]; deep convective transport,
however, takes only several to tens of minutes. At
present, there is still great uncertainty in the quan-
tification of the detrainment processes at the con-
vective outflow level over the Asianmonsoon region
[46,47].

There is also great uncertainty in the geograph-
ical distribution of deep convective clouds activ-
ity over the ASM region, though persistent deep
convection is known to be located over southern
Asia and southeastern Asia, which is far from the
center of the ASM anticyclone where tracers show
extreme values [33]. For example, by analysis of
the Tropical Rainfall Measuring Mission (TRMM)
satellite data, Fu et al. [48] showed that the fre-
quency of deep convection (especially for convec-
tive top heights greater than 14 km) is higher over
the Tibetan Plateau and its southern slope than over
the South Asian monsoon region. However, other
studies (using satellite-borne cloud radar observa-
tions) suggest that the strongest convection occurs
over the South Asian monsoon region, rather than
over the Tibetan Plateau and its southern slope
[33,49–51].

Overshooting convection events (deep convec-
tion penetrating the tropopause level), with strong
upward air flow, are capable of transporting air from
the ABL to the stratosphere and above the neu-
tral buoyancy level [47,52]. Irreversible exchange
across the tropopause caused by gravity wave break-
ing and/or turbulent mixing atop these storms can
have significant impacts on chemistry and climate
[53]. Convective overshooting is also an efficient
mechanism to transport chemical species up to the
tropopause within the ASM anticyclone [54]. How-
ever, the frequency at which overshooting convec-
tion reaches the tropopause appears to be very low
[47,52] and a direct way to quantify the effect of
overshooting convection on transport over theASM
region is challenging.

The future goals are to know some important
properties of deep convection over the ASM re-
gion, including its geographical distribution, the fre-
quency of overshooting convection, diurnal varia-
tion and distribution of the deep convective outflow
level [50,52,55]. To achieve these goals, it may be
necessary to have multi-source cloud observations,
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Figure 3. Schematic showing transport pathways to the
ASM anticyclone. South Asia and Southeast Asia are de-
noted as the surface source region. A cloud represents mon-
soon deep convection. Horizontal advection at 200 hPa and
the large-scale vertical transport are shown as solid and
dashed red arrows, respectively. The ASM anticyclonic cir-
culation is shown as a clockwise ellipse at 100 hPa and sur-
face wind vectors are overlaid on top of the topography. This
figure is adapted from Park et al. [37].

including geostationary satellites, and even to de-
velop new satellite cloud instruments (the Global
Precipitation Measurement Ku band radar), as well
as to develop appropriate analytical methods to
estimate the vertical transport of deep-convection
events.

Despite the gaps in current understanding, it
is known that deep convection has a great im-
pact on the variation of atmospheric composition
in the UTLS over the ASM region (as shown in
Fig. 3). Both seasonal and synoptic timescale vari-
ations in water vapor and ozone within the ASM
anticyclone are linked to the variations in convec-
tion intensity [42,56]. Owing to the upward trans-
port of moist and ozone-poor air by deep con-
vection, water vapor exhibits enhanced values and
ozone shows relatively low values. If latent heating
is turned off in the Weather Research and Forecast-
ing (WRF) model to simulate the absence of deep
convective transport, the observed enhanced pol-
lutants within the ASM anticyclone are no longer
reproduced [57]. Deep convection, however, can
sometimes cause enhanced ozone in the upper tro-
posphere over the Tibetan Plateau by bringing in
many ozone precursors from the continental ABL
of South Asia (as shown in Fig. 3), as has been ob-
served by ozone soundings and simulated by the
Chemical Lagrangian Model of the Stratosphere
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(CLaMS)[58–60].Thedeepconvective cloudsover
the monsoon region provide an efficient mecha-
nism to remove air pollution via oxidation and de-
position [9,61]. Organic carbon formed from re-
actions with volatile organic compounds during
upward transport, while the number concentration
decreases owing to coagulation [9].When consider-
ing aerosol activation and removal processes above
the cloud base, monsoon rains can remove aerosols
efficiently [61]. Nitrogen oxides (NOx, or NO +
NO2) produced by lighting associated with deep
convection also contribute to chemical reactions in
the UTLS [62].

The large-scale circulation of the ASM anticy-
clone sometimes traps the air mass uplifted by deep
convection fromwestern Pacific oceanic convection
[63]. Low ozone values are measured in the up-
per troposphere in Lhasa and Kunming, and back-
trajectory simulations show that this phenomenon
is sometimes caused by rapid vertical transport as-
sociated with typhoon convections over the western
Pacific Ocean and then horizontal movement to the
ASM anticyclone [64–66].

The ASM anticyclone
Apart from the mesoscale and microscale deep
convective transport, another important transport
mechanism in the TTL is a slow large-scale move-
ment combined with a horizontal mixing process.
Over the ASM region, the most prominent large-
scale circulation within theTTL is the gigantic ASM
anticyclone (as shown in Fig. 3). The ASM anticy-
clone has three features that make it an important
transport pathway across the TTL [42]. First, the
ASM anticyclone is close to the tropical deep con-
vections and becomes a rapid vertical-transport con-
duit for the air from the ABL to the TTL. Second,
the closed streamlines around the ASM anticyclone
have a trapping effect, which causes the surface pol-
lutants entering the anticyclone through deep con-
vection to stay in the interior for a relatively long
time, and to be isolated and unable to exchange
with the air outside the anticyclone [67]. Third, the
ASM-anticyclone circulation has a relatively strong
meridional wind component, which helps to pro-
mote air exchange between the tropical upper tro-
posphere and the mid-latitude lower stratosphere
[68–73]. The trapping effect of the ASM anticy-
clone also keeps its interior air far away from the
extremely cold zone of the TTL (Fig. 4), which is
located in the southeastern region of the ASM an-
ticyclone. This has the effect of reducing the de-
hydration of the interior air [74] and prolonging
its intense radiative heating, mainly from the ra-
diative heating of clouds (and the ASM region has

higher cirrus cloud cover in theUTLS) [42,75].This
in turn enhances vertical transport across the TTL
(Fig. 4) [76].

The trapping effect of the ASM anticyclone is
considered to be responsible for the UTLS com-
position anomalies in many atmospheric species
[8,33,45,56,77]. This trapping effect also works
during the intra-seasonal east–west oscillation
processes of the ASM anticyclone, which causes
the center of the composition extreme to move
accordingly from east to west [78,79], and induces
two modes in the composition distribution [80]
corresponding to the two major modes of the South
Asian High center (i.e. the Iranian mode and the
Tibetan mode) [81]. During the Iranian mode, tro-
pospheric tracers (such as H2O, CO) have positive
anomalies in the UTLS over the Iranian Plateau
and negative anomalies over the Tibetan Plateau,
whereas stratospheric tracers (such as O3) show
negative and positive anomalies over the Iranian
Plateau and the Tibetan Plateau, respectively.
The opposite situation occurs during the Tibetan
mode [80]. However, there is a controversy about
the two modes of the ASM anticyclone, when
using the different reanalysis data and methods.
Nützel et al. [82] showed that the bimodality of
the ASM anticyclone is only found in NCEP-1 (the
National Centers of Environmental Prediction) and
NCEP-2 compared to other reanalysis data (e.g.
ERA-Interim and JRA-55).

Pathways from the ASM anticyclone to
the stratosphere
The air entering the ASM anticyclone through deep
convective transport has two fates: some will mix
horizontally within the ASM anticyclone and will
stay for a long time because of the anticyclone’s trap-
ping effect, and some will leave the anticyclone and
enter the stratosphere.

There are two main pathways for air from the
ASM anticyclone to enter the stratosphere during
the boreal summertime. One pathway is that the
air rises across the isentropic surface and into the
tropical stratosphere through a slow diabatic uplift
motion, which balances the radiative heating. This
is the most important pathway, occurring mainly
over the southeastern part of the ASM anticyclone
(Fig. 4) [45,78,83,84]. Forward trajectory calcula-
tions show about two-thirds of the air crossing the
tropopause via this pathway [83]. The greatest un-
certainty in this pathway comes from the calculation
of the diabatic ascent rate (see the vertical arrows
in Fig. 4), because information is lacking on some
key atmospheric features, especially cloud distribu-
tion [63,85].
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Another pathway is that the air enters the mid-
latitude stratosphere through the eddy shedding
along the isentropic surface (Fig. 4) [78,83]. The
subtropical westerly jet to the north of the ASM
anticyclone (Fig. 4) is generally considered to be a
barrier for air exchange between the anticyclone in-
terior and the mid-latitude stratosphere. However,
wave shedding caused by the anticyclone circulation
andRossby-wave interaction can take the interior air
away from the anticyclone [66,86]. Even though this
pathway makes a smaller contribution to air-mass
transport, it is very important for causing composi-
tion changes in the stratosphere, because the hori-
zontal gradient of composition is much larger here.

In addition, a strong equatorward airflow and a
strong poleward airflow occur to the east and to
the west of the ASManticyclone, respectively.These
meridional circulations lead to an in-mixing pro-
cess toward the equator [70] andout-mixing process
from the equator [87–91], which contributes greatly
to the atmospheric composition exchange between
the extra-tropical lower stratosphere and the tropi-
cal upper troposphere.

In particular, the in-mixing process associated
with the ASM anticyclone can transport volcanic
plumes from extra-tropical volcanic deep eruptions
into the tropical stratosphere layer [92], which had
been considered to be unable to contribute to the
tropical stratospheric aerosol layer. This equator-
ward transport, through isentropic transport above
thewesterly jet, is primarily drivenbyeddy shedding.
The volcanic plumes are entrained along the airflow
on the eastern side of the anticyclone, are trans-
ported southwestward into the deep tropics down-
stream of the anticyclone and reach theTTL [92].

However, very little research has been done so far
on the stratosphere–troposphere exchange caused
by the interaction between the intra-seasonal os-
cillation of the ASM anticyclone and the outer
circulation. A new project of the Asian Summer
Monsoon Chemical and Climate Impact Project,
supported by the National Science Foundation of
the USA, is planned to take place in July–August of
2020 with the aircraft operation based in Japan.This
project will address the transport pathways (verti-
cal range, intensity and timescale) of the ASM up-
lifted air from inside the anticyclone to the global
upper troposphere and lower stratosphere, based
on the hypothesis: the western Pacific region is a
major path of ASM UTLS outflow (https://www2.
acom.ucar.edu/acclip).

Simulation methods for
troposphere–stratosphere transport
Two major Lagrangian methods are used to inves-
tigate the transport process from the ABL to the
UTLSover theASMregion.Onemethod is basedon
the distribution of deep convective cloud tops, trac-
ing the air from the deep convective outflow levels
to theTTL by running a 3D trajectory model driven
by wind fields from analysis or reanalysis data sets
[73,93–95]. This method does not consider the de-
tailed transport processes and specific path within
the convective clouds; rather, the air atop the deep
convective outflow level is assumed to be trans-
ported directly from the ABL by deep convection.
Therefore, uncertainties in this approach are mainly
from cloud data and threshold parameters used to
determine the tops of convective clouds [93].

Another method does not consider explicitly
the distribution of convective cloud tops, but
directly calculates the trajectories of the air from
the ABL to the UTLS by running the trajectory
model [42,63,73,96–98].These studies focus on the
geographical distribution of the ABL sources
and transport pathways of the UTLS air. Ob-
viously, this method cannot describe well the

https://www2.acom.ucar.edu/acclip
https://www2.acom.ucar.edu/acclip


REVIEW Bian et al. 523

convective transport process because of relatively
poor horizontal resolution. The uncertainty mainly
comes from the differences among the various
(re-)analysis data sets [63].

Comparison between the Asian monsoon
and the North America monsoon
The Asian monsoon and the North American mon-
soon are the two strongest monsoons during the
boreal summer, but transport processes into the
stratosphere via these two summer monsoon circu-
lations are different. In the global water-vapor distri-
bution (Fig. 2b) observed by the Microwave Limb
Sounder (MLS) experiments onboard Aura at the
level of 100 hPa during the summer (June–August)
of 2005–09, there are two centers with higher con-
centrations of water vapor, i.e. the Asian monsoon
region and the North American monsoon region,
with almost the same values (5.6 and 5.4 ppmv, re-
spectively). However, this is not the case for other
atmospheric constituents, such as CO. An enhanced
CO center in the globe is seen over the Asian mon-
soon area (Fig. 2a), but not the North American
monsoon area. The observed higher concentrations
ofwater vapor andCOover theASMregion are con-
sistent with the above transport analysis. However,
overNorthAmerica, the presenceof enhancedwater
vapor but absence of enhanced CO is still unsolved.

The enhanced water-vapor centers over both the
North American monsoon region and the Asian
monsoon region are considered to be caused by the
upward transport of water vapor from lower lev-
els by deep convection [36,54]. For other atmo-
spheric constituents, however, the stronger ASM-
anticyclone circulation due to stronger and deeper
Asian monsoon circulation is thought to inhibit the
mixing of air inside and outside the anticyclone [36],
which results in a higher concentration ofCOwithin
the ASM anticyclone. In contrast, due to the weaker
monsoon circulationover theNorthAmericanmon-
soon region, the upward-lifted air by deep convec-
tion is more frequently mixed by stratospheric in-
trusion air from outside. Therefore, there is no en-
hanced CO center over North America [36]. The
weaker ground source possibly contributes to the
low CO. Another opinion argues that the effect of
deep convection on atmospheric composition is de-
termined by the so-called ‘convective contrast’ of
specific constituents, i.e. the concentration differ-
ence of atmospheric species between the convec-
tive outflow region and the surrounding environ-
ment [54]. Because water vapor in the UTLS has
larger ‘convective contrast’, the convective effect is
relatively significant, and the concentration of wa-

ter vapor mainly depends on deep convective trans-
port. CO and other constituents, however, have
smaller ‘convective contrast’, so the effect of convec-
tive transport on them is relatively weaker, and their
concentration mainly depends on horizontal advec-
tion and Brewer–Dobson circulation transport.

The vertical difference in the water-vapor distri-
butionmaybe provides some clues for further under-
standing. MLS measurements show three enhanced
water-vapor regions at the level of 215 hPa, namely
the African monsoon region, the North American
monsoon region and the Asian monsoon region,
among which the water vapor over the Asian mon-
soon region is significantly higher than that over the
other regions and the center is located over the Bay
of Bengal, corresponding to the deep-convection
center over the ASM region. The variation of water-
vapor concentration at this level has a good correla-
tion with the variation of convective intensity over
the Asian monsoon region [33].

At higher levels, such as the 100-hPa level, the
overall distributions of water vapor are similar to
lower levels, but there are at least two obvious and
important changes (Fig. 2b). First, the Asian mon-
soon region still has the highest water-vapor con-
centration, but the difference is not as significant.
Second, the centers of the enhanced water-vapor
concentration in both the Asian monsoon region
and the North American region move northward.
The enhanced water-vapor concentration area at the
level of 100 hPa deviates far away from the deep
convective region and is more easily affected by
large-scale circulation. Correspondingly, the corre-
lation between the variation of water-vapor concen-
tration at 100 hPa and convective intensity within
the Asian monsoon region is significantly decreased
[33].However, the correlationbetween theCOcon-
centration at 100 hPa and convective intensity is still
very high [33]. This analysis suggests that the direct
transport of water vapor by deep convection to the
upper tropospheredecreaseswith thehigher altitude
due to the quick weakening of deep convection, and
that the large-scale circulation (particularly the cold-
est temperature distribution) and its related dehy-
dration process take the dominant role.

The distribution of water-vapor isotopes in the
UTLS provides more information about deep con-
vective occurrences. Water vapor containing a hy-
drogen isotope (HDO) observed by the Atmo-
spheric Chemistry Experiment-Fourier Transform
Spectrometer (ACE-FTS) on SCISAT shows that
theNorthAmerican summermonsoon regionhas an
enhancedHDO concentration in the UTLS, but the
Asianmonsoon region does not [99].The enhanced
HDO concentration in the UTLS indicates the fast
vertical transport of water vapor by deep convection



524 Natl Sci Rev, 2020, Vol. 7, No. 3 REVIEW

because, during the freezing dehydration process by
slow large-scale uplift, theHDOcomponent inwater
vapor will first condense into liquid water droplets
or ice particles and then fall out, thus the HDO
component reaching the UTLS will be significantly
reduced. However, the strong updraft of deep con-
vection can transport ice particles (in which HDO
content is enhanced) to the UTLS, and then some
fine ice particles will sublimate and release HDO va-
por in theUTLS. From the above argument, it seems
that the deep-convection events in the Asian mon-
soon region transport less HDO vapor to the UTLS
than the events in the North American monsoon re-
gion. However, it should be noted that the Asian
monsoon regionhasmuch lower temperatures in the
UTLS region than the North American monsoon
region, and consequently significantly higher cover-
age of cirrus clouds [100,101]. Therefore, one pos-
sibility is that ice particles in the cirrus clouds over
the Asian monsoon region contain more HDO (as
H2O favors the gaseous state while HDO favors the
condensed state) but, due to the lower temperature,
these solid HDO particles do not sublimate to va-
por and hence are not detected by satellite remote
sensing [35].

In order to investigate the above possibility, the
distribution of total water content (water vapor +
ice water content) and the contribution of ice wa-
ter to the total water content are analysed [102].
MLS measurements show that the distribution of
total water content is different from the distribu-
tion of water vapor alone. At the level of 215 hPa,
the total water content and water vapor have sim-
ilar enhanced areas, and the contribution of ice-
water content to the total water content is <15%.
At higher levels, however, the enhanced center for
total water content is closer to the deep-convection
area than that for water vapor, particularly over the
Asian monsoon region, and the contribution of ice-
water content to the totalwater content is about 50%
[102], which suggests the importance of ice-water
content.

Next, the efficiency of transport into the strato-
sphere via the Asian monsoon circulation and via
the North American monsoon circulation is com-
pared. Based on the CLaMS model driven by re-
analysis data, artificial tracers are released at differ-
ent levels from the middle troposphere to the lower
stratosphere in both monsoon regions during the
summer and are tracked until the following summer
[103]. Simulations show that the air-mass contribu-
tions from the ASM to the tropical pipe are about
three times larger than the corresponding contribu-
tion from the North American monsoon, and the
transport efficiency of the ASM is almost twice that
of the North American monsoon [103].

CHEMISTRY WITHIN THE ASM
ANTICYCLONE
Previous studies of troposphere–stratosphere ex-
change over the ASM region have focused mainly
on dynamical transport processes, while little atten-
tion given to the chemistry that occurs during the
transport process. In the earliest studies, just after the
summertime ozone valley over the Tibetan Plateau
was discovered in 1994, Zhou et al. [14] had spec-
ulated in a 1995 study that the chemical reactions
of pollutants transported from lower levels might
have some impact on the ozone concentration in
the stratosphere. However, in 2003, the model sim-
ulations of Liu et al. [29] found that the chemi-
cal processes related to stratosphere–troposphere
exchange over the ASM region have no significant
impact on stratospheric ozone. For the next few
years, chemical processes were reported in the re-
lated studies [15,104]. The heterogeneous chlorine
processing near the monsoon region and the reduc-
tionofNOx Asianemissionshave thepotential tode-
crease ozone abundances near the tropopause.

Discovery and formation of the ATAL
It was not until 2011 that chemical processes gained
attention again in the UTLS over the ASM re-
gion. Using observations from the satellite-borne
Cloud-Aerosol Lidar with Orthogonal Polarization
(CALIOP), Vernier et al. [105] found that there ex-
ists an enhanced aerosol layer near the tropopause
over the Asian monsoon region every summer,
which is called the ATAL. The ATAL ranges from
the eastern Mediterranean Sea (extending south-
ward to northern Africa) to the western part of
China (southward to Thailand), and its vertical ex-
tent ranges from 13 to 18 km (360–420 K of the
isentropic surface), corresponding to the ASM an-
ticyclone. Due to the low signal-to-noise ratio of
CALIOP, the Compact Optical Backscatter Aerosol
Detector sondes were launched over the Tibetan
Plateau to confirm the findings from CALIOP and
SAGE II [106]. Balloon-borne sensor measure-
ments also show that a robust enhancement in
aerosol concentration extends up to 2 km above the
tropopause [10,107]. This aerosol layer is different
from the stratospheric aerosol layer (i.e. the Junge
layer), which is mainly affected by natural processes
such as volcanic eruptions (especially in the trop-
ics), while the ATAL is mainly formed from anthro-
pogenic pollutant emissions rather than volcanic
eruptions [105] or carbonyl sulfide [108].However,
the ATAL is sometimes concealed in the plumes
from volcanic eruptions, such as the Sarychev vol-
canic eruption in the Kuril Island chain in June
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2009 [92] and the Nabro volcanic eruption in the
northeast African nation of Eritrea in June 2011
[109,110]. After these two volcanic eruptions, the
erupted plumes flowed around the ASManticyclone
and made the ATAL inconspicuous.

Somemodel simulations show that the existence
of the ATAL seems to be closely related to the up-
ward transport of surface pollutants in the Asian
monsoon region and subsequent microphysical and
microchemical processes [111–113]. Due to the
lack of in situ observations, the chemical composi-
tion of aerosols in the ATAL is not clear. There-
fore, these simulation studies have made different
assumptions about the composition of the ATAL
aerosol. Neely et al. [112] assume that the ATAL is
mainly from sulfate aerosols formedby the oxidation
of SO2 (similar to the formation of the Junge layer),
after which Yu et al. [113] add some primary and
secondary organic aerosols. Mineral dust is also be-
lieved to be an important composition of the aerosol
particles [114–117]. Taking multiple surface emis-
sions into account, Gu et al. [111] show surprisingly
that nitrate contributes up to 60% to the ATAL.

More unexpectedly, the latest satellite observa-
tions show significant amounts of gas-phase ammo-
nia (above 15 pptv) over the subtropical regions
of the southeastern Asian continent (20–30◦N, 70–
110◦E) at the altitude of the ATAL [118,119]. Am-
monia (NH3), primarily emitted from land surfaces,
has a lifetime of only several hours due to its high
affinity for water, which facilitates its effective re-
moval via atmospheric scavenging and its incorpo-
ration in aqueous and acid particles. Gas-phase con-
centrationsof ammonia are expected tobe extremely
low in the UTLS according to the wet settlement
[120]. A cross-scale modeling study that includes
molecular dynamic simulations and a global chem-
istry transport model shows that the unexpectedly
high concentrations of NH3 in the UTLS are from
the NH3 dissolved in liquid cloud droplets, which
is released into the UTLS upon freezing and sub-
sequent collision of ice particles during deep con-
vection [120]. In the UTLS, the presence of NH3
strongly favors new particle formation through the
stabilization of sulfuric-acid clusters at low temper-
atures due to its alkalinity. A more recent study
using satellite observations and high-altitude air-
craft measurements shows that solid ammonium-
nitrateparticles areubiquitous in theATAL, and that
the presence of ammonium-sulfate impurities allows
the crystallization of ammonium nitrate even under
conditions of high relative humidity, which prevail
within the ASM anticyclone [121].

Preliminary measurements have characterized
the aerosol-size distribution and volatility of the
ATAL. Balloon-borne in situ measurements show

a relatively high concentration of aerosol (up to
∼50 or 25 cm−3) near the tropopause with diam-
eters larger than 0.14 or 0.18 μm, and the aerosol
size in the ATAL is generally <0.3 μm [10,107].
The aerosol volatility measurements (heated to
a temperature >180◦C) show that 80%–95% of
these aerosols have a volatile component, and these
aerosols are thus expected to be partially or totally
liquid [107]. However, satellite remote sensing and
aircraft in situmeasurements find crystalline ammo-
niumnitrate in theATAL[121].Thevolatility of am-
monium nitrate is a possible explanation for the de-
tection of the 80%–95% volatility fraction.

Long-term observations from satellite-borne in-
struments show a significant growth trend for the
ATAL [106]. Ten years of SAGE II solar occulta-
tiondata (1996–2005) and8years ofCloud-Aerosol
Lidar and Infrared Pathfinder Satellite Observation
(CALIPSO) lidar observations (2006–13) (after
correction for the attenuation effects by Rayleigh
scattering and ozone absorption, removal of cloudy
pixels in theupper troposphereusing a volumedepo-
larization ratio threshold of 5% and exclusion of the
periods affected by volcanic eruptions) show that
there is no evidence of the ATAL in SAGE II data
before 1998 but that the ATAL obviously exists af-
ter 1998 [122], and that the aerosol optical depth of
the ATAL increases from ∼0.002 to ∼0.006 from
1996 to 2013 [106]. Whether the ATAL exists or
not before 1998 is still a disputed question. It should
be noted that the effect of the 1991 eruption of the
Mt. Pinatubo volcano on stratospheric aerosols per-
sisted until 1998 [123], which may influence the
ATAL detection before 1998. The existence of the
ATAL in 1997 is already there based on satellite ob-
servation [112].

Climate impacts of the ATAL
The ATAL has many impacts on regional and even
global climate. First, like aerosol particles at lower
levels, the tropopause aerosols change the radia-
tive energy budget by scattering solar radiation. Ra-
diative calculations show that the ATAL exerted a
short-termregional forcingof−0.1Wm−2 at the top
of the atmosphere during 1996–2013 [106].

Second, particulate ammonium nitrate and am-
monium sulfate can potentially promote heteroge-
neous ice formation by acting as ice-nucleating parti-
cles, thereby affecting the radiative properties of cir-
rus clouds in the upper troposphere [124]. Satellite
data analysis shows that enhanced pollutant emis-
sion over Asia can increase water-vapor flux into
the stratosphere in summer [125]. Satellite mea-
surements show that, in comparison to clean areas,
polluted areas have ice particles of smaller effective
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radius in theTTL, and higher temperature andmore
water vapor in the cirrus clouds. Accordingly, it is
speculated that increased aerosols (as ice nuclei)will
increase the number concentration of ice particles in
cirrus clouds, which will reduce the radius of parti-
cles and prolong their stay in the upper troposphere.
In addition, enhanced radiative heating due to the
presenceofmore cirruswill increase the temperature
near the tropopause, resulting in an increase inwater
vapor and upward motion, which leads to enhanced
water-vapor flux into the stratosphere [125].

A third important effect of aerosols is their im-
pact on stratospheric ozone through heterogeneous
chemical reactions and through modifications of
the large-scale circulation and temperature. Simu-
lations show that variability in both water vapor
and aerosols can induce stratospheric ozone vari-
ability [2,126,127]. As ozone-depleting substances
continue to decrease as a result of the implementa-
tion of the Montreal Protocol, changes in halogen
[3], water vapor and aerosols may become a much
more important source of ozone variability in the
future [126].

Surface emission sources for the
ASM-anticyclone chemistry
Surface emission sources and transport pathways
are another important topic for the UTLS chemi-
cal processes. Simulation results show that the en-
hanced pollutants within the ASM anticyclone orig-
inate from the frequent deep-convection events,
which transport the pollutants emitted from the sur-
face to the upper troposphere (∼360 K). The fate
of the air at the top of the convective regime, which
is ascending diabatically in the anticyclonic mon-
soon circulation, is that they can be trapped there by
the closed anticyclone circulation at the UTLS lev-
els and remain for a long time [56,84,128].The per-
sistent deep-convection episodes during the Asian
monsoon period are distributed over a wide area, in-
cluding the South Asian subcontinent and the Bay
of Bengal, the South China Sea and the Philippine
Sea, the Tibetan Plateau and the southern slope of
theHimalayas [94], most of which are far away from
the ASM-anticyclone center. But pollutants (SO2
and NOx) from China have decreased since 2010
in response to the consequences of clean-air policy
[60,129]. Research has been directed at identifying
how pollutants are transported to the ASM anticy-
clone.

Bergman et al. [63] found a vertical conduit for
the air in the summertime ABL to pass through
the central troposphere and enter the ASM anti-
cyclone. This conduit, centered over northeastern

India, Nepal and the southern Tibetan Plateau, rep-
resents themost effective pathway for the ABL air to
enter the ASM anticyclone. Obviously, the conduit
lies between the ASM anticyclone and the strongest
convective zone on the south side. As pointed
out by Pan et al. [78], the fast upward transport
related to deep convection in the Asian monsoon
region is most effective from the surface to the up-
per troposphere, while subsequent transport to the
lower stratosphere occurs mainly through the slow
diabatic upwelling and the trapping effect of the
ASM anticyclone [84,130]. The fast horizontal stir-
ring and mixing effects caused by the intra-seasonal
oscillation of the ASM anticyclone make these pol-
lutants from the ABL diffuse and fully fill the whole
anticyclone, but the upward movement is very weak
during the ASM period [63,78].

The picture described above seems to depict a
complete transport pathway from the ground to the
ASM anticyclone; however, some important ques-
tions have not been clarified yet. First of all, where is
the surface source for the air around the ASM anti-
cyclone? According to the previous description, the
concentration of pollutants within the anticyclone is
higher than that in its periphery, so it is necessary to
know how the sources in the ABL and the transport
pathways differ for the air inside versus outside the
anticyclone [94,97,131].

A second question concerns the distribution of
surface pollutant sources for the monsoon air. It is
well known that the dominant sources of anthro-
pogenic pollutants are over the continents rather
than over the oceans, but most of the studies in this
field only discuss the geographical distributionof the
pollutants [94,97,131], without considering the ex-
istence of pollutant emission. Although a few stud-
ies consider the pollutant emission, the available in-
ventory is relatively too simple; for example, the spa-
tial and temporal resolution needs to be improved
or the types of emission sources need to be better
defined [10,37,57,111]. In addition, the transport
mechanisms are different over different source re-
gions. Small-scale deep-convection events (Fig. 4)
over the Tibetan Plateau are mainly caused by lo-
cal convective instability [132,133], while the South
Asian monsoon region is dominated by the Indian
low-pressure system [50,51] and its associated with
bulky deep convections (Fig. 4), and the convective
transport over the ocean is mainly caused by tropi-
cal cyclones [64–66,71]. As for the contribution to
the pollutants within the ASM anticyclone, prelimi-
nary simulations show that contribution from the In-
dian continental surface source is significantly larger
than the contribution from the eastern Asian source,
and that deep convective transport is particularly
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Figure 5. Percentage distribution (color scale) of air parcels
at the 150-hPa level originating from all the ABL sources
(upper), the oceanic sources (middle) and the continental
sources (lower) within 30 days during summer, overlaid
with JJA mean geopotential height (black contours; units:
gpm), zonal wind (white contours; solid for westerly and
dashed for easterly; units: m s−1) at 150 hPa and outgoing
long-wave radiation (blue contours, for 220, 210, 200 and
190 W m−2). This figure is adapted from Fan et al. [131].

critical for upward transport of surface pollutants to
the ASM anticyclone [7,37,57,78].

To address the above two questions, backward-
trajectory calculations have been conducted to trace
the ABL sources of the air at the 150 hPa level [131].
Although the ASM anticyclone is co-located with
high concentrations of pollutants, trajectory simula-
tions show that,within30days, the air at the150-hPa
level most frequently originates with ABL sources
in the most intensive convection regions and their
downwind areas (Fig. 5a), which are at the south-
ern flank or periphery of the ASManticyclone rather
than at its center. The upper tropospheric air origi-
nates from two different ABL sources: one from the
ocean with a dominant impact to the south of 20◦N
(Fig. 5b) and another from the continent with a
dominant impact between10◦Nand30◦N(Fig. 5c).
The air from the continental ABL source makes the
dominant contribution to the formation of the en-
hanced pollutant levels within the ASM anticyclone,
while the clean air from the oceanic ABL sources di-
lutes the pollutants in the southeast part of the anti-
cyclone [131]. This mechanism is somewhat differ-
ent from the trapping effect as suggested above, and
particularly the trapping effect is weak to the south
of the anticyclone, which is evident from the occur-
rence of transport into the stratosphere [45,83,103]
and intrusion into the anticyclone [64,71] from the
south of the anticyclone.

IMPACT ON THE GLOBAL
STRATOSPHERE
The various surface pollutants entering the ASM
anticyclone from lower levels can break through
the anticyclone and diffuse to a wide area of the
globe as mentioned before. Satellite observations
show that the high concentration of water vapor
within the ASM anticyclone during the boreal sum-
mer increases the water-vapor concentration in the
lower stratosphere over the middle and high lati-
tudes in the Northern Hemisphere in the following
seasons (summer and autumn) [134,135]. Model
simulations also show that the air within the ASM
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anticyclone can also enter the upward branch
of the Brewer–Dobson circulation in the tropics
[45,71,83,103].

In particular, a recent study shows that the emit-
ted pollutants over Asia contribute to the strato-
spheric aerosols throughout the Northern Hemi-
sphere [10]. The Community Aerosol and Radia-
tionModel forAtmospheres sectional aerosolmodel
coupled with the Community Earth System Model,
after verifying the in situmeasurement of the aerosol-
size spectrum in the ATAL, is used to simulate
the ATAL’s contribution to the global stratospheric
aerosol layer and it is found that the ATAL aerosols
diffuse to thewhole lower stratosphere of theNorth-
ern Hemisphere. On average, the ATAL contribu-
tion accounts for about 15% of the Northern Hemi-
sphere aerosols, which is comparable to all volcanic
eruptions during the period 2000–15 [10]. A large
amount of organic substances, sulfur and other sub-
stances (NH3) are emitted over Asia, and these pre-
cursors for aerosols areblownup into the tropopause
layer by the ASM circulation. With the continuing
growth of the Asian economy, the contribution of
Asian enhanced pollutants to stratospheric aerosols
will further increase [119].

SUMMARY AND OUTLOOK
Satellite observations show that low values of to-
tal ozone are centered on the Tibetan Plateau ev-
ery summer [12]. This summertime ozone valley
is formed by two factors that contribute equally:
the lower ozone concentration in the UTLS within
the ASM anticyclone and the terrain-induced air-
column shortage [32]. The first factor is caused by
troposphere–stratosphere transport associated with
the ASM circulation.

Satellite measurements as well as balloon sound-
ings show enhanced tropospheric tracers and de-
creased stratospheric tracers within the ASM anticy-
clone [33]. These enhanced pollutants in the UTLS
are from surface emissions, which are transported
upward by frequent deep convection to the upper
troposphere and then are trapped by the ASM anti-
cyclone.

During the ASM period, deep-convection events
include both local continental thunderstorms and
remote strong tropical cyclones in the western part
of the PacificOcean. Continental convection always
carries a large amount of surface pollutants into up-
per levels, while deep convection from tropical cy-
clones brings ozone-poor air from the ocean surface
to the UTLS and into the ASM anticyclone by hor-
izontal advection [64,66]. Deep convection is cru-
cial for very short-lived chemical species to enter the

TTL because it provides quick transport from the
surface sources [43].

The ASM anticyclone is an isolated circulation
that can trap the inside air for a long time andprevent
outside ozone-abundant andpollutant-poor air from
mixing laterally into the anticyclone, and its intra-
seasonal zonal propagation quickly mixes the inside
pollutants horizontally. The ASM anticyclone plays
a dominant role in the distribution of atmospheric
constituents in theUTLS during the summer period
[66,72,134,136–138].

Upper tropospheric air within the ASM anticy-
clone transports into the stratosphere through two
main pathways. One pathway is over the south-
ern part of the anticyclone via upward slow dia-
batic motions crossing the isentropic surfaces [45],
which accounts for about two-thirds of the transport.
Another pathway is over the northern and eastern
parts of the anticyclone via isentropic transport by
eastward and westward eddy shedding. The trans-
port into the stratosphere via the ASM circulation
is about two to three times more efficient than that
from the North American summer monsoon circu-
lation [103].

A significant phenomenon is the ATAL, which
was discovered first by satellite measurements and
confirmed later by balloon soundings. A robust en-
hancement in aerosol concentration extends up to
2 km above the tropopause, with a particle surface
area density peak at ∼0.18-μm diameter. The for-
mation mechanism for the ATAL is unsettled due
to the limited observations of the chemical compo-
sition of the aerosols. Preliminary in situ measure-
ments show the existence of gas-phase ammonia and
solid ammonia nitrate within the ATAL [121]—an
unexpected and surprising finding.

The atmospheric composition within the ASM
anticyclone has impacts on regional climate through
microphysical and radiative processes, and affects
the budget of the stratospheric constituents (such as
aerosol, water vapor and ozone) outside the anticy-
clone.

Although some advances have been achieved in
the study of Asian surface pollutant transport to
the north-hemisphere stratosphere over the Tibetan
Plateau, there are still somechallenges for further un-
derstanding.

The first challenge comes from the understand-
ing of deep convection. The geographical distri-
bution, frequency and diurnal variation of deep
convection over the ASM region are important for
investigating pollutant transport from various sur-
face sources and moisture transport into the UTLS,
particularly for penetrating convection events. Deep
convective clouds transport air masses from the sur-
face to the upper troposphere within several hours,
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which is important for short-lived chemical species
(e.g. NH3) to enter theTTL [43,44,121]. Deep con-
vective clouds play a key role in water-vapor varia-
tion, which will impact the microphysical process in
the TTL within the ASM [48,65]. Therefore, more
measurements from satellite-borne cloud radars and
ground-based cloud/weather radarswithhigher spa-
tial and temporal resolution, andmore advanced ap-
proaches to derive the properties of deep convec-
tion, are needed.

The second challenge comes from the under-
standing of microchemistry and microphysics pro-
cesses related to the convection. Measurements
show the existence of gas-phase ammonia and solid
ammonium nitrate in the UTLS over the ASM re-
gion [121], which is expected to be washed out
by the convection and therefore not transported
to the upper troposphere. Therefore, microphysical
and microchemical processes in clouds during deep
convection should be investigated further, particu-
larly for the transport of soluble gases and water va-
por. Deep convection over some heavily polluted
regions, such as Sichuan Basin and northernmost
India, should receive more attention and further
study.

The third challenge comes from the understand-
ing of the ATAL. The composition of the aerosol
within the ATAL is still a mystery. Although some
preliminary in situ and remote measurements of the
aerosol composition have been made [121], all of
them are over the southern part of the ASM anticy-
clone, where the pollutants are freshly transported
by fast deep convection from the surface layer and
therefore are possibly different from aerosols in the
northern part of the anticyclone, which has more
aged air. The formation mechanism of the ATAL
still remains unsolved, along with other issues such
as the nucleation mechanism, transport mechanism
and emission inventory for various constituents.The
impacts of the ATAL on cirrus formation, chem-
istry and radiative forcing are also topics for future
investigation.

The last challenge comes from the in situ
measurements. Some in situ measurements have
been conducted, such as the early balloon-borne
ozonesonde [16–18] and aerosol counter [139]
observations in the mid-1990s in Xining and Lhasa
over the Tibetan Plateau; balloon soundings of
water vapor, ozone, particle at several stations over
the Tibetan Plateau [34,140,141], India and Saudi
Arabia [107] and southern slopes of the Himalayas
[141]; lidar measurements over the Tibetan Plateau
[110,142]; CARIBIC (civil aircraft for the regular
investigation of the atmosphere based on an instru-
ment container) campaign [143]; and high-altitude

aircraft measurement flights over South Asia by the
StratoClim project (http://stratoclim.org). These
measurements have provided many interesting
results, such as the ammonium-nitrate aerosol
layer being formed via transporting ammonia from
surface sources into the upper troposphere by
convection [121]. However, due to various limiting
conditions, there are still some critical problems
unresolved, such as the composition and size distri-
bution of aerosol within the ATAL (particularly for
aged aerosols),microphysical parameters of cirrus in
theupper troposphere, concentrations for somevery
short-lived species important for ozone chemistry
in the UTLS and temperature perturbations critical
for cirrus formation in the upper troposphere.
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monsoon—pollution pump and purifier. Science 2018; 361:
270–3.

10. Yu PF, Rosenlof KH and Liu S et al. Efficient transport of tro-
pospheric aerosol into the stratosphere via the Asian sum-
mer monsoon anticyclone. Proc Natl Acad Sci USA 2017; 114:
6972–7.

http://stratoclim.org
https://www.esrl.noaa.gov/csd/assessments/ozone/2018/


530 Natl Sci Rev, 2020, Vol. 7, No. 3 REVIEW

11. Krotkov NA, McLinden CA and Li C et al. Aura OMI observations of regional
SO2 and NO2 pollution changes from 2005 to 2015. Atmos Chem Phys 2016;
16: 4605–29.

12. Zhou XJ and Luo C. Ozone valley over Tibetan plateau. J Meteor Res 1994; 8:
505–6.

13. Kiss P, Müller R and Jánosi IM. Long-range correlations of extrapolar total
ozone are determined by the global atmospheric circulation.Nonlin Processes
Geophys 2007; 14: 435–42.

14. Zhou XJ, Luo C and Li W et al. The column ozone variation in China and the
low value ozone center over Tibetan Plateau (in Chinese). Chin Sci Bull 1995;
40: 1396–8.

15. Solomon S, Kinnison D and Garcia RR et al.Monsoon circulations and tropical
heterogeneous chlorine chemistry in the stratosphere.Geophys Res Lett 2016;
43: 12624–33.

16. Liu Q, Zheng X and Chao C et al. Ozone vertical profile characteristics over
Qinghai Plateau measured by electrochemical concentration cell ozoneson-
des. Adv Atmos Sci 1997; 14: 481–90.

17. Shi GY, Bai YB and Iwasaka Y et al. A balloon measurement of the ozone
vertical distribution over Lhasa (in Chinese). Adv Earth Sci 2000; 15: 522–4.

18. Zheng XD, Tang J and Li WL et al. Observational study on total ozone amount
and its vertical profile over Lhasa in the summer of 1998 (in Chinese). J Appl
Meteor Sci 2000; 11: 173–9.

19. Zou H and Gao YQ. Vertical ozone profile over Tibet using SAGE I and II data.
Adv Atmos Sci 1997; 14: 505–12.

20. Zhou RJ and Chen YJ. Ozone varaitions over the Tibeatn Plateau and Iranian
Plateaus and their relationship with the South Asia High (in Chinese). J Univ
Sci Techonol China 2005; 35: 899–908.

21. Lin W and Yao B. Analysis on the vertical ozone profiles over Tibetan Plateau
using SAGE II data (in Chinese). Res Environ Sci 2005; 18: 102–5.

22. Qiu YY, Wei M and Jiang AL et al. General characteristics of the ozone
low center above the Tibetan Plateau and (low) trough above the Rocky
Mountains-on the cause of static deficit (in Chinese). Clim Environ Res 2008;
13: 617–28.

23. Ye ZJ and Xu YF. Climate characteristics of ozone over Tibetan Plateau. J
Geophys Res 2003; 108: 4654.

24. Tian WS, Chipperfield M and Huang Q. Effects of the Tibetan Plateau on total
column ozone distribution. Tellus Ser B 2008; 60: 622–35.

25. Zhang JK, Tian WS and Xie F et al. Climate warming and decreasing total
column ozone over the Tibetan Plateau during winter and spring. Tellus Ser B
2014; 66: 23415.

26. Zou H. Seasonal variation and trends of TOMS ozone over Tibet. Geophys Res
Lett 1996; 9: 1029–32.

27. Zhou SW and Zhang RH. Decadal variations of temperature and geopotential
height over the Tibetan Plateau and their relations with Tibet ozone depletion.
Geophys Res Lett 2005; 32: L18705.

28. Cong C, Li W and Zhou X. Mass exchange between stratosphere and tropo-
sphere over the Tibetan Plateau and its surroundings (in Chinese). Chin Sci
Bull 2001; 46: 1914–8.

29. Liu Y, Li W and Zhou X. Mechanism of formation of the ozone valley over
the Tibetan plateau in summer-transport and chemical process of ozone. Adv
Atmos Sci 2003; 20: 103–9.

30. Zhou XJ, Li WL and Chen LX et al. Study of ozone change over Tibetan Plateau
(in Chinese). Acta Meteorol Sin 2004; 62: 513–27.

31. Fan WX, Wang WG and Bian JC et al. The distribution of cross-tropopause
mass flux over the Tibetan Plateau and its surrounding regions (in Chinese).
Chin J Atmos Sci 2008; 32: 1309–18.

32. Bian JC, Yan RC and Chen HB et al. Formation of the summertime ozone valley
over the Tibetan Plateau: the Asian summer monsoon and air column varia-
tions. Adv Atmos Sci 2011; 28: 1318–25.

33. Park M, Randel WJ and Gettelman A et al. Transport above the Asian summer
monsoon anticyclone inferred from Aura MLS tracers. J Geophys Res 2007;
112: D16309.

34. Bian JC, Pan LL and Paulik L et al. In situ water vapor and ozonemeasurements
in Lhasa and Kunming during the Asian summer monsoon. Geophys Res Lett
2012; 39: L19808.

35. Bian JC, Fan QJ and Yan RC. Summertime stratosphere-troposphere exchange
over the Tibetan Plateau and its climatic impact (in Chinese). Adv Meteor Sci
Technol 2013; 2: 22–8.

36. Gettelman A, Kinnison DE and Dunkerton TJ et al. The impact of monsoon
circulations on the upper troposphere and lower stratosphere. J Geophys Res
2004; 109: D22101.

37. Park M, Randel WJ and Emmons LK et al. Transport pathways of carbon
monoxide in the Asian summer monsoon diagnosed fromModel of Ozone and
Related Tracers (MOZART). J Geophys Res 2009; 114: D08303.

38. Hoskins B and Rodwell MJ. A model of the Asian summer monsoon. I: the
global scale. J Atmos Sci 1995; 52: 1329–40.

39. Highwood EJ and Hoskins BJ. The tropical tropopause. Q J R Meteorol Soc
1998; 124: 1579–604.

40. Wu GX, Liu X and Zhang Q et al. Progresses in the study of the climate impacts
of the elevated heating over the Tibetan Plateau (in Chinese). Clim Environ Res
2002; 7: 184–201.

41. Pan LL, Paulik LC and Honomichl SB et al. Identification of the tropical
tropopause transition layer using the ozone-water vapor relationship. J Geo-
phys Res Atmos 2014; 119: 3586–99.

42. Bergman JW, Jensen EJ and Pfister L et al. Seasonal differences of vertical-
transport efficiency in the tropical tropopause layer: on the interplay between
tropical deep convection, large-scale vertical ascent, and horizontal circula-
tions. J Geophys Res Atmos 2012; 117: 2560–75.

43. Aschmann J, Sinnhuber B-M and Atlas EL et al.Modeling the transport of very
short-lived substances into the tropical upper troposphere and lower strato-
sphere. Atmos Chem Phys 2009; 3: 9237–47.

44. Fernandez RP, Kinnison DE and Lamarque J-F et al. Impact of biogenic very
short-lived bromine on the Antarctic ozone hole during the 21st century.Atmos
Chem Phys 2017; 17: 1673–88.

45. Garny H and Randel WJ. Transport pathways from the Asian mon-
soon anticyclone to the stratosphere. Atmos Chem Phys 2016; 16:
2703–18.

46. Bian JC, Yan RC and Chen HB. Tropospheric pollutant transport to the strato-
sphere by Asian summer monsoon (in Chinese). Chin J Atmos Sci 2011; 35:
897–902.

47. Liu N and Liu C. Global distribution of deep convection reaching
tropopause in 1 year GPM observations. J Geophys Res Atmos 2016; 121:
3824–42.

48. Fu R, Hu YL and Wright JS et al. Short circuit of water vapor and polluted air
to the global stratosphere by convective transport over the Tibetan Plateau.
Proc Natl Acad Sci USA 2006; 103: 5664–9.

49. Luo Y, Zhang R and Miao Q. Intercomparison of deep convection over the Ti-
betan Plateau-Asian monsoon region and subtropical North America in boreal
summer using CloudSat/CALIPSO data. J Clim 2011; 24: 2164–77.

50. Qie XS, Wu XK and Yuan T et al. Comprehensive pattern of deep convec-
tive systems over the Tibetan Plateau-South Asian monsoon region based on
TRMM data. J Clim 2014; 27: 6612–26.



REVIEW Bian et al. 531

51. Houze RA, Jr., Wilton DC and Smull BF. Monsoon convection in the Himalayan
region as seen by the TRMM Precipitation Radar. Q J R Meteorol Soc 2007;
133: 1389–411.

52. Liu C and Zipser E. Global distribution of convection penetrating the tropical
tropopause. J Geophys Res 2005; 110: D23104.

53. Homeyer CR and Kumjian MR. Microphysical characteristics of overshooting
convection from polarimetric radar observations. J Atmos Sci 2015; 72: 870–
91.

54. Dessler AE and Sherwood SC. Effect of convection on the summertime extra-
tropical lower stratosphere. J Geophys Res 2004; 109: D23301.

55. Liu C and Zipser E. The global distribution of largest, deepest and strongest
precipitation systems. Geophys Res Lett 2015; 42: 3591–5.

56. Randel WJ and Park M. Deep convective influence on the Asian summer mon-
soon anticyclone and associated tracer variability observed with AIRS. J Geo-
phys Res 2006; 111: D12314.

57. Yan RC and Bian JC. Tracing the boundary layer sources of carbon monoxide
in the Asian summer monsoon anticyclone using WRF–Chem. Adv Atmos Sci
2015; 32: 943–51.

58. Li D, Vogel B and Müller R et al. High tropospheric ozone in Lhasa
within the Asian summer monsoon anticyclone in 2013: influence of con-
vective transport and stratospheric intrusions. Atmos Chem Phys 2018; 18:
17979–94.

59. Roy C, Fadnavis S and Müller R et al. Influence of enhanced Asian NOx emis-
sions on ozone in the upper troposphere and lower stratosphere in chemistry–
climate model simulations. Atmos Chem Phys 2017; 17: 1297–311.

60. van der A RJ, Mijling B and Ding J et al. Cleaning up the air: effectiveness
of air quality policy for SO2 and NOx emissions in China. Atmos Chem Phys
2017; 17: 1775–89.

61. Yu PF, Froyd KD and Portmann RW et al. Efficient in-cloud removal of aerosols
by deep convection. Geophys Res Lett 2019; 46: 1061–9.

62. Huntrieser H, LichtensternM and ScheibeM et al.On the origin of pronounced
O3 gradients in the thunderstorm outflow region during DC3. J Geophys Res
Atmos 2016; 121: 6600–37.

63. Bergman JW, Fierli F and Jensen EJ et al. Boundary layer sources for the
Asian anticyclone: regional contributions to a vertical conduit. J Geophys Res
Atmos 2013; 118: 2560–75.

64. Li D, Vogel B and Bian JC et al. Impact of typhoons on the composition of the
upper troposphere within the Asian summer monsoon anticyclone: the SWOP
campaign in Lhasa 2013. Atmos Chem Phys 2017; 17: 4657–72.

65. Li D, Vogel B and Müller R et al. Dehydration and low ozone in the tropopause
layer over the Asian monsoon caused by tropical cyclones: Lagrangian trans-
port calculations using ERA-Interim and ERA5 reanalysis data. Atmos Chem
Phys Discuss 2020; 20: 4133–52.

66. Vogel B, Günther G and Müller R et al. Fast transport from Southeast Asia
boundary layer sources to northern Europe: rapid uplift in typhoons and east-
ward eddy shedding of the Asian monsoon anticyclone. Atmos Chem Phys
2014; 14: 12745–62.

67. Ploeger F, Gottschling C and Griessbach S et al. A potential vorticity-based
determination of the transport barrier in the Asian summer monsoon anticy-
clone. Atmos Chem Phys 2015; 15: 13145–59.

68. Dunkerton TJ. Evidence of meridional motion in the summer lower
stratosphere adjacent to monsoon regions. J Geophys Res 1995; 100:
16675–88.

69. Fairlie D, Vernier J-P and Natarajan M et al. Dispersion of the Nabro volcanic
plume and its relation to the Asian summer monsoon. Atmos Chem Phys 2014;
14: 7045–57.

70. Konopka P, Grooß JU and Günther G et al. Annual cycle of ozone at and above
the tropical tropopause: observations versus simulations with the Chemical
Lagrangian Model of the Stratosphere (CLaMS). Atmos Chem Phys 2010; 10:
121–32.

71. Vogel B, Günther G andMüller R et al. Impact of different Asian source regions
on the composition of the Asian monsoon anticyclone and of the extratropical
lowermost stratosphere. Atmos Chem Phys 2015; 15: 13699–716.

72. Vogel B, Günther G and Müller R et al. Long-range transport pathways of
tropospheric source gases originating in Asia into the northern lower strato-
sphere during the Asian monsoon season 2012. Atmos Chem Phys 2016; 16:
15301–25.

73. Tissier AS and Legras B. Convective sources of trajectories traversing the trop-
ical tropopause layer. Atmos Chem Phys 2016; 16: 3383–98.

74. Bannister RN, O’Neill A and Gregory AR et al. The role of the south-east Asian
monsoon and other seasonal features in creating the ‘tape-recorder’ signal in
the Unified Model. Q J R Meteorol Soc 2004; 130: 1531–54.
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