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Origin, Maintenance and Variability 
of the Asian Tropopause Aerosol 
Layer (ATAL): The Roles of 
Monsoon Dynamics
William K. M. Lau1,2, Cheng Yuan  1,3 & Zhanqing Li1,2,4

Using NASA MERRA2 daily data, we investigated the origin, maintenance and variability of the 
Asian Tropopause Aerosol Layer (ATAL) in relation to variations of the Asia Monsoon Anticyclone 
(AMA) during the summer of 2008. During May-June, abundant quantities of carbon monoxide (CO), 
carbonaceous aerosols (CA) and dusts are found in the mid- and upper troposphere over India and 
China, arising from enhanced biomass burning emissions, as well as westerly transport from the 
Middle East deserts. During July-August, large quantities of dusts transported from the deserts are 
trapped and accumulate over the southern and eastern foothills of the Tibetan Plateau. Despite strong 
precipitation washout, ambient CO, CA and dust are lofted by orographically forced deep convection 
to great elevations, 12–16 km above sea level, via two key pathways over heavily polluted regions: a) 
the Himalayas-Gangetic Plain, and b) the Sichuan Basin. Upon entering the upper-troposphere-lower-
stratosphere, the pollutants are capped by a stable layer near the tropopause, advected and dispersed 
by the anticyclonic circulation of AMA, forming the ATAL resembling a planetary-scale “double-stem 
chimney cloud”. The development and variability of the ATAL are strongly linked to the seasonal march 
and intraseasonal (20–30 days and higher frequency) oscillations of the Asian monsoon.

The upper troposphere lower stratosphere (UTLS), situated between 200–50 hPa pressure levels (12–16 km above 
sea level), is the unique region encompassing the tropopause, and transition between the troposphere and the 
stratosphere. While the earth’s climate change is mostly measured in terms of conditions in the troposphere and 
at the earth surface, water vapor, ozone and other chemical constituents in the UTLS are known to have important 
impacts on climate at the earth surface and human health. It is well recognized that the earth’s radiation budget is 
sensitive to water vapor and ozone changes in the UTLS1–8. Recently, there have been a growing number of stud-
ies linking UTLS transport of water vapor and gaseous pollutants such as carbon monoxide to vertical motions 
associated with the establishment of the Asian Monsoon Anticyclone (AMA) during the boreal summer9–15. 
Measurements from lidar and high altitude balloon measurements revealed relatively high concentration of BC, 
and other micron and sub-micron size aerosols in the UTLS over locations in India and China during the Asian 
Summer Monsoon (ASM), suggesting upward transport from tropospheric sources16–18. Vernier et al. found from 
the Cloud-Aerosol-Lidar and Infrared Pathfinder Satellite Observations (CALIPSO), the existence of an extensive 
Asian Tropopause Aerosol Layer (ATAL) between 12–18 km above the earth surface spanning the Middle East to 
Eastern Asia [15–45°N, 0–150°E] during the ASM season19,20. The discovery of the ATAL has sparked a growing 
body of research addressing new questions regarding the origin, composition of the ATAL, transport pathways 
by which surface pollutants enter the ATAL, as well as possible relationships to the AMA and climate change 
radiative forcing.

It is well known that aerosol species from both natural and anthropogenic sources can enter the ATAL via 
diverse pathways, i.e., volcanic eruptions, generation of secondary aerosols through ice cloud microphysical and 
chemical processes, and atmospheric transport21–23. Our study is focused on transport processes only. Many 
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previous studies have shown that both slow tropical upwelling and overshooting deep convection associated with 
the ASM can transport water vapor, as well as surface pollutants including SO2, black carbon (BC) and organic 
carbon (OC) over India and China into the UTLS9,24–28. More recently, Pan et al. using carbon monoxide as a 
transport tracer in global model simulations showed the importance of sub-seasonal scale convective motions in 
the southern flank of the Tibetan Plateau in transporting boundary layer pollutants to the UTLS during the ASM 
season29. From in situ measurements and model experiments, Yu et al. found that aerosol transport via the ATAL 
is a singular source which occurs during boreal summer each year, providing up to 15% of UTLS aerosols in the 
northern hemisphere annually30.

Contemporaneously, the last decade has also seen a dramatic increase in studies of aerosol-climate interac-
tions for the ASM, revealing strong evidences that monsoon meteorology not only can affect emissions, transport, 
and accumulation of aerosols but can also be influenced by aerosol radiative and microphysical effects, impacting 
monsoon weather and climate on diverse temporal (hours to decades), and spatial (1–104 km) scales31,32. These 
studies have shown that aerosol, particularly the light absorbing types, e.g., desert dusts, black carbon and organic 
carbon from biomass burning are components of an intrinsic aerosol-monsoon climate system33,34. While it is 
now well recognized that the UTLS transport of aerosols and chemical gases are closely tied to the variations of 
the AMA, it is not clear how the aerosol transport are related to intrinsic monsoon processes. As a pilot, this study 
is focused on the formation, seasonal and intraseasonal variability of the ATAL as demonstrated by the transport 
processes of black carbon and dust aerosols. It will be followed by investigations (ongoing) of interannual varia-
bility and multi-decadal change of the ATAL, and how these aerosols, through its light absorbing properties, may 
provide feedback to the ATAL transport processes. This work differs from most previous UTLS transport studies 
in that it is not focused on the overall composition of gases or aerosol species in the ATAL, but rather on the roles 
of monsoon dynamical processes, i.e., precipitation, monsoonal ascent, convective lofting, wet and dry removal 
processes, in establishing the ATAL.

Our study is based on data from the NASA Modern-Era Retrospective analysis for Research and Applications 
Version-2 (MERRA2), which includes assimilation of aerosol optical thickness from MODerate resolution 
Imaging Spectro-radiometer (MODIS) and Multi-angle Imaging Spectro-Radiometer (MISR) satellite observa-
tions, providing, 4-dimensional high-resolution (3 hourly, 0.5 × 0.625 latitude-longitude, 72 vertical levels) global 
data of select chemical gases (ozone, CO, N2O and others), aerosol species (sulfate, BC, OC, dust and sea salt) 
and meteorology from surface to the stratospheric, under all-weather conditions. It is important to note that the 
MERRA2 aerosol data represent model outputs constrained by both meteorological, and aerosol AOD obser-
vations. The meteorology and aerosol fields are dynamically consistent to the extent that the physics (radiative, 
latent heating and others), energy and water conservation principles governing them are largely maintained in the 
final assimilated fields. For the purpose of identifying monsoon dynamics, we focus on CO, carbonaceous aero-
sols CA BC + OC) and dust to compare and contrast their different transport properties, i.e., emission sources, 
horizontal wind advection, convective lofting, dry and wet deposition.

We focus on CO, CA (BC + OC) and dust to compare and contrast their different properties with regard 
to emission sources, convective lofting and washout. To ensure consistency with independent observations, 
MERRA2 data for rainfall, CO, aerosol vertical distributions are compared with observational estimates from 
Global Precipitation Climatology Project (GPCP), Microwave Limb Sounder (MLS) and Cloud Aerosol Lidar 
Pathfinder Satellite Observations (CALIPSO), respectively. See Methods for details of data and methodology.

Results
In this work, as a pilot study, we have selected the period May–August 2008 to provide in-depth analyses to 
unravel the relationships among sources, sink and transport of tropospheric pollutants, UTLS/ATAL processes 
and monsoon dynamics. The summer of 2008 is known to be a season of strong build-up of aerosols, mostly dusts 
over the Indian subcontinent and Arabian Sea, with heavy rain over the Himalayas foothills and northern India 
during June-July, followed by drought conditions over central India in July-August34–37. Figure 1a shows the estab-
lishment of the AMA during June-July-August (JJA) 2008, featuring a pronounced anticyclonic high pressure 
warm center in the upper troposphere, with strong easterlies in the deep tropics and westerlies in the extratropics 
spanning East Asia, the Middle East and northeastern Africa, in conjunction with heavy precipitation over the 
west coast of India, the Bay of Bengal, Northeastern India, and East Asia and the Philippines (Fig. 1a). These are 
well-known climatological features associated with the Asian summer monsoon38–43.

To quantify the seasonal migration and variability of the AMA, empirical orthogonal function (EOF) decompo-
sition was first carried out based on daily 100 hPa zonal winds over the domain (60–140°E, 0–60°N, see red rectan-
gular box in Fig. 1a). Next, we conducted composite analysis based on the first two dominant EOF modes, which 
explains 50.4% and 8.8% of the total variance respectively. Both modes meet the criterion for separation from sam-
pling errors of North et al.44. The principal component of the first mode (PC1) show clearly the seasonal variations 
from May through August, with the 100 hPa winds in the deep tropics becoming increasingly easterlies (Fig. 1b,c) 
relative to the climatology. The second mode (PC2) shows quasi-periodicity of 20–30 days (Fig. 1d,e), featuring 
characteristic banded zonal wind structure associated with the monsoon intraseasonal oscillation (MISO)45–49.

Seasonal Variation. To illustrate the seasonal variations of gases and aerosol species with respect to that 
of the AMA, we compare and contrast the aerosol-monsoon climatic states during the pre-monsoon (PRM) 
and peak monsoon (PKM) periods, defined by 10-day mean of key quantities, centered at the minimum and 
maximum of PC1, respectively. During PRM, heating over land surface and the lower troposphere is very strong 
and low-level westerlies and upper level easterlies are developing over monsoon land regions (Fig. S1a). During 
PKM (Fig. S1b), pronounced warming of mid- and upper troposphere and cooling in the stratosphere (relative 
to annual mean) is found over the Tibetan Plateau. In the following, we focus on changes on the spatio-temporal 
distribution of CO, CA and dust, in relationship to the AMA variations.
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During PRM, the AMA at 100 hPa features a developing upper tropospheric high over South-Southeast Asia, 
with weak tropical easterlies in the deep tropics and meandering westerlies in the subtropics from North Africa 
to the East China Sea (Fig. 2a). During PKM, a strong and expansive South Asian High (SAH) anchored by the 
Tibetan/Iranian Plateau is established, spanning the North Africa/Middle East to the western Pacific, with pro-
nounced easterlies in the deep tropics, and weakened westerlies in subtropics and mid-latitudes (Fig. 2b). During 
PRM, the monsoon land regions are mostly dry (Fig. 2c), with heavy rain and deep convections confined over the 
western Pacific and southern Indochina50. High AOD are found over a vast stretch of dust source region spanning 
North Africa, Arabian Peninsula, Afghanistan, the Himalayan-Gangetic Plain (HGP) of northern India, and cen-
tral and northeastern China East Asian monsoon region. Both the AOD and rainfall distribution compared well 
with those from MODIS and GPCP (Fig. S2a,b). For AOD, the comparison is only for reassurance that the assim-
ilation was done properly in MERRA2. For quantitative comparison, the total and fractional loading of CA and 
dust aerosols have been computed for the South Asian Summer Monsoon (SASM) domain (60–90°E, 10–30°N), 
and the East Asian Summer Monsoon (EASM) domain (100–130°E, 15–45°N) respectively. As shown in Table 1, 
total aerosol loading is contributed largely by dust aerosols (>80% for SASM, and >48% for the EASM). The high 
dust loading in the PRM atmosphere is due to enhanced emission associated with increased surface winds, deep-
ened boundary layer, and intense dry convective mixing over the strongly heated desert surface and the Tibetan 
Plateau and transport by the emerging monsoon westerlies51–54. During PKM (Fig. 2d), heavy rain has migrated 
to the Himalayas-Gangetic Plain (HGP) of northern India, and to central and eastern China in conjunction of 
the establishment of the Mei-Yu rainbelt – a controlling feature of the EASM38,55,56. In spite of washout by heavy 
monsoon rainfall, total AOD increases markedly from 0.39 to 0.55 over SASM (Table 1). This is because heavy 

Figure 1. Climatological features and dominant seasonal and intraseasonal variations associated with the 
AMA, showing (a) spatial distribution of geopotential height (km) and winds (ms−1) at 100 hPa and rainfall 
(mm day−1) during June-July-August, 2008. Reference wind vector (30 ms−1) is shown in bottom right corner of 
panel (a). Color shading is for precipitation in mm day−1. Red rectangle indicates domain where EOF analysis of 
100 hPa daily zonal winds was carried out. Dominant spatio-temporal patterns are shown in (b) EOF1, (c) PC1, 
(d) EOF2 and (e) PC2. Units of EOF and PC are scaled so that their products represent the magnitude of wind 
speed in ms−1. Maps are generated using the NCAR Command Language (Version 6.4.0, https://www.ncl.ucar.
edu, 2017).

https://www.ncl.ucar.edu
https://www.ncl.ucar.edu
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monsoon rain and wet deposition that occur during PKM tend to be intermittent and concentrated in small 
regions, while dust transport continues to increase due to enhanced low-level westerlies over much larger regions, 
as the monsoon advances34. For EASM, the AOD is moderately reduced from PRM (0.48) to PKM (0.34) due to 
precipitation washout, and weakened westerly transport from the Taklamakan Desert. The seasonal change in 
AOD is consistent with ground-based and satellite observations57–60.

Based on the near surface mass concentration, during PRM (Fig. 2e), strong dust emissions sources are found 
over vast desert regions west and northwest of the Asian monsoon region, and contribute mostly to the AOD sig-
nals over these regions. During PKM (Fig. 2f), dust emissions over the Middle East and Thar deserts are stronger 
due to the increased low-level monsoon westeries, while emissions over the northern flank of the Tibetan Plateau 

Figure 2. Seasonal variations of monsoon meteorology and aerosols, showing distributions of 100 hPa 
geopotential height (km) and zonal winds (ms−1) during (a) PRM and (b) PKM. Panels (c) and (d) are the 
same as (a) and (b) except for AOD, rainfall (contours show only rainrate >10 mm day−1) and 850 hPa winds. 
Size of reference wind vector (30 ms−1) is the same as shown in Fig. 1a. Panels (e) and (f) are the same as (a) 
and (b) except for near surface (985 hPa) dust mass concentration (ppbm). Panels (g) and (h) are for CA mass 
concentration. Maps are generated using the NCAR Command Language (Version 6.4.0, https://www.ncl.ucar.
edu, 2017).

AOD

PRM PKM

0.39 0.55

Mean Loading Total Carbon Dust Total Carbon Dust

Surf- 700 hPa 89.5 1.61
(1.8%)

72.7
(81.2%) 121 0.772

(0.6%)
95.4
(78.8%)

200–100 hPa 1.58 0.24
(15.3%)

1.05
(66.4%) 3.69 0.357

(9.7%)
2.69
(72.9%)

Table 1. Domain averaged AOD and mean mass loading of carbonaceous aerosol and dust in part per billion 
by mass (ppbm), during pre-monsoon (PRM) and peak-monsoon (PKM) for the SASM domain (60–90°E, 
10–30°N). Percentage shows fractional contribution to total aerosol loading.

https://www.ncl.ucar.edu
https://www.ncl.ucar.edu
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are weakened, due to reduced subtropical westerlies. For CA, the emission sources are very different from dust. 
During PRM (Fig. 2g), relative high mass loading of near surface CA, are found over Northeast and East Asia, 
Southeast Asia, and the HGP, near major sources of biomass mass burning, as well as industrial emissions, over 
East and Northeast Asia, Southeast Asia and northern India (Fig. 2g). Compared to dust, the mass fraction of CA 
to total aerosol are small (<10%), with higher contributions over EASM than SASM. During PKM, near surface 
loading of CA over Asian monsoon regions are strongly reduced due to precipitation washout, and emission 
quenching, except near the far northeastern domain outside the Asian monsoon rainy regions (Fig. 2h), possibly 
related to increased atmospheric drying, and widespread boreal regional wildfires in northeastern China and 
southeastern Siberia61–63.

At 100 hPa, the loading patterns of CO, CA and dust are quite different from those near the surface. During 
PRM, high CO loading (>40 ppbv) is found spanning vast regions of Southeast Asia, and North Africa on the 
southern flank of the developing AMA (Fig. 3a), indicative of the well-mixed and diffusive nature of CO. In con-
trast, higher CA loading (>0.3 ppbm) is confined near the center of the developing AMA over the Bay of Bengal 
(Fig. 3c). During PKM, CO loading is substantially enhanced over the tropics 0–30°N, spanning the southern 
flank of the AMA (Fig. 3b). For CA, most noteworthy is the expansion of relatively confined local maximum over 
the Bay of Bengal during PRM, to maximum concentration (>0.5 ppbm) over vast regions of the AMA during 
PKM (Fig. 3d). Even more remarkable is the more than 5-fold increase in dust aerosols in the UTLS region con-
fined by the AMA, from PRM to PKM (Fig. 3e,f). At the UTLS (200–100 hPa) dusts are mostly composed of the 
finest size (0.1–3 μm) particles, and contribute to a large mass fraction of aerosols in the UTLS, i.e., 66% (78%) 
over SASM (EASM) during PRM and 73% (64%) during PKM (See Tables 1 and 2). The MERRA2 CO patterns 
are in general agreement with MLS observations (Fig. S2c,d), but the magnitude is underestimated by about 
10–20 percent in the deep tropics, and over 50% in the extratropics (Fig. S3a,b). Similar bias in MERRA2 CO data 

Figure 3. Spatial patterns of chemical gases and aerosols in relation to development of the AMA, showing 
distribution of CO (ppbv) at 100 hPa, superimposed with geopotential height and winds at the same level 
during (a) PRM and (b) PKM. Panels (c) and (d) are the same as in (a) and (b) respectively except for CA 
(ppbm). Panels (e) and (f) are the same as in (a) and (b) respectively, except for dust aerosols (ppbm). Maps are 
generated using the NCAR Command Language (Version 6.4.0, https://www.ncl.ucar.edu, 2017).

AOD

PRM PKM

0.48 0.34

Mean Loading Total Carbon Dust Total Carbon Dust

Surf- 700 hPa 35.9 3.51
(9.8%)

17.5
(48.8%) 18.3 1.4

(7.6%)
7.7
(42.1%)

200–100 hPa 2.39 0.219
(9.2%)

1.87
(77.8%) 2.64 0.324

(12.2%)
1.7
(64.0%)

Table 2. Same as in Table 1, except for the EASM domain (100–130°E, 15–45°N).

https://www.ncl.ucar.edu
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have been noted, and may be due to uncertainties in the estimation of biomass burning emission rates used in the 
MERRA2 assimilation64,65. There are no global CA or dust data available for comparison.

Key transport pathways. Figure 4 shows east-west cross-sections of CO, CA, dust, and vertical motions 
along 22.5–30°N, from surface to 50 hPa, covering the entire longitude span (0–140°E) of the AMA. In UTLS (200–
50 hPa) of this region, monsoon easterlies prevail. During PRM, the accumulation and build-up of CO (Fig. 4a)  
is strongest near the surface, but extends throughout the troposphere up to 12 km over East Asia (90–140°E), 
where strong aerosol emissions from wildfires and forest clearing and burning of agricultural waste are common 
before the rainy season. These aerosols are transported to the UTLS by the increasing ascending motion over 
the monsoon region (80–130°E), and by strong dry convection from a deepened planetary boundary layer over 
the heated desert region (west of 80°E)51. During PKM (Fig. 4b), strong large-scale ascent develops over the 
Asian monsoon regions, and descent over the desert regions to the west. The distribution shows the shape of a 
“double stem chimney cloud” (DSCC), where gaseous CO is transported upward and enters the UTLS through 
two “stems” which collocate with the most densely populated industrial mega-complex of a) the HGP of India, 
and the b) Sichuan Basin (SB) of southwestern China, respectively. Strong vertical motion (Fig. 4b), and heavy 
precipitation (see Fig. 2d) are found over these stem regions during PKM. In the UTLS, the westward spreading 
and thinning of the CO layer reflects advection and diffusive mixing of CO by strong UTLS monsoon easterlies, 
consistent with backscatter signals detected from CALIPSO observations in the UTLS regions (Fig. S2e,f), and in 
agreement with the previous portrayal of the ATAL19,20.

Given similar emission sources to CO, the distributions of CA during PRM and PKM are similar to CO. The 
main difference is that CA, being fine particulate matters (~2.5 μm) in the atmosphere, can be removed from 
the atmosphere by dry and wet depositions, while CO as a gas is not affected by these processes During PRM  
(Fig. 4c), there is a strong buildup of CA in the lower-to-mid troposphere from local emissions, and dry convec-
tion in land regions of SASM and EASM. During PKM (Fig. 4d), the concentration of CA near the surface, and 
in the lower troposphere is significantly reduced over the Asian monsoon regions, due to precipitation wash-out. 
However, ambient CA particles already in the mid- and upper troposphere and those emitted during monsoon 
breaks, can be transported efficiently by strong ascent in the “stems” of the DSCC to the tropopause where they 
are capped by the stable layer across the tropopause transition region, and advected westward forming the ATAL. 
The vertical transport of CA appears to be stronger from the HPG stem than from the SB stem.

During PRM (Fig. 4e), dust loading is highest near the surface, and reach to high elevations up to 200 hPa, 
mostly likely due to increased turbulent mixing-in a deepening planetary boundary layer, and intense dry con-
vection over the desert regions53,66, as well as remote transport from the North Africa desert by the strong upper 
tropospheric westerlies to the monsoon regions67,68. During PKM (Fig. 4f), dust loading in the mid-troposphere is 
substantially reduced, due to weakening of the upper level westerlies transport from African deserts, and removal 
by precipitation wash out in the monsoon regions. However, in the longitude sector (45–75°E) dust concentra-
tion remain high near the surface and in mid-tropospheric, due to the strengthening monsoon low-level south 

Figure 4. Longitude-height section (0–140°E) of CO (ppbv), averaged over the southern portion of the AMA 
(22–30°N) and associated vertical motion (Pa s−1) field with solid (dashed) contours indicating ascent (descent) 
superimposed, for (a) PRM and (b) PKM. Panels (c) and (d) are the same as in (a) and (b) respectively, except 
for CA (ppbm). Panels (e) and (f) are the same as in (a) and (b) except for dust aerosols (ppbm). Topography 
information is provided by ETOPO1 Global Relief Model website (https://www.ngdc.noaa.gov/mgg/global/) of 
National Center for Environmental Information, National Oceanic and Atmospheric Administration.

https://www.ngdc.noaa.gov/mgg/global/
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westerlies which transport dust aerosols from the Thar desert in northwestern India, and from the Middle East 
deserts across the northern Arabia Sea to the Indian subcontinent33,34,60. During PKM, while the total columnar 
dust loading is reduced compared to PRM due to monsoon rain washout, dust concentration is increased above 
150 hPa over broad regions of UTLS. Dust transport to the ATAL is still stronger in the stems relative to other 
regions, but the transport appear less confined to stem regions, due to in part to the longer residence time and 
diffusive upwelling of ambient fine dust aerosols already present in the upper troposphere (Fig. 4e).

To further explore the three-dimensional structure of the DSCC, height-meridional cross-section of atmospheric 
constituents across the two “stem” regions, [80–85°E, 0–60°N] and [105–110°E, 0–60°N] are shown respectively for 
the South Asian summer monsoon (SASM) and East Asian summer monsoon (EASM). During PRM, high concen-
tration of CO is found in the HGP “stem” and vicinity from surface to the upper troposphere (Fig. 5a), indicative of 
the strong vertical transport and the diffusive nature of atmospheric gases. In the deep tropics, equatorward of the 
TP, high CO amount (>55 ppbv) is found up to the UTLS due to remote transport and developing moist convection 
over Southeast Asia, during the early stage of the Asian monsoon. Likewise, heavy loading of CA is found from the 
surface to the lower troposphere in the deep tropics, and over the top of the TP, where strong vertical motion has 
developed (Fig. 5b). CA can also be detected in the UTLS in association with upward transport and easterly (west-
ward) advection from biomass burning sources in Southeast Asia (See Fig. 3c). At this time, dust concentration 
is pronounced over the northern slopes of the TP, reaching up to the upper troposphere (~12 km) over Tibetan 
Plateau, and Taklamakan Desert and regions further north, where the prevailing westerlies, and uplifting motion by 
the Tibetan Plateau are still strong during the pre-monsoon season10,52,54. Dust concentration is also high over the 
Himalayas foothills, the Indian subcontinent, and reaches up to 10–12 km over regions north of the Tibetan Plateau 
due to westerly transport from deserts in Middle East and West Asia (Fig. 5c).

During PKM, increased CO is found from surface to the UTLS (up to ~16 km), in conjunction with strong 
ascent over the HGP, abutting the southern slope of the TP (Fig. 5d). For CA (Fig. 5e), the most prominent 
feature is a singular “chimney” with high CA concentration, reaching the UTLS, and capped near 100–90 hPa. 
Interestingly, this maximum injection of CA into the UTLS, occurs at the time of maximum wet scavenging and 
reduced biomass burning by strong monsoon precipitation as evidenced by the strong reduction (compared to 
PRM, Fig. 5b) of CA from surface to the lower troposphere. Apparently, ambient CA already present in the mid- 
and upper troposphere, above the region of maximum wet scavenging, are efficiently transported to the UTLS 
by strong deep convection ascent during PKM. See following subsection on wet removal vs. convective lofting of 
aerosols entering the ATAL, for further discussion of this topic. For dust, the overall concentration near the sur-
face and in the troposphere is substantially reduced during PKM (Fig. 5f), compared to PRM (Fig. 5c), due to rain 

Figure 5. Latitude-height section (0–60°N) over the Himalayas-Gangetic Plain (82.5°E) showing the 
distribution of (a) CO, (b) CA and (c) dusts during PRM and associated vertical motion (Pa s−1) field 
superimposed, with solid (dashed) contours indicating ascent (decent). Panels (d), (e) and (f) are same as in 
(a), (b) and (c), except during PKM. Topography information is provided by ETOPO1 Global Relief Model 
website (https://www.ngdc.noaa.gov/mgg/global/) of National Center for Environmental Information, National 
Oceanic and Atmospheric Administration.

https://www.ngdc.noaa.gov/mgg/global/
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washout. However, as discussed previously, increased low level southwesterly over India, and deep westerlies over 
west China north of the Tibetan Plateau continue transport dusts from the deserts, keeping the dust amount rel-
atively high over the region during PKM. Similar to CA, ambient fine dust already present in the mid- and upper 
troposphere, are transported upward into the UTLS, and enter the ATAL via the HGP “stem”. Deep convection at 
the top of the Tibetan Plateau may also play a role in uplifting local dust reaching the ATAL52,69.

For the SB “stem”, the overall transport pattern is similar to that for HGP. The following discussion is 
focused on the differences between the two regions. During PRM (Fig. 6a), the region of high CO mass loading 
is more expansive than that for HGP, filling the troposphere up to the UTLS in the deep tropics (12–16 km), 
and midlatitudes (8–10 km), as a result of industrial emissions over the SB and regions further north, as well as 
remote transport from biomass burning sources over Southeast Asia. Similarly, CA is abundant from surface to 
mid-troposphere, increasing steadily poleward, reaching up to 8 km in the drier region to the north (Fig. 6b). 
Dust loading is high and reaches up to 10–12 km in northern latitudes (30–60°N), due to prevailing tropospheric 
westerlies, which increases transport from deserts to the region. During PKM, the upward transport pathway of 
CO and CA (Fig. 6d,e) becomes more well defined over the densely populated industrial mega-cities of the SB 
on the eastern foothills of the TP, where the occurrence of intense monsoon cyclones with deep convection and 
heavy precipitation are common during the peak EASM season55,70. In this region, vertical transport in the stem 
of high CA, from the surface reaching the UTLS is very pronounced, as are the reduction of CA at the surface 
and in the lower troposphere due to rain washout (Fig. 6e). Similar to SASM, the overall dust amount is substan-
tially reduced over the EASM from PRM (Fig. 6c) to PKM (Fig. 6f), because of the weakening subtropical and 
mid-latitudes westerlies north of the TP, except in the “stem region” of the SB, where strong convective transport 
more dust into the ATAL.

Monsoon Intraseasonal Oscillations (MISO). To examine the co-variability of MISO and ATAL, we have 
constructed composite maps of rainfall, AOD, AMA geopotential and winds, CO, CA and dust based on 4 phases 
of the 20–30 day oscillations, P1 through P4, delineating by the times of maximum, minimum and zero-crossings 
in PC2 (Fig. 1e). From Fig. 7a–d, these phases correspond to the well-known active and break cycles of the Asian 
monsoon48,71–73. The cycle starts with the development of heavy rain (>10 mm/day) over oceanic regions of the 
tropical western Pacific and Southeast Asia, but a lack of heavy rain on monsoon land (P1, Fig. 7a) reflecting a 
monsoon break situation, followed by a progression northwestward of heavy precipitation marginal monsoon 
land regions of Southeast Asia and western India, but over key SASM and EASM land domains, heavy precipi-
tation is still lacking (P2, Fig. 7b). Subsequently, maximum heavy precipitation develops over the northeastern 

Figure 6. Latitude-height section (0–60°N), over the Sichuan Basin, southwestern China (105°E), showing 
distributions of (a) CO, (b) CA and (c) dusts during PRM, superimposed with vertical motion (Pa s−1) with 
solid (dashed) contours indicating ascent (decent). Panels (d), (e) and (f) are same as in (a), (b) and (c), except 
during PKM. Topography information is provided by ETOPO1 Global Relief Model website (https://www.ngdc.
noaa.gov/mgg/global/) of National Center for Environmental Information, National Oceanic and Atmospheric 
Administration.

https://www.ngdc.noaa.gov/mgg/global/
https://www.ngdc.noaa.gov/mgg/global/
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India/Himalayan foothill and Bay of Bengal, and central eastern China (P3, Fig. 7c), indicating the active phase of 
the monsoon. The heavy rain over these regions eventually fizzles into isolated intense rainfall cells (P4, Fig. 7d). 
This active/break cycle repeat itself, 4–5 times from May-August 2008 (See Fig. 1e).

At 100 hPa, the variations of CO follow closely those of the MISO of AMA circulation. During P1 (Fig. 7e), a 
large reduction in CO is found in the eastern portion of the AMA is associated with the equatorward advection 
of CO-poor air mass from the mid-latitudes (see distribution of CO in Fig. 3a,b) via a distinctive trough devel-
opment in the northeastern corner of the AMA. The large increase in CO in the southeastern flank of the AMA 
is associated with strong upward transport of ambient CO by increased ascent associated with deep convection 
from heavy precipitation. These transport process continues during P2, with the negative CO anomaly advected 
by the AMA mean easterlies over western China and India (Fig. 7f). At the same time CO-rich air is advected 
around the outer flanks of the AMA, as the trough weakens. During P3 (Fig. 7g), the AMA is maximally devel-
oped, in concert with the heavy rain over the HGP, and the Mei-yu rainband of the Asian monsoon. However, 
maximum upward CO flux to the ATAL is delayed until P4 (Fig. 7h), because CO emissions from biomass burn-
ing are reduced by heavy precipitation.

For CA, the overall variations associated with the MISO (Fig. 7i–l) are similar to CO (Fig. 7e–h). The main 
difference is that precipitation washout strongly affects CA, but not CO. During P4, heavy rainfall and washout 
subside, the maximum injection of ambient CA is found in regions of strong vertical motion in the southeastern 
corner of the AMA. During P1 and P2 (Fig. 7m,n), dust concentration at 100 hPa is increased in the eastern, 
southeastern and southwestern flank of the AMA, but reduced over the main monsoon regions, indicating advec-
tion of pre-existing dust by the anticyclonic AMA circulation, as well as upward transport from sources region 
over the desert, west of 60E. The dust concentration is highest during the maximum active phase, P3 (Fig. 7o),  
showing increased loading over the southeastern corner, and the eastern portion in the inner core of the AMA. 
Over the monsoon region, in spite of the strong wet removal due to heavy precipitation, the strong vertical 
motions in the upper troposphere transport ambient dust in the mid-troposphere to the ATAL. By P4 (Fig. 7p), 
the dust amount at 100 hPa is strongly reduced by dry deposition and dispersed by the AMA circulation.

Convective lofting vs. wet scavenging. The transport of near-surface aerosols to the ATAL is dependent 
not only on the source emission rates and wind transport, but also on the rate of removing aerosols from the 
atmosphere. Because of heavy rain, wet scavenging is the major sink of ambient aerosols in ASM regions. In this 
subsection, we examine the competing influences of deep convection and wet scavenging in transporting aerosol 
species in the ATAL in the “stem regions” of the HGP and SB respectively. The HGP is a source region of CO and 
CA from industrial pollution, anthropogenic biomass burning, as well as from natural biogenic emissions, and 
wildfires. It is also a region with complex surface terrain conducive to orographic forcing of strong overshooting 
deep convections and heavy precipitation34,74,75. Here, CO and CA concentrations are relatively high from surface 

Figure 7. Composite distribution of total rainfall, 850 hPa winds and AOD anomalies during different phases 
(P1 through P4, as defined by PC2) of the Asian monsoon intraseasonal oscillations for (a) P1, (b) P2, (c) P3 
and (d) P4. Only positive values are shown for rainfall. Panels (e) through (h) are the same as (a) through (d), 
except for CO (ppbv) at 100 hPa, with geopotential height and winds at the same level superimposed. Likewise, 
panels (i) through (l) and panels (m) through (p), are the same as panels (e) through (h), except for CA 
anomalies (ppbm) and for dust anomalies (ppbm) at 100 hPa. Maps are generated using the NCAR Command 
Language (Version 6.4.0, https://www.ncl.ucar.edu, 2017).

https://www.ncl.ucar.edu
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to 300 hPa during the pre-monsoon period (Fig. 8a,b), due to dry convection, and increased emission over the 
increasing hot land before the onset of heavy rainfall (June 13–14). Following the onset, CO and CA in the UTLS 
(200–100 hPa) increase abruptly and fluctuate approximately in phase with MISO of precipitation (Fig. 8a,b and d).  
Compared to CO, the lofting of CA into the UTLS appear more episodic, reflecting the competing influences of 
transport by overshooting convection and removal by wet scavenging. Because wet scavenging occurs in cloud 
(rainout) and below cloud (washout)76–78, aerosol removal is more efficient in the middle and lower troposphere, 
while upward transport by penetrative convection prevails in the UTLS region. Near the surface and in the lower 
troposphere below 500 hPa, both CO and CA decrease as the monsoon advances, due to quenched surface bio-
mass burning and biogenic emissions by the increasing monsoon precipitation.

For dust, the HGP is not a source, but rather a receptor region. During the pre-monsoon period, dust aerosols 
transported by the monsoon southwesterlies from the deserts of the West Asia, and the Middle East piles up 
against the steep slopes of the Himalayas and accumulate over the HGP34,58,79–81. Before the onset of the Indian 
monsoon (June 13–14), dust concentration is high from the surface to 300 hPa (Fig. 8c), due to strong surface 
emission, and local dry convection, as well as long-range westerly transport from deserts of the Middle East, 
West Asia and as far as the North Africa66. After monsoon onset, dust loading in the mid- and lower troposphere 
decreases due to strong wet scavenging. Near the earth surface and in the lower troposphere, dust loading remains 
high, decreasing only slightly due to replenishment from increasing southwesterly transport from the Middle 
East deserts across the Arabian Sea80,81. During PKM, heavy precipitation is more frequent, and wet removal of 
accumulated dust in monsoon regions become important. However, more dusts are found in the UTLS as ambient 
dusts in the mid- and upper troposphere above region of strong wet scavenging are lofted into the UTLS by pene-
trative deep convection (Fig. 8c). Examination of atmospheric dust loading as a function of size distribution (Figs 
S4, S5) shows that dust particles of all sizes (0.1–10 μm) are subject to wet scavenging by precipitation, with higher 
rate of removal for large-size dust particles, while lofting is more efficient for smaller size dust particles. However, 
very fine dust particles (0.1–1 μm) represent only a small fraction of total dust content in the atmosphere over 
the region. As a result, dust aerosols in the UTLS consist mostly of fine dust to moderate size (radius ~1–3 μm).

Similar to HGP, SB is a region of dense population, surrounding by complex high mountain terrains in the 
eastern foothills of the Tibetan Plateau, with strong CO and BC emissions from both natural and industrial 
sources. The region is strongly affected by westerly transport and deposition of dusts from the Taklamakan desert, 
north of the Tibetan Plateau during the pre-monsoon season52,82. Here, the variability of CO, and CA are similar 
to HGP, indicating influences of slow seasonal rising motion, fast penetrative deep convection and wet scaveng-
ing, resulting in increasing frequency of CO and CA reaching the ATAL by deep convection from PRM to PKM. 
Total dust loading over SB declines from PRM to PKM (Fig. 8g) due to weakening of the tropospheric subtropical 
westerlies (See Fig. 2b). However, even with reduced total loading during PKM, dusts reach higher into the UTLS 
region (>14–15 km) by deep convective lofting. The main differences compared to HGP are that the monsoon 
precipitation onset over SB is less well defined, and the intraseasonal oscillations of precipitation (Fig. 8d,h) and 
convective lofting have higher frequency of variability.

Figure 8. Time-height cross-section showing daily variations of (a) CO (ppbv), (b) CA (ppbm), (c) dust 
(ppbm) and time series of (d) precipitation (mm day−1), over HGP from 1 May through 31 August, 2008. Panels 
(e), (f), (g) and (h) are the same as in (a), (b), (c) and (d) respectively, except for SB. Plots are generated using 
the NCAR Command Language (Version 6.4.0, https://www.ncl.ucar.edu, 2017).

https://www.ncl.ucar.edu
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Discussion
Based on NASA MERRA2 reanalysis, we have carried out an in-depth analysis of the seasonal and sub-seasonal 
co-variability of CO and selected aerosol species (CA and dust) in the UTLS, with near surface aerosol sources 
and sinks, and transport during the Asian summer monsoon of 2008. During the pre-monsoon period, atmos-
pheric loading of CO, and CA from biomass burning and desert dusts are strongly increased from surface to the 
mid- and upper troposphere (~5–10 km) likely due to a deepened planetary boundary layer and intensified dry 
convection associated with strong land surface heating, as well as orographic uplifting. During the peak mon-
soon season, increasing low-level westerlies transport more dusts, which are trapped by local topography and 
accumulated to high concentration in “aerosol receptor” regions of the Asian monsoon34,78. In spite of removal 
by increased precipitation washout, ambient aerosols in the mid- and upper troposphere are transported to the 
ATAL (~12–16 km) region by increased vertical motion associated with deep convective motions. Two preferred 
regions of strong vertical transport of CO, CA and dust include: a) the Himalayas Gangetic Plain (HGP) regions 
in northern and northeastern India and b) the Sichuan Basin (SB) of southwestern China, both are mega-cities 
complex, with dense population heavy industrial pollutions, near the southern and eastern foothill regions of the 
Tibetan Plateau respectively. Upon entering the UTLS, CO, CA and dust are strongly advected and dispersed by 
the anticyclonic flow of the AMA. These two “stem” regions, together with AMA transport pattern creates the 
appearance of a “Double Stem Chimney Cloud’ (DSCC, as shown in Fig. 4) portraying the spatial structure of the 
ATAL. Chemical gas and aerosol transport through the “stems” of the DSCC, and distributions within the ATAL 
fluctuate in concert with vertical and horizontal motions associated with intrinsic monsoon intra-seasonal (~20–
30 days) oscillations, and higher frequency ASM variability in deep convection and precipitation. In the stem 
regions, while total aerosol loading of CA and dusts are reduced during peak monsoon due to wet scavenging, 
ambient aerosols in the mid- and upper troposphere already build up during the pre-monsoon period, continue 
to increase due to the large-scale rising motion associated with the monsoon seasonal advance, and get lofted into 
the ATAL by strong vertical motions, associated with penetrative deep convection and heavy precipitation during 
the peak monsoon season.

This research has shed new light on physical processes transporting pollutant from the surface to the UTLS 
region, in relation to the seasonal and intra-seasonal variability of the Asian aerosol-monsoon climate system32,34. 
Because of the large variance (~50%) explained by the seasonal mode, the pre-monsoon and peak-monsoon 
description of the ATAL is likely to be robust, occurring on annual basis. However, it needs to be confirmed by 
further work. More research is needed to identify and better understand the ATAL variability in connection 
with inter-annual, and longer-term changes of the monsoon seasonal transition and MISO. Most important, this 
study opens up new avenues for further investigation of fundamental atmospheric processes, including not only 
transport of chemical gases and aerosols, but also formation of secondary aerosols through ice-cloud nucleation, 
affecting UTLS aerosols, water vapor as well as aerosol-cloud radiative feedback processes, impacting climate var-
iability and change in Asian monsoon regions, and global water and energy balance. Last but not least, it should 
be pointed out that MERRA2 data could be model dependent. To confirm reliability of the present results, further 
model and data intercomparison studies, and ultimately field observations involving high-altitude balloons and 
airborne measurements over the critical regions identified in this study have to be conducted.

Methods
MERRA2 and ancillary data. We use the NASA MERRA2 reanalysis which include aerosol data assimila-
tion based on MODIS and MISR satellite retrievals of aerosol optical depth83. MERRA2 uses the latest version of 
the GEOS-5 global climate model and physical packages including aerosol radiation and microphysics, emissions, 
transport, dry and wet deposition of aerosols, as well as CO and BC emissions of biomass burning derived from 
MODIS estimates. It allows analyses of spatio-temporal co-variability of 4-dimensional global dynamically con-
sistent distributions of major aerosol species, i.e., black carbon (BC), organic carbon (OC), dust, sulfate and sea 
salt, and meteorology from the earth surface to the UTLS, under all weather conditions and with high-resolution 
(3 hourly, 0.5 × 0.625 latitude-longitude, with 72 vertical levels). In this paper, we focus only on CO, carbonaceous 
aerosols, and light-absorbing aerosols (BC, OC and dust), to explore the relationships among ATAL variability, 
UTLS transport processes and monsoon dynamics. In subsequent (ongoing) work, the effects dynamical feed-
backs induced by light-absorbing aerosols will be investigated. CO, a well-mixed chemical gas and a byproduct 
of industrial pollution and biomass burning has been widely used as a tracer for atmospheric wind in chemical 
transport studies29. The amount of CO in the atmosphere is directly related to surface emission and atmospheric 
wind transport and mixing, but not affected by chemical reaction, nor by dry or wet removal. On the other hand, 
CA and dusts are strongly affected by both dry and wet deposition, in addition to transport by winds. CO and 
CA have common emission sources from industrial pollution and biomass burning, while dusts are mostly from 
natural sources in neighboring deserts. Abundant quantities of CO, CA and dusts are found in Asian monsoon 
regions during the boreal spring and summer. Hence studying how monsoon rainfall and circulations affect the 
sources and sinks and transport of these three species (CO, CA and dusts) of surface pollutants to the UTLS can 
provide useful insight into the origin, maintenance and variability of the ATAL. To reassure consistency with 
independent observations, the MERRA2 data for rainfall, CO, aerosol vertical distributions are compared with 
observational estimates GPCP, MLS at 100 hPa, and CALIPSO vertical profiles of aerosol backscatter, respectively.

Empirical Orthogonal Function (EOF) Analysis. To identify the dominant modes of seasonal and mon-
soon intraseasonal oscillations (MISO), the EOF analysis was carried out for 100 hPa zonal winds over the inner 
domain marked in Fig. 1, from May 1- August 31, 2008, using the NCAR Command Language (NCL) EOF cod-
ing package available at https://www.ncl.ucar.edu/Document/Functions/Contributed/. Composite analysis based 
conduced based on the principal components (PC) of the first two EOFs which are well separated from sampling 
noise based on the criterion of North et al. [1979] Composite patters for temperature, geopotential height44, 

https://www.ncl.ucar.edu/Document/Functions/Contributed/
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winds, rainfall, AOD, concentrations of CO, CA and dust for the pre-monsoon (PRM) and peak monsoon (PKM) 
periods were constructed based on 10-day means centered on the minimum (maximum) of PC1. For MISO, we 
define four phases, P1 through P4, based on the 3-day mean centered at the local maximum, minimum and zero 
crossings of PC2 (Fig. 1e).

Data Availability. MERRA2 reanalysis data are available at https://disc.sci.gsfc.nasa.gov/daac-bin/
FTPSubset2.pl. The datasets processed and/or analysed during this study are available from the corresponding 
author upon reasonable request.

References
 1. Soden, B. J. & Fu, R. A Satellite Analysis of Deep Convection, Upper-Tropospheric Humidity and the Greenhouse Effect. Journal of 

Climate 8, 2333–2351, https://doi.org/10.1175/1520-0442 (1995).
 2. Su, H. et al. Enhanced positive water vapor feedback associated with tropical deep convection: New evidence from Aura MLS. 

Geophysical Research Letters 33, L05709, https://doi.org/10.1029/2005GL025505 (2006).
 3. Udelhofen, P. M. & Hartmann, D. L. Influence of tropical cloud systems on the relative humidity in the upper troposphere. Journal 

of Geophysical Research: Atmospheres 100, 7423–7440, https://doi.org/10.1029/94JD02826 (1995).
 4. Soden, B. J. et al. Quantifying Climate Feedbacks Using Radiative Kernels. Journal of Climate 21, 3504–3520, https://doi.

org/10.1175/2007jcli2110.1 (2008).
 5. Solomon, S. et al. Contributions of Stratospheric Water Vapor to Decadal Changes in the Rate of Global Warming. Science 327, 

1219–1223, https://doi.org/10.1126/science.1182488 (2010).
 6. Dessler, A. E., Schoeberl, M. R., Wang, T., Davis, S. M. & Rosenlof, K. H. Stratospheric water vapor feedback. Proceedings of the 

National Academy of Sciences 110, 18087–18091, https://doi.org/10.1073/pnas.1310344110 (2013).
 7. Randel, W. J. & Jensen, E. J. Physical processes in the tropical tropopause layer and their roles in a changing climate. Nature 

Geoscience 6, 169–176, https://doi.org/10.1038/ngeo1733 (2013).
 8. Huang, Y., Zhang, M., Xia, Y., Hu, Y. & Son, S. W. Is there a stratospheric radiative feedback in global warming simulations? Climate 

Dynamics 46, 177–186, https://doi.org/10.1007/s00382-015-2577-2 (2016).
 9. Li, Q. et al. Convective outflow of South Asian pollution: A global CTM simulation compared with EOS MLS observations. 

Geophysical Research Letters 32, L14826, https://doi.org/10.1029/2005GL022762 (2005).
 10. Fu, R. et al. Short circuit of water vapor and polluted air to the global stratosphere by convective transport over the Tibetan Plateau. 

Proceedings of the National Academy of Sciences 103, 5664–5669, https://doi.org/10.1073/pnas.0601584103 (2006).
 11. Park, M. et al. Chemical isolation in the Asian monsoon anticyclone observed in Atmospheric Chemistry Experiment (ACE-FTS) 

data. Atmospheric Chemistry and Physics 8, 757–764, https://doi.org/10.5194/acp-8-757-2008 (2008).
 12. Park, M., Randel, W. J., Emmons, L. K. & Livesey, N. J. Transport pathways of carbon monoxide in the Asian summer monsoon 

diagnosed from Model of Ozone and Related Tracers (MOZART). Journal of Geophysical Research: Atmospheres 114, D08303, 
https://doi.org/10.1029/2008JD010621 (2009).

 13. Park, M., Randel, W. J., Gettelman, A., Massie, S. T. & Jiang, J. H. Transport above the Asian summer monsoon anticyclone inferred 
from Aura Microwave Limb Sounder tracers. Journal of Geophysical Research: Atmospheres 112, D16309, https://doi.
org/10.1029/2006JD008294 (2007).

 14. Randel, W. J. & Park, M. Deep convective influence on the Asian summer monsoon anticyclone and associated tracer variability 
observed with Atmospheric Infrared Sounder (AIRS). Journal of Geophysical Research: Atmospheres 111, D12314, https://doi.
org/10.1029/2005JD006490 (2006).

 15. Randel, W. J. et al. Asian Monsoon Transport of Pollution to the Stratosphere. Science 328, 611–613, https://doi.org/10.1126/
science.1182274 (2010).

 16. Tobo, Y. et al. Balloon-borne observations of high aerosol concentrations near the summertime tropopause over the Tibetan Plateau. 
Atmospheric Research 84, 233–241, https://doi.org/10.1016/j.atmosres.2006.08.003 (2007).

 17. Kulkarni, P., Ramachandran, S., Bhavani Kumar, Y., Narayana Rao, D. & Krishnaiah, M. Features of upper troposphere and lower 
stratosphere aerosols observed by lidar over Gadanki, a tropical Indian station. Journal of Geophysical Research: Atmospheres 113, 
D17207, https://doi.org/10.1029/2007JD009411 (2008).

 18. Babu, S. S. et al. Free tropospheric black carbon aerosol measurements using high altitude balloon: Do BC layers build “their own 
homes” up in the atmosphere? Geophysical Research Letters 38, L08803, https://doi.org/10.1029/2011GL046654 (2011).

 19. Vernier, J. P., Thomason, L. W. & Kar, J. CALIPSO detection of an Asian tropopause aerosol layer. Geophysical Research Letters 38, 
L07804, https://doi.org/10.1029/2010GL046614 (2011).

 20. Vernier, J. P. et al. Increase in upper tropospheric and lower stratospheric aerosol levels and its potential connection with Asian 
pollution. Journal of Geophysical Research: Atmospheres 120, 1608–1619, https://doi.org/10.1002/2014JD022372 (2015).

 21. Jensen, E. J., Ackerman, A. S. & Smith, J. A. Can overshooting convection dehydrate the tropical tropopause layer? Journal of 
Geophysical Research: Atmospheres 112, D11209, https://doi.org/10.1029/2006JD007943 (2007).

 22. Bourassa, A. E. et al. Large Volcanic Aerosol Load in the Stratosphere Linked to Asian Monsoon. Transport. Science 337, 78–81, 
https://doi.org/10.1126/science.1219371 (2012).

 23. Kremser, S. et al. Stratospheric aerosol—Observations, processes and impact on climate. Reviews of Geophysics 54, 278–335, https://
doi.org/10.1002/2015RG000511 (2016).

 24. Fadnavis, S. et al. Transport of aerosols into the UTLS and their impact on the Asian monsoon region as seen in a global model 
simulation. Atmospheric Chemistry and Physics 13, 8771–8786, https://doi.org/10.5194/acp-13-8771-2013 (2013).

 25. Neely, R. R. et al. The contribution of anthropogenic SO2 emissions to the Asian tropopause aerosol layer. Journal of Geophysical 
Research: Atmospheres 119, 1571–1579, https://doi.org/10.1002/2013JD020578 (2014).

 26. Vogel, B., Günther, G., Müller, R., Grooß, J. U. & Riese, M. Impact of different Asian source regions on the composition of the Asian 
monsoon anticyclone and of the extratropical lowermost stratosphere. Atmospheric Chemistry and Physics 15, 13699–13716, https://
doi.org/10.5194/acp-15-13699-2015 (2015).

 27. Frey, W. et al. The impact of overshooting deep convection on local transport and mixing in the tropical upper troposphere/lower 
stratosphere (UTLS). Atmospheric Chemistry and Physics 15, 6467–6486, https://doi.org/10.5194/acp-15-6467-2015 (2015).

 28. Yu, P., Toon, O. B., Neely, R. R., Martinsson, B. G. & Brenninkmeijer, C. A. M. Composition and physical properties of the Asian 
Tropopause Aerosol Layer and the North American Tropospheric Aerosol Layer. Geophysical Research Letters 42, 2540–2546, 
https://doi.org/10.1002/2015GL063181 (2015).

 29. Pan, L. L. et al. Transport of chemical tracers from the boundary layer to stratosphere associated with the dynamics of the Asian 
summer monsoon. Journal of Geophysical Research: Atmospheres 121, 14159–14174, https://doi.org/10.1002/2016JD025616 (2016).

 30. Yu, P. et al. Efficient transport of tropospheric aerosol into the stratosphere via the Asian summer monsoon anticyclone. Proceedings 
of the National Academy of Sciences 114, 6972–6977, https://doi.org/10.1073/pnas.1701170114 (2017).

 31. Rosenfeld, D. et al. Global observations of aerosol-cloud-precipitation-climate interactions. Reviews of Geophysics 52, 750–808, 
https://doi.org/10.1002/2013RG000441 (2014).

https://disc.sci.gsfc.nasa.gov/daac-bin/FTPSubset2.pl
https://disc.sci.gsfc.nasa.gov/daac-bin/FTPSubset2.pl
http://dx.doi.org/10.1175/1520-0442
http://dx.doi.org/10.1029/2005GL025505
http://dx.doi.org/10.1029/94JD02826
http://dx.doi.org/10.1175/2007jcli2110.1
http://dx.doi.org/10.1175/2007jcli2110.1
http://dx.doi.org/10.1126/science.1182488
http://dx.doi.org/10.1073/pnas.1310344110
http://dx.doi.org/10.1038/ngeo1733
http://dx.doi.org/10.1007/s00382-015-2577-2
http://dx.doi.org/10.1029/2005GL022762
http://dx.doi.org/10.1073/pnas.0601584103
http://dx.doi.org/10.5194/acp-8-757-2008
http://dx.doi.org/10.1029/2008JD010621
http://dx.doi.org/10.1029/2006JD008294
http://dx.doi.org/10.1029/2006JD008294
http://dx.doi.org/10.1029/2005JD006490
http://dx.doi.org/10.1029/2005JD006490
http://dx.doi.org/10.1126/science.1182274
http://dx.doi.org/10.1126/science.1182274
http://dx.doi.org/10.1016/j.atmosres.2006.08.003
http://dx.doi.org/10.1029/2007JD009411
http://dx.doi.org/10.1029/2011GL046654
http://dx.doi.org/10.1029/2010GL046614
http://dx.doi.org/10.1002/2014JD022372
http://dx.doi.org/10.1029/2006JD007943
http://dx.doi.org/10.1126/science.1219371
http://dx.doi.org/10.1002/2015RG000511
http://dx.doi.org/10.1002/2015RG000511
http://dx.doi.org/10.5194/acp-13-8771-2013
http://dx.doi.org/10.1002/2013JD020578
http://dx.doi.org/10.5194/acp-15-13699-2015
http://dx.doi.org/10.5194/acp-15-13699-2015
http://dx.doi.org/10.5194/acp-15-6467-2015
http://dx.doi.org/10.1002/2015GL063181
http://dx.doi.org/10.1002/2016JD025616
http://dx.doi.org/10.1073/pnas.1701170114
http://dx.doi.org/10.1002/2013RG000441


www.nature.com/scientificreports/

13SCiENtifiC REpORTS |  (2018) 8:3960  | DOI:10.1038/s41598-018-22267-z

 32. Li, Z. et al. Aerosol and monsoon climate interactions over Asia. Reviews of Geophysics 54, 866–929, https://doi.org/10.1002/ 
2015RG000500 (2016).

 33. Lau, W. Atmospheric science: Desert dust and monsoon rain. Nature Geoscience 7, 255–256, https://doi.org/10.1038/ngeo2115 
(2014).

 34. Lau, W. K. M. The aerosol-monsoon climate system of Asia: A new paradigm. Journal of Meteorological Research 30, 1–11, https://
doi.org/10.1007/s13351-015-5999-1 (2016).

 35. Rao, S. A., Chaudhari, H. S., Pokhrel, S. & Goswami, B. N. Unusual Central Indian Drought of Summer Monsoon 2008: Role of 
Southern Tropical Indian Ocean Warming. Journal of Climate 23, 5163–5174, https://doi.org/10.1175/2010jcli3257.1 (2010).

 36. Lau, K. M., Kim, K. M., Hsu, C. & Holben, B. Possible influences of air pollution, dust and sandstorms on the Indian monsoon. 
WMO Bulletin 58, 22–30 (2009).

 37. Kim, M. K. et al. Amplification of ENSO effects on Indian summer monsoon by absorbing aerosols. Climate Dynamics 46, 
2657–2671, https://doi.org/10.1007/s00382-015-2722-y (2016).

 38. Lau, K. M. & Li, M. T. The Monsoon of East Asia and its Global Associations—A Survey. Bulletin of the American Meteorological 
Society 65, 114–125, https://doi.org/10.1175/1520-0477 (1984).

 39. Krishnamurti, T. N. Summer Monsoon Experiment—A Review. Monthly Weather Review 113, 1590–1626, https://doi.
org/10.1175/1520-0493 (1985).

 40. Webster, P. J. et al. Monsoons: Processes, predictability and the prospects for prediction. Journal of Geophysical Research: Oceans 103, 
14451–14510, https://doi.org/10.1029/97JC02719 (1998).

 41. Yanai, M., Li, C. & Song, Z. Seasonal Heating of the Tibetan Plateau and Its Effects on the Evolution of the Asian Summer Monsoon. 
Journal of the Meteorological Society of Japan. Ser. II 70, 319–351, https://doi.org/10.2151/jmsj1965.70.1B_319 (1992).

 42. Wang, B. The Asian Monsoon. 787 (Springer Science & Business Media, 2006).
 43. Wu, G. et al. The Influence of Mechanical and Thermal Forcing by the Tibetan Plateau on Asian Climate. Journal of Hydrometeorology 

8, 770–789, https://doi.org/10.1175/jhm609.1 (2007).
 44. North, G. R., Bell, T. L., Cahalan, R. F. & Moeng, F. J. Sampling Errors in the Estimation of Empirical Orthogonal Functions. Monthly 

Weather Review 110, 699–706, https://doi.org/10.1175/1520-0493 (1982).
 45. Fukutomi, Y. & Yasunari, T. 10-25 day Intraseasonal Variations of Convection and Circulation over East Asia and Western North 

Pacific during Early Summer. Journal of the Meteorological Society of Japan. Ser. II 77, 753–769, https://doi.org/10.2151/
jmsj1965.77.3_753 (1999).

 46. Chen, T. C., Yen, M. C. & Weng, S. P. Interaction between the Summer Monsoons in East Asia and the South China Sea: Intraseasonal 
Monsoon Modes. Journal of the Atmospheric Sciences 57, 1373–1392, https://doi.org/10.1175/1520-0469 (2000).

 47. Wang, B., Webster, P., Kikuchi, K., Yasunari, T. & Qi, Y. Boreal summer quasi-monthly oscillation in the global tropics. Climate 
Dynamics 27, 661–675, https://doi.org/10.1007/s00382-006-0163-3 (2006).

 48. Lau, W. K. M. & Waliser, D. E. Intraseasonal variability in the atmosphere-ocean climate system (2nd Edition). 613 (Springer Science 
& Business Media, 2011).

 49. Suhas, E., Neena, J. M. & Goswami, B. N. An Indian monsoon intraseasonal oscillations (MISO) index for real time monitoring and 
forecast verification. Climate Dynamics 40, 2605–2616, https://doi.org/10.1007/s00382-012-1462-5 (2013).

 50. Lau, K. M. & Yang, S. Climatology and interannual variability of the southeast asian summer monsoon. Advances in Atmospheric 
Sciences 14, 141–162, https://doi.org/10.1007/s00376-997-0016-y (1997).

 51. Gamo, M. Thickness of the dry convection and large-scale subsidence above deserts. Boundary-Layer Meteorology 79, 265–278, 
https://doi.org/10.1007/bf00119441 (1996).

 52. Huang, J. et al. Summer dust aerosols detected from CALIPSO over the Tibetan Plateau. Geophysical Research Letters 34, L18805, 
https://doi.org/10.1029/2007GL029938 (2007).

 53. Cuesta, J., Marsham, J. H., Parker, D. J. & Flamant, C. Dynamical mechanisms controlling the vertical redistribution of dust and the 
thermodynamic structure of the West Saharan atmospheric boundary layer during summer. Atmospheric Science Letters 10, 34–42, 
https://doi.org/10.1002/asl.207 (2009).

 54. Liu, Z. et al. Airborne dust distributions over the Tibetan Plateau and surrounding areas derived from the first year of CALIPSO 
lidar observations. Atmospheric Chemistry and Physics 8, 5045–5060, https://doi.org/10.5194/acp-8-5045-2008 (2008).

 55. Ding, Y. & Chan, J. C. L. The East Asian summer monsoon: an overview. Meteorology and Atmospheric Physics 89, 117–142, https://
doi.org/10.1007/s00703-005-0125-z (2005).

 56. Wang, B., Xiang, B. & Lee, J.-Y. Subtropical High predictability establishes a promising way for monsoon and tropical storm 
predictions. Proceedings of the National Academy of Sciences 110, 2718–2722, https://doi.org/10.1073/pnas.1214626110 (2013).

 57. Eck, T. F. et al. Climatological aspects of the optical properties of fine/coarse mode aerosol mixtures. Journal of Geophysical Research: 
Atmospheres 115, D19205, https://doi.org/10.1029/2010JD014002 (2010).

 58. Gautam, R., Liu, Z., Singh, R. P. & Hsu, N. C. Two contrasting dust-dominant periods over India observed from MODIS and 
CALIPSO data. Geophysical Research Letters 36, L06813, https://doi.org/10.1029/2008GL036967 (2009).

 59. Pan, X. et al. A multi-model evaluation of aerosols over South Asia: common problems and possible causes. Atmospheric Chemistry 
and Physics 15, 5903–5928, https://doi.org/10.5194/acp-15-5903-2015 (2015).

 60. Jin, Q., Yang, Z. L. & Wei, J. Seasonal Responses of Indian Summer Monsoon to Dust Aerosols in the Middle East, India and China. 
Journal of Climate 29, 6329–6349, https://doi.org/10.1175/jcli-d-15-0622.1 (2016).

 61. Cahoon, D. R., Stocks, B. J., Levine, J. S., Cofer, W. R. & Pierson, J. M. Satellite analysis of the severe 1987 forest fires in northern 
China and southeastern Siberia. Journal of Geophysical Research: Atmospheres 99, 18627–18638, https://doi.org/10.1029/94JD01024 
(1994).

 62. Bertschi, I. T. & Jaffe, D. A. Long-range transport of ozone, carbon monoxide and aerosols to the NE Pacific troposphere during the 
summer of 2003: Observations of smoke plumes from Asian boreal fires. Journal of Geophysical Research: Atmospheres 110, D05303, 
https://doi.org/10.1029/2004JD005135 (2005).

 63. Liu, Z., Yang, J., Chang, Y., Weisberg, P. J. & He, H. S. Spatial patterns and drivers of fire occurrence and its future trend under climate 
change in a boreal forest of Northeast China. Global Change Biology 18, 2041–2056, https://doi.org/10.1111/j.1365-2486.2012.02649.x 
(2012).

 64. Jiang, J., Murray, L. T., Daman, M. R. & Livesey, N. J. Evaluation of UTLS carbon monoxide simulations in GMI and GEOS-Chem 
chemical transport models using Aura MLS observations. Atmos. Chem. Phys. 16(9), 5641–5663 (2015).

 65. Darmenov, A. & da Silva, A. The Quick Fire Emissions Dataset (QFED): Documentation of versions 2.1, 2.2 and 2.4, NASA Technical 
Report Series on Global Modeling and Data Assimilation, NASA TM-2015-104606, Vol. 38, http://gmao.gsfc.nasa.gov/pubs/docs/
Darmenov 796.pdf (2015).

 66. Marsham, J. H. et al. Observations of mesoscale and boundary-layer scale circulations affecting dust transport and uplift over the 
Sahara. Atmospheric Chemistry and Physics 8, 6979–6993, https://doi.org/10.5194/acp-8-6979-2008 (2008).

 67. Tanaka, T. Y. et al. Possible transcontinental dust transport from North Africa and the Middle East to East Asia. Atmospheric 
Environment 39, 3901–3909, https://doi.org/10.1016/j.atmosenv.2005.03.034 (2005).

 68. Prasad, A. K. & Singh, R. P. Changes in aerosol parameters during major dust storm events (2001–2005) over the Indo-Gangetic 
Plains using AERONET and MODIS data. Journal of Geophysical Research: Atmospheres 112, D09208, https://doi.
org/10.1029/2006JD007778 (2007).

http://dx.doi.org/10.1002/2015RG000500
http://dx.doi.org/10.1002/2015RG000500
http://dx.doi.org/10.1038/ngeo2115
http://dx.doi.org/10.1007/s13351-015-5999-1
http://dx.doi.org/10.1007/s13351-015-5999-1
http://dx.doi.org/10.1175/2010jcli3257.1
http://dx.doi.org/10.1007/s00382-015-2722-y
http://dx.doi.org/10.1175/1520-0477
http://dx.doi.org/10.1175/1520-0493
http://dx.doi.org/10.1175/1520-0493
http://dx.doi.org/10.1029/97JC02719
http://dx.doi.org/10.2151/jmsj1965.70.1B_319
http://dx.doi.org/10.1175/jhm609.1
http://dx.doi.org/10.1175/1520-0493
http://dx.doi.org/10.2151/jmsj1965.77.3_753
http://dx.doi.org/10.2151/jmsj1965.77.3_753
http://dx.doi.org/10.1175/1520-0469
http://dx.doi.org/10.1007/s00382-006-0163-3
http://dx.doi.org/10.1007/s00382-012-1462-5
http://dx.doi.org/10.1007/s00376-997-0016-y
http://dx.doi.org/10.1007/bf00119441
http://dx.doi.org/10.1029/2007GL029938
http://dx.doi.org/10.1002/asl.207
http://dx.doi.org/10.5194/acp-8-5045-2008
http://dx.doi.org/10.1007/s00703-005-0125-z
http://dx.doi.org/10.1007/s00703-005-0125-z
http://dx.doi.org/10.1073/pnas.1214626110
http://dx.doi.org/10.1029/2010JD014002
http://dx.doi.org/10.1029/2008GL036967
http://dx.doi.org/10.5194/acp-15-5903-2015
http://dx.doi.org/10.1175/jcli-d-15-0622.1
http://dx.doi.org/10.1029/94JD01024
http://dx.doi.org/10.1029/2004JD005135
http://dx.doi.org/10.1111/j.1365-2486.2012.02649.x
http://dx.doi.org/10.5194/acp-8-6979-2008
http://dx.doi.org/10.1016/j.atmosenv.2005.03.034
http://dx.doi.org/10.1029/2006JD007778
http://dx.doi.org/10.1029/2006JD007778


www.nature.com/scientificreports/

1 4SCiENtifiC REpORTS |  (2018) 8:3960  | DOI:10.1038/s41598-018-22267-z

 69. Yang, K. et al. The Daytime Evolution of the Atmospheric Boundary Layer and Convection over the Tibetan Plateau: Observations 
and Simulations. Journal of the Meteorological Society of Japan. Ser. II 82, 1777–1792, https://doi.org/10.2151/jmsj.82.1777 (2004).

 70. Kuo, Y. H., Cheng, L. & Bao, J. W. Numerical Simulation of the 1981 Sichuan Flood. Part I: Evolution of a Mesoscale Southwest 
Vortex. Monthly Weather Review 116, 2481–2504, https://doi.org/10.1175/1520-0493 (1988).

 71. Lau, K. M. & Chan, P. H. Aspects of the 40–50 Day Oscillation during the Northern Summer as Inferred from Outgoing Longwave 
Radiation. Monthly Weather Review 114, 1354–1367, https://doi.org/10.1175/1520-0493 (1986).

 72. Annamalai, H. & Slingo, J. M. Active / break cycles: diagnosis of the intraseasonal variability of the Asian Summer Monsoon. Climate 
Dynamics 18, 85–102, https://doi.org/10.1007/s003820100161 (2001).

 73. Hazra, A., Goswami, B. N. & Chen, J. P. Role of Interactions between Aerosol Radiative Effect, Dynamics and Cloud Microphysics 
on Transitions of Monsoon Intraseasonal Oscillations. Journal of the Atmospheric Sciences 70, 2073–2087, https://doi.org/10.1175/
jas-d-12-0179.1 (2013).

 74. Houze, R. A., Wilton, D. C. & Smull, B. F. Monsoon convection in the Himalayan region as seen by the TRMM Precipitation Radar. 
Quarterly Journal of the Royal Meteorological Society 133, 1389–1411, https://doi.org/10.1002/qj.106 (2007).

 75. Medina, S., Houze, R. A., Kumar, A. & Niyogi, D. Summer monsoon convection in the Himalayan region: terrain and land cover 
effects. Quarterly Journal of the Royal Meteorological Society 136, 593–616, https://doi.org/10.1002/qj.601 (2010).

 76. Giorgi, F. & Chameides, W. L. Rainout lifetimes of highly soluble aerosols and gases as inferred from simulations with a general 
circulation model. Journal of Geophysical Research: Atmospheres 91, 14367–14376, https://doi.org/10.1029/JD091iD13p14367 
(1986).

 77. Balkanski, Y. J., Jacob, D. J., Gardner, G. M., Graustein, W. C. & Turekian, K. K. Transport and residence times of tropospheric 
aerosols inferred from a global three-dimensional simulation of 210Pb. Journal of Geophysical Research: Atmospheres 98, 
20573–20586, https://doi.org/10.1029/93JD02456 (1993).

 78. Chin, M., Rood, R. B., Lin, S. J., Müller, J. F. & Thompson, A. M. Atmospheric sulfur cycle simulated in the global model GOCART: 
Model description and global properties. Journal of Geophysical Research: Atmospheres 105, 24671–24687, https://doi.
org/10.1029/2000JD900384 (2000).

 79. Lau, K. M. & Kim, K. M. Observational relationships between aerosol and Asian monsoon rainfall and circulation. Geophysical 
Research Letters 33, L21810, https://doi.org/10.1029/2006GL027546 (2006).

 80. Lau, K. M., Kim, M. K. & Kim, K. M. Asian summer monsoon anomalies induced by aerosol direct forcing: the role of the Tibetan 
Plateau. Climate Dynamics 26, 855–864, https://doi.org/10.1007/s00382-006-0114-z (2006).

 81. Lau, K. M. et al. The Joint Aerosol–Monsoon Experiment: A New Challenge for Monsoon Climate Research. Bulletin of the American 
Meteorological Society 89, 369–383, https://doi.org/10.1175/bams-89-3-369 (2008).

 82. Sun, J., Zhang, M. & Liu, T. Spatial and temporal characteristics of dust storms in China and its surrounding regions, 1960–1999: 
Relations to source area and climate. Journal of Geophysical Research: Atmospheres 106, 10325–10333, https://doi.
org/10.1029/2000JD900665 (2001).

 83. Gelaro, R. et al. The Modern-Era Retrospective Analysis for Research and Applications, Version 2 (MERRA-2). Journal of Climate 
30, 5419–5454, https://doi.org/10.1175/jcli-d-16-0758.1 (2017).

Acknowledgements
This work was supported jointly by the Modeling and Analysis Program (MAP), NASA Headquarters, Grant# 
80NSSC17K0213, NNX08AH71G, DOE PNNL Grant# 4313671 to University of Maryland, the National Science 
Foundation (AGS1534670), and China Scholarship Council.

Author Contributions
W.K.L. provided the study concept, interpretation of results and wrote the paper. C.Y. carried out the data 
analysis, figure plotting, final editing and formatting of the manuscript. Z.L. provided advice on methodology, 
interpretation and edits to various drafts of the paper.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-22267-z.
Competing Interests: The authors declare no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://dx.doi.org/10.2151/jmsj.82.1777
http://dx.doi.org/10.1175/1520-0493
http://dx.doi.org/10.1175/1520-0493
http://dx.doi.org/10.1007/s003820100161
http://dx.doi.org/10.1175/jas-d-12-0179.1
http://dx.doi.org/10.1175/jas-d-12-0179.1
http://dx.doi.org/10.1002/qj.106
http://dx.doi.org/10.1002/qj.601
http://dx.doi.org/10.1029/JD091iD13p14367
http://dx.doi.org/10.1029/93JD02456
http://dx.doi.org/10.1029/2000JD900384
http://dx.doi.org/10.1029/2000JD900384
http://dx.doi.org/10.1029/2006GL027546
http://dx.doi.org/10.1007/s00382-006-0114-z
http://dx.doi.org/10.1175/bams-89-3-369
http://dx.doi.org/10.1029/2000JD900665
http://dx.doi.org/10.1029/2000JD900665
http://dx.doi.org/10.1175/jcli-d-16-0758.1
http://dx.doi.org/10.1038/s41598-018-22267-z
http://creativecommons.org/licenses/by/4.0/

	Origin, Maintenance and Variability of the Asian Tropopause Aerosol Layer (ATAL): The Roles of Monsoon Dynamics
	Results
	Seasonal Variation. 
	Key transport pathways. 
	Monsoon Intraseasonal Oscillations (MISO). 
	Convective lofting vs. wet scavenging. 

	Discussion
	Methods
	MERRA2 and ancillary data. 
	Empirical Orthogonal Function (EOF) Analysis. 
	Data Availability. 

	Acknowledgements
	Figure 1 Climatological features and dominant seasonal and intraseasonal variations associated with the AMA, showing (a) spatial distribution of geopotential height (km) and winds (ms−1) at 100 hPa and rainfall (mm day−1) during June-July-August, 2008.
	Figure 2 Seasonal variations of monsoon meteorology and aerosols, showing distributions of 100 hPa geopotential height (km) and zonal winds (ms−1) during (a) PRM and (b) PKM.
	Figure 3 Spatial patterns of chemical gases and aerosols in relation to development of the AMA, showing distribution of CO (ppbv) at 100 hPa, superimposed with geopotential height and winds at the same level during (a) PRM and (b) PKM.
	Figure 4 Longitude-height section (0–140°E) of CO (ppbv), averaged over the southern portion of the AMA (22–30°N) and associated vertical motion (Pa s−1) field with solid (dashed) contours indicating ascent (descent) superimposed, for (a) PRM and (b) PKM.
	Figure 5 Latitude-height section (0–60°N) over the Himalayas-Gangetic Plain (82.
	Figure 6 Latitude-height section (0–60°N), over the Sichuan Basin, southwestern China (105°E), showing distributions of (a) CO, (b) CA and (c) dusts during PRM, superimposed with vertical motion (Pa s−1) with solid (dashed) contours indicating ascent (dec
	Figure 7 Composite distribution of total rainfall, 850 hPa winds and AOD anomalies during different phases (P1 through P4, as defined by PC2) of the Asian monsoon intraseasonal oscillations for (a) P1, (b) P2, (c) P3 and (d) P4.
	Figure 8 Time-height cross-section showing daily variations of (a) CO (ppbv), (b) CA (ppbm), (c) dust (ppbm) and time series of (d) precipitation (mm day−1), over HGP from 1 May through 31 August, 2008.
	Table 1 Domain averaged AOD and mean mass loading of carbonaceous aerosol and dust in part per billion by mass (ppbm), during pre-monsoon (PRM) and peak-monsoon (PKM) for the SASM domain (60–90°E, 10–30°N).
	Table 2 Same as in Table 1, except for the EASM domain (100–130°E, 15–45°N).




