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Abstract 
 

The Asian summer monsoon anticyclone (ASMA) is an 

important large-scale dynamical circulation system in the 

upper troposphere and lower stratosphere (UTLS) region in 

the Northern hemisphere during the boreal summer. Using 

NCEP-NCAR reanalysis data set, our analysis revealed the 

spatial asymmetry in the ASMA. Based on this, the entire 

ASMA region has been divided into four regions namely 

North-West (NW: 32.5°-37.5° N, 40°-70°E), North-East 

(NE: 32.5°-37.5° N, 70°-100°E), South-West (SW: 27.5°-

32.5° N, 40°-70°E) and South-East (SE: 27.5°-32.5° N, 

70°-100°E). By making use of MLS satellite observations 

(for chemical constituents) and re-analysis datasets (for 

dynamical parameters), this work mainly focus in 

investigating the effect of the background dynamical 

conditions on the vertical distribution of carbon-monoxide 

(CO), water vapor (WV) and ozone (O3) in the UTLS 

region over these different ASMA regions. Similar to 

Tibetan Plateau (TP) mode, the MLS satellite observations 

for the period 2004-2020 showed enhancement in the 

tropospheric tracers (CO and WV) throughout the upper 

troposphere over eastern region (SE and NE) of the ASMA 

indicating the transport of boundary layer air to the UTLS 

region across these regions. This type of enhancement is 

seen only near tropopause over SW throughout the season 

and NW region of ASMA during the peak monsoon 

months. Our study also revealed the vertical transport of 

the tropospheric tracers to the higher altitudes over SE 

region is due to the strong updrafts associated with the deep 

convection over this region coupled with weakening of the 

zonal wind in the mid and upper troposphere. The 

enhancement of the tropospheric species over NW and SW 

only near troposphere is mainly due to the convective 

uplifting over the eastern region (particularly SE) and 

strong horizontal advection towards these regions. The 

increase in O3 concentration near tropopause over the NE 

and NW is found mainly due to the frequent stratospheric 

intrusions which occur over these regions during this 

season. This information is very useful in interpreting the 

different sources of chemical constituents in the ASMA.    

 

1. Introduction 
 

The Asian Monsoon is a large-scale dynamical circulation 

system of the Northern Hemisphere during the boreal 

summer (JJA) with convergent cyclonic flow in the lower 

troposphere and strong divergent anticyclone flow in the 

upper troposphere and lower stratosphere (UTLS). This is 

formed as a response to the intense heating of the Tibetan 

Plateau coupled with the latent heat release associated with 

the seasonally persistent convection over South and 

Southeast Asia [1], [2]. The ASMA longitudinally stretches 

from western Africa, across the Eurasian continent, to 

western Pacific (WP) Ocean  and vertically ranges between 

300 hPa and 70 hPa [3], [4]. The changes in the strength of 

the anticyclonic circulation is related to the variations in the 

intensity of the convective forcing and the associated latent 

heat release [5],[6].  

The studies focusing on the ASMA has gained 

more interest because of its role in the Stratosphere –

Troposphere Exchange (STE) processes which can affect 

the UTLS chemistry thereby resulting in significant 

radiative forcing changes. Previous studies concluded that, 

the strong updrafts associated with the prevalent deep 

convective events during the monsoon season can 

vertically transport the pollutants, aerosols and 

tropospheric chemical constituents from the surface to the 

UTLS region [7], [8].  However, the subtropical westerly 

jet in the north and tropical easterly jet in the south of the 

anticyclone trap and isolate the air from its surroundings 

[9], [10] leading to the formation of Asian Tropopause 

Aerosol Layer (ATAL) [11], [12]. The studies conducted 

using satellite measurements over ASMA near tropopause 

have found higher concentrations of tropospheric tracers 

(WV, CO, CH4, HCN, NOx) and lower concentrations of 

stratospheric tracers (O3, HNO3) [13], [14], [15]. The 

distribution of these trace gas concentrations varies 

depending on the position of the center (either over Iranian 

Plateau (IP) or over Tibetan Plateau (TP)) of the ASMA 

[16], [17], [18]. 

Many studies concluded that the variability of 

ASMA features (structure, spatial extent and location) on 

different temporal scales is due to the internal dynamic 

variability of the Asian summer monsoon [5], [7], [19]. 

There are some studies which investigated the spatial 

variability of the ASMA and associated changes in 

chemical composition [21], [22]. However, all these 

studies mentioned above are limited only to tropopause 

level. By considering the spatial variability in dynamics, 

deep convection near ASMA and the importance of vertical 

distribution, we in this study investigate the distribution of 

the UTLS chemical composition by dividing the entire 

ASMA into different regions. 



2. Data 
 

2.1. MLS Satellite data 

  

17 years (2004-2020) of Microwave Limb 

Sounder (MLS) WV, CO and O3 data for the period June 

to September have been used. This onboard payload of 

NASA’s EOS Aura satellite provides the profiles of 

chemical constituents and temperature in the earth’s 

atmosphere at 55 pressure levels over the latitude range 82˚ 

N-82˚S having a horizontal spacing of 1.5˚ X1.5˚ in both 

latitude and longitude.  

 

2.2. NCEP/NCAR Reanalysis data  

 

 Profiles of Zonal wind (U), Meridional wind (V), 

Pressure vertical velocity (ω) and Geopotential Height 

(GPH) obtained during the period 2004-2020 have been 

used in the present study. The data is available over the 

entire globe for every 6 hours from 1948 onwards with a 

horizontal resolution of 2.5˚X 2.5˚ both in latitude and 

longitude covering 17 pressure levels from 1000 hPa to 10 

hPa [27]-[28]. 

 

2.3. ERA-5 Reanalysis data  

  

This is an updated version of the previous system 

[29] with full input replacement fir ERA-Interim with finer 

resolution both in time and space [30]. We have made use 

of the potential vorticity (PV) from June to September 

between 2004 and 2020. These products are interpolated to 

37 pressure levels and are available hourly from 1979 

onwards at https://cds.climate.copernicus.eu/.  

 

2.4. NOAA-interpolated outgoing long wave radiation 

(OLR) 

 

Outgoing long-wave radiation (OLR) is a proxy 

for tropical deep convection. Gridded daily mean OLR data 

with a latitude and longitudinal resolution of 2.5° × 2.5° is 

available from 1974 onwards at 

https://psl.noaa.gov/data/gridded/data.interp_OLR.html. 

However, in this study we have made use of data from June 

to September for the period 2004 to 2020. 

 

3. Methodology 
 

3.1. Identification of regions of ASMA  

 
GPH contour is very much helpful in 

understanding the trough (low pressure) and ridge (high 

pressure) in the upper level counter parts of the surface 

cyclones and anticyclones. Several studies found the GPH 

values in the ASMA region ranges between 16.75 and 16.9 

km [31]–[33]. The long-term (2004-2020) mean of GPH 

and horizontal wind at 100 hPa obtained from NCEP-

NCAR reanalysis data for June to September is shown in 

Figure 1. A clear anticyclone circulation with a mean GPH 

ranging between 16.75 and 16.9 km is seen at 100 hPa from 

15˚N to 45˚N in latitude and from 30˚E to 120˚E in 

longitude. The maximum GPH value observed over the 

ASMA is ~16.9 km, but, however the core of the ASMA 

has GPH values ranging between 16.8 and 16.85 km in the 

region 27.5° -37.5°N and 40°-100 °E. The center value in 

the latitude range 27.5° -37.5°N is 32.5°N and in the 

longitude range 40°-100 °E is 70° E. North and South of 

32.5°N are considered as the northern and southern sides 

of ASMA, while the east and west of 70°E are the eastern 

and western sides of the ASMA, respectively. The four 

regions divided for the study are North-West (NW: 32.5°-

37.5° N, 40°-70°E), North-East (NE: 32.5°-37.5° N, 70°-

100°E), South-West (SW: 27.5°-32.5° N, 40°-70°E) and 

South-East (SE: 27.5°-32.5° N, 70°-100°E). 

 

4. Results 

 

4.1. Distribution of chemical constituents in 

the UTLS region over different ASMA regions 

 
The anomalies of these chemical species at each pressure 

level are estimated by subtracting the concentration of 

ASMA region averaged spatially between 15˚N-45˚N and 

30˚E-110˚E from the concentrations of respective regions 

(NW, NE, SE, and SW). The daily mean vertical CO, WV 

and O3 anomalies for different regions from June to 

September are shown in Figure 2.  Lowest concentrations 

of CO (~25-35 ppbv) are noticed at the lower levels in 

western side of the anticyclone (NW and SW) (Fig. 2(a) 

(b)). 

 Figure 1:  Spatial map showing the GPH mean values with 

wind circulation at 100 hPa obtained from NCEP/NCAR 

reanalysis from June to September during 2004 and 

2020.Magenta contour line represents OLR values less 

than 210 W/m2 obtained. Red line defines the ASMA 

region with GPH values 16.8 km.  

 

In contrast to the western regions of ASMA, the 

eastern regions (particularly SE) show maximum 

concentrations of CO (>30 ppbv) throughout the upper 

troposphere and lower stratosphere (Fig. 2(d)). This 

enhancement is clearly noticed from the end of June to mid 

of September. This enhancement which is referred as CO 

tropospheric hotspot is also noticed during TP mode using 

Whole-Atmosphere Community Climate Model 

(WACCM) by [32], [34]. The SW region of the ASMA 



showed enhancement in CO concentration (~10-15 ppbv) 

only in the upper troposphere throughout the season (Fig. 

2(b)). Similar enhancement is noticed in the NW region of 

the ASMA only during July and August with smaller 

magnitude (Fig. 2(a)). This type of enhancement which is 

seen only in the upper troposphere over the western regions 

of the ASMA is similar to that noticed over the longitudes 

50°-67.5°E during IP mode. 

 

 

 
Figure 2: (a) Vertical distribution of Carbon monoxide 

anomalies over (a) North-West (32.5°-37.5° N, 40°-70°E), 

(b) South-West (27.5°-32.5° N, 40°-70°E), (c) North-East 

(32.5°-37.5° N, 70°-100°E) and (d) South-East (27.5°-

32.5° N, 70°-100°E) regions of the ASMA region obtained 

from MLS observations from June to September for the 

period 2004-2020. (e)- (h) and (i)-(l) are same as (a)-(d) but 

for water vapor and ozone, respectively. 

 

The troposphere of the SE region throughout the 

season is the wettest compared to other regions of ASMA 

(Fig. 2(h)). The upper troposphere of NE ASMA region 

also showed wet (positive) anomalies (>80-100 ppmv), but 

they are present mainly during the peak monsoon months 

(July and August) (Fig. 2(g)). Dry (negative) anomalies 

(~80-100 ppbv) are noticed over the western side (NW and 

SW) of the ASMA in the UTLS (Fig. 2(e) and Fig. 2 (f)) 

indicating this region to be drier compared to the wet region 

(NE and SE). A decrease of ~30-35 ppbv is noticed in O3 

concentration particularly in the UTLS region over SE 

(Fig. 2(l)) and SW (Fig. 2(j)) regions of ASMA. This 

decrease is present throughout the troposphere over SE 

region of the ASMA. A similar decrease in O3 

concentration is also found over NW region of the ASMA 

but only near tropopause and lower stratosphere between 

June and August (Fig.2 (i)). An enhancement in O3 

concentration (~20-25 ppbv) is found over the northern 

regions (NW and NE) of the ASMA particularly around 

147 hPa (Fig. 2 (i), (k)). Low concentrations of O3 are 

noticed over NW (Fig. 2 (i)) region of ASMA particularly 

around 215 hPa from the end of June to Mid of September. 

 

 

4.2. Influence of background dynamics on the 

vertical distribution of the trace gases over 

different ASMA regions. 

The difference in the vertical profiles of zonal 

wind (U), meridional wind (V) and pressure vertical 

velocity (ω) over different regions with the spatially 

(22.5˚N-40˚N and 30˚E-110˚E representing the ASMA 

averaged climatology is shown in Figure 3. The seasonal 

mean OLR from June to September between the period 

2004 and 2020 is shown in Figure 4 (a). 

 

 
Figure 3: Vertical structure in zonal wind anomalies over 

(a) North-West (32.5°-37.5° N, 40°-70°E), (b) South-West 

(27.5°-32.5° N, 40°-70°E), (c) North-East (32.5°-37.5° N, 

70°-100°E) and (d) South-East (27.5°-32.5° N, 70°-100°E) 

regions of the Asian Summer Monsoon anticyclone region 

obtained from NCEP-NCAR reanalysis from June to 

September for the period 2004-2020. (e)-(h) and (i)-(l) are 

same as (a)-(d) but for meridional wind and pressure 

vertical velocity, respectively. 

 

Low OLR values are found over North Bay of 

Bengal, South East China and Myanmar regions indicating 

these regions to be highly convective. The daily OLR 

anomalies over different regions of the ASMA is obtained 

by comparing the respective region with the entire ASMA 

region and shown in Figure 4 (b). The eastern side of the 

ASMA is highly convective compared with the western 

side of the ASMA. The deepest convection is noticed 

mainly over the SE region of ASMA during the peak 

monsoon months. 

A prolonged decrease of ~10 m/s in zonal wind is 

noticed in the mid and upper troposphere over the southern 

regions (SE and SW) of the ASMA throughout the season 

(Fig.3 (b) and (d)).   The strong updrafts (Fig. 3(l)) 

associated with monsoon deep convection (negative OLR 

anomalies-Fig. 4(b)) and prolonged weak zonal wind in the 

mid and upper troposphere particularly over SE region 

(Fig. 3(d)) could vertically transport the chemical 

constituents from surface. High surface emissions of 

aerosols and gaseous pollutants are observed due to the 

presence of natural sources such as wildfires and dust 

storms [13], [35] and rapid urbanization [36], [37] of the 

developing nations in this region. 

This could be the reason for the observed 

enhancement in the CO and WV throughout the 

troposphere over SE (Fig. 2(c), (d) and Fig. 2(g), (h)). 

Similar enhancement is noticed near tropopause over the 

western side of the ASMA (Fig. 2 (a), (b) and Fig. 2 (e), 

(f)). 



 
 

Figure 4: (a) Spatial distribution of outgoing long-wave 

radiation (OLR) obtained from NCEP-NCAR reanalysis 

from June to September for the period 2004-2020 

(OLR<225 W/m2 is only highlighted) (b) Time series of the 

daily mean anomalies of OLR over different regions of the 

ASMA obtained during the same period. 

 

This increase is observed throughout the season 

over SW (Fig. 2(b) and Fig. 2(f)) and only during the peak 

monsoon months over NW (Fig. 2(a) and Fig. 2(e)). This 

enhancement only near tropopause over these regions 

could be due to the advective transport of the convectively 

lifted tracers over the eastern side of the ASMA towards 

the western side of the ASMA. The vertical distribution of 

O3 showed an increase just below the tropopause (147 hPa) 

particularly over the northern sector (NE and NW) of the 

ASMA (Fig. 2 (i), (k)). 

 

 
Figure 5: Time series of the seasonal mean (JJAS) of 

potential vorticity obtained from ERA-5 for the period 

2004-2020 over different ASMA regions. Error bars 

indicate the standard deviation. 

 

To examine the influence of stratospheric 

intrusion, the PV at 150 hPa is obtained from ERA-5 is 

plotted for all the ASMA regions. The mean and standard 

deviation of the PVU at 150 hPa during JJAS months for 

the period 2004 and 2020 over different ASMA regions is 

obtained and shown in Figure 5. High PVU is observed in 

the northern region of ASMA indicating more possibility 

of the stratospheric intrusion events over this region 

compared to southern region. This could be responsible for 

the observed increase in O3 concentrations below the 

tropopause. Larger standard deviation in PVU over 

northern side (NW and NE) compared to southern side (SW 

and SE) is noticed indicating higher variability. 

 

5. Summary and Conclusion 
 

In this study, by making use of MLS satellite observations, 

we have investigated the vertical distribution of the 

chemical species in connection with the spatial asymmetry 

of ASMA.  The major findings of this study are the 

following  

Increase in CO and WV (Fig. 2 (c), (d), Fig. 2(g), 

(h)) concentration is noticed throughout the upper 

troposphere over the eastern side of the anticyclone (NE 

and SE), which is mainly due to the strong updrafts 

associated with deep convection coupled with severe 

emissions of pollutants near surface over these regions. The 

weakening of the zonal wind over these regions also favors 

an easy transport (Fig. 3(b), (d)). 

The enhancement in these tracer concentrations is 

noticed only near tropopause over western side of the 

anticyclone (Fig. 2(a), (b) and Fig. 2(e), (f)). This could be 

due to strong advective transport of the pollutants emitted 

and convectively lifted over the eastern side of the ASMA 

towards the western side of the ASMA.  

The Enhancement in O3 concentrations (Fig. 2(i), 

(k)) near to tropopause particularly around 147 hPa which 

is observed only over the northern side (NE and NW) of 

the ASMA, is mainly due to the possibility of high PVU 

associated with frequent stratospheric intrusions over these 

regions.  

Thus, it is clear that there exists large spatial homogeneity 

in the trace gases distribution within ASMA region and 

need to be considered while estimating radiative forcing. 
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