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Abstract: Satellite observations show that carbon monoxide (CO) concentration centers exist in
the tropopause region of the Tibetan Plateau, while their sources and formation mechanism still
remain uncertain. In this paper, the 3-D chemical transport model GEOS-Chem is used to conduct
sensitivity analysis in 2016. Combined with the analysis data and satellite data, the contribution
of three important emission sources (South Asia, East Asia and Southeast Asia) and two important
chemical reaction species (CH4 and nonmethane volatile organic compounds (NMVOCs)) to CO in
the upper troposphere and lower stratosphere (UTLS) are studied. The results show that in the Asian
monsoon region CO emissions originating from the surface are transported to the upper troposphere
via a deep convection process and then enter the Asian Summer Monsoon (ASM) anticyclone. The
strong ASM anticyclone isolates the mixing process of air inside and outside the anticyclone, upon
entry of carbon monoxide-rich air. In the lower stratosphere, the intensity of the ASM anticyclone
declines and the air within the anticyclone flows southwestward with monsoon circulation. We
found that in the summer Asian monsoon region, South Asia exhibited the highest carbon monoxide
concentration transported to the UTLS. CH4 imposed the greatest influence on the CO concentration
in the UTLS region. According to the model simulation results, the CO concentrations in the Asian
monsoon region at 100 hPa altitudes were higher than those in other regions at the same latitudes.
Regarding effects, 43.18% originated from CH4 chemical reactions, 20.81% originated from NMVOC
chemical reactions, and 63.33% originated from surface CO emissions, while sinks yielded a negative
contribution of −27.32%. Regarding surface CO emissions, East Asia contributed 13.56%, South Asia
contributed 39.27%, and Southeast Asia contributed 7.15%.

Keywords: upper troposphere and lower stratosphere; carbon monoxide; South Asia high pressure;
atmospheric chemical transport model

1. Introduction

Stratosphere-troposphere exchange (STE) entails the transport process of atmospheric
chemical components across the tropopause [1]. STE processes notably influence the spatial
distribution of atmospheric components and atmospheric circulation. For example, the
Brewer–Dobson circulation is a global-scale meridional circulation in the stratosphere [2,3].
Tropospheric air can reach the stratosphere across the tropopause through the ascending
branch of the Brewer–Dobson circulation, and stratospheric air can also enter the tropo-
sphere through the descending branch of the Brewer–Dobson circulation [4]. However, as
the ascending branch of the Brewer–Dobson circulation mainly participates in the STE pro-
cess in the tropical region, the underlying surface of the tropical region is dominated by the
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ocean, and the air is relatively clean [5,6]. Therefore, the material transport and exchange
process over the heavily polluted Asian monsoon region has aroused the interest of many
scholars [7]. ASM anticyclone system is considered to be an important transport pathway
for water vapor and pollutants into the stratosphere [8]. With a substantial amount of
organic and sulfur emissions in Asia, the ASM anticyclone serves as an efficient smokestack
venting aerosols to the upper troposphere and lower stratosphere [9]. Many satellite obser-
vations indicate that the location of the monsoon anticyclone in the upper troposphere and
lower stratosphere (UTLS) region corresponds to the extreme center of the atmospheric
composition in summer. For example, the concentration of atmospheric components in the
troposphere (HCN, water vapor, CO, and CH4) in this region is significantly higher than
that in other regions at the same latitudes [7,10,11].

A deep convection system is another important process of vertical transport of the
atmospheric mass, which can transport air from the surface to the upper troposphere or
even the lower stratosphere [12]. This process can transport trace gases in the atmosphere
over a longer period of time. These trace gases typically exhibit a longer lifetime or
retention time in the UTLS region than that in the lower troposphere. Therefore, the spatial
distribution characteristics and content of these trace gases in the upper troposphere or
lower stratosphere are closely related to the deep convective system [13]. Deep convective
processes transport air in the lower troposphere to the UTLS region [14]. Scholars used
the Model for Ozone and Related Tracers 4 (MOZART 4) to simulate the source of CO
in ASM anticyclones in the UTLS region and found that CO mainly stemmed from India
and Southeast Asia [15]. In addition to the above two areas, eastern China is a high-CO
emission area [16,17]. The monsoon circulation in East Asia is different from that in South
Asia. Regarding the STE process, the intensity of the plum rain period in East Asia can
affect the transport of pollutants in the upper air [18].

In the next section, we describe the numerical models, satellite data and reanalysis
data applied in this study. In Section 3, we analyze the dynamic process of air transport
from the lower troposphere to the UTLS region and quantify the effects of surface emissions
and chemistry on high-altitude CO concentrations. Finally, the main conclusions of this
study are outlined in the fourth section.

2. Data and Methods
2.1. Model Description and Experimental Setup

GEOS-Chem is a global 3-D model of the atmospheric chemistry driven by mete-
orological inputs retrieved from the Goddard Earth Observation System (GEOS) of the
NASA Global Modeling and Assimilation Office. We used version 12.9.3 (http://acmg.
seas.harvard.edu/geos/), driven by Modern-Era Retrospective analysis for Research and
Applications (MERRA-2) reanalysis data. The model was applied to simulate CO glob-
ally in the 2◦ × 2.5◦ GEOS-Chem horizontal grid. Tagged-CO is a calculation scheme
of the GEOS-Chem model, and only the CO concentration and distribution were simu-
lated. Compared to the full chemical simulation scheme, the chosen scheme could save
more computing time. All the relevant simulation experiments adopted in this paper are
tagged-CO experiments. CO concentrations were calculated based on surface emissions
and chemical effects by using different carbon monoxide emission inventories for different
areas. Anthropogenic emissions in Canada were retrieved from the Air Pollutant Emission
Inventory (APEI) v2016. The National Emission Inventory (NEI) v2015-03 was used for
North American regional emissions. The Diffuse and Inefficient Combustion Emissions in
Africa (DICE-Africa) inventory includes anthropogenic emissions originating from biofuel
burning and fossil fuel burning in the African region [19]. MIX v1.1 listings were used for
Asia [20]. Emissions stemming from aircraft and ships worldwide are contained in the Com-
munity Emissions Data System (CEDS) inventory [21]. The Global Fire Emissions Database
(GFED2) inventory provided data on carbon monoxide emissions stemming from biomass
burning. The volatile organic compound (VOC) biological source emission inventory was
calculated via the Model of Emissions of Gases and Aerosols from Nature (MEGAN) [22].

http://acmg.seas.harvard.edu/geos/
http://acmg.seas.harvard.edu/geos/
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Combined with the above inventory, Figure 1a shows the five-year average results of sum-
mer surface emission rates from 2016–2020. Regions with OLR ≤ 220 W/m2 were used
to represent areas with a high incidence of deep convective activity [23]. Figure 1b show
Five-year average results of surface emission OLR in summer (June, July and August) from
2016–2020. The white area indicates the area of OLR ≤ 220 W/m2. In the simulation, the
time step of convection transport and parallel transport are 10 min. Regarding the chemical
processes involved in the GEOS-Chem model, the simulations were performed at a time
step of 20 min.
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Figure 1. Five-year average results of surface emission rate (a) and OLR (b) in summer (June, July
and August) from 2016–2020. The red line represents the area where OLR ≤ 220 W/m2.

Global CO concentrations were simulated at altitudes ranging from the surface to
0.01 hPa. The three regions shown in Figure 2 have relatively high surface CO emissions
in Asia. We focused on the contribution of surface CO emissions in these three regions to
the CO concentration in the UTLS over the Tibetan Plateau. As shown in Figure 2, parts of
eastern China and surrounding countries belong to East Asia. Among these parts, Xinjiang
and Tibet in China were not included in this study because their surface emission sources
were relatively negligible. The Philippines, Laos, Thailand, Vietnam, Cambodia, Myanmar,
Malaysia, Brunei, Singapore, Indonesia, Timor-Leste and Papua New Guinea and their
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surrounding waters were designated as Southeast Asia. India, Bangladesh, Nepal, Sri
Lanka, Bhutan and Pakistan and their surrounding waters were defined as South Asia.
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In this paper, five controlled experiments were conducted to simulate the atmospheric
CO concentration in the summer from 2016–2020 (June, July and August) using the GEOS-
Chem model.

UTLS high CO concentrations in the Asian monsoon region occurred over the Tibetan
Plateau. To quantify the effect of surface emissions on CO concentrations in the UTLS over
the Tibetan Plateau, a sensitivity experiment to simulate the distribution of CO atmospheric
concentrations in 2016 was conducted to eliminate CO emissions in South Asia, East Asia
and Southeast Asia. The effects of surface CO emissions in these regions on the global UTLS
region were obtained by comparing three sensitivity experiments and control experiments.
In these experiments, the effect of surface CO emissions on the CO concentration in the
UTLS region could be obtained. The proportion of CO sources in the high-CO concentration
region in the UTLS over the Tibetan Plateau could be quantified.

Chemical reactions are also an important way to generate CO. To quantify CO gen-
erated by chemical reactions, CH4 and nonmethane VOCs (NMVOCs) worldwide were
eliminated in the sensitivity experiment to simulate the atmospheric concentration distri-
bution of CO in 2016. The effects of CH4 and NMVOCs on CO concentrations in the UTLS
region globally were obtained by analyzing the differences between the two sensitivity
experiments and the 2016 control experiment.

2.2. Reanalysis Data

MERRA-2 is a reanalysis product issued by NASA that provides meteorological data
documentation from 1 January 1980, to 31 January 2022. The assimilation system is an
improvement over the original MERRA reanalysis data, enabling the assimilation of modern
hyperspectral radiation and microwave observations, as well as GPS-radio datasets. Other
advances in the GEOS model and GPS assimilation system are included in MERRA-2. The
spatial resolution is roughly the same as that of MERRA. This article used MERRA-2 data
downloaded from http://geoschemdata.wustl.edu/.

The Outgoing longwave radiation (OLR) generally refers to the long-wave radiation
outward from the top of the atmosphere. The value of OLR is mainly determined by cloud
and atmospheric temperature. The higher the cloud top, the lower the cloud top tempera-
ture, and the smaller the OLR. It means the stronger the convection. The low value region of
the OLR is the main convective region. Convective systems can develop all the way up to the

http://geoschemdata.wustl.edu/
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tropopause. This paper uses the OLR global grid data the National Center for Atmospheric
Research (NCAR)/National Centers for Environmental Prediction (NCEP) 2.5◦ × 2.5◦ in
the summer of 2016 in the United States. This dataset can be downloaded at website: https:
//climatedataguide.ucar.edu/climate-data/outgoing-longwave-radiation-olr-avhrr, ac-
cessed on 15 May 2022. According to previous research [23], OLR ≤ 220 W/m2 was used
in this paper to represent the region with a high incidence of deep convective activity.

2.3. Satellite Observation Data

The Microwave Limb Sounder (MLS) is an instrument aboard the sun-synchronous
polar orbit satellite Aura. It can provide vertical profiles for various trace gases (O3,
CO, N2O et al.) from the upper troposphere to the stratosphere. Compared to optical
measurements, microwave detection is not affected by aerosols, cloud masks, CO2 or other
factors in the atmosphere. The influence of the atmospheric temperature on meridional
measurement and the measurement accuracy of the MLS is also limited. In this study, we
used level 3 data of version 4.2 (https://aura.gsfc.nasa.gov/mls_stratchem.html, accessed
on 15 May 2022). The spatial coverage is nearly global (82◦N–82◦S). The spatial resolution
is 4◦ × 5◦ (latitude × longitude) [24]. The recommended vertical range varies between
215 and 0.004 hPa. The vertical resolution is approximately 6 km.

3. Results
3.1. Model Evaluation

Figure 3 shows the five-year average (2016–2020) distribution characteristics of CO
at 100 hPa and 215 hpa. The GEOS-Chem model simulation results and MLS satellite
observations showed similar CO distribution characteristics at 100 hPa. In Figure 3a,b,
there was only one high value region of the CO concentration located over the Tibetan
Plateau in the Asian monsoon region. We interpolate the coordinate system of the model
data into the coordinate system of the satellite data. The following calculation shall be
carried out within the specified range:

A =
G − M

n

A is the average deviation of the two arrays. G represents the data of GEOS-Chem
model. M stands for MLS satellite data and n represents the number of samples. In the
latitude range of 100 hPa from 45◦S to 45◦N, at 100 hPa the average deviation between
the simulated values and the satellite observations is 18.75 ppbv. The root mean square
error of the two arrays is 19.82 ppbv and the correlation coefficient is 0.66. There were three
high-value regions of the CO concentration at 215 hPa, which were distributed in North
America, Asia and South Africa individually. Compared to Figure 3c,d, it could be found
that the model suitably simulated the spatial distribution characteristics of these three high-
value regions worldwide in the upper troposphere. In the upper troposphere, we compare
the simulation results at 226 hPa to the 215 hPa satellite observations. In the latitude range
of the upper troposphere from 45◦S to 45◦N, the average deviation between the simulated
values and the satellite observations is 21.78 ppbv. The root mean square error of the two
arrays is 13.10 ppbv and the correlation coefficient is 0.71. In UTLS the model simulates the
distribution characteristics of CO, but underestimates the concentration of CO.

The GEOS-Chem model provides a more refined horizontal resolution grid and more
accurate vertical resolution data than those associated with satellite observations. Based on
these model characteristics, this study conveniently examined the process of CO transport
from the ground to UTLS. In this paper, the GEOS-Chem model was used to simulate CO
at the global UTLS height and explore the reasons for high-value regions over the Tibetan
Plateau. In summary, the GEOS-Chem model could simulate the distribution characteristics
of CO at the UTLS height in summer, and the deviations between the simulated and
observed values could include uncertainties in the emission inventory used by the model,
defects in the model and MLS, and errors in the reanalysis data such as the humidity.

https://climatedataguide.ucar.edu/climate-data/outgoing-longwave-radiation-olr-avhrr
https://climatedataguide.ucar.edu/climate-data/outgoing-longwave-radiation-olr-avhrr
https://aura.gsfc.nasa.gov/mls_stratchem.html
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Therefore, in the range of altitude and latitude bands considered in this paper, the GEOS-
Chem model was used to study the transmission mechanism of the CO concentration
high-value region at the UTLS height.
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Figure 3. Comparison of the observed CO values in the UTLS region to the simulated values. (a) MLS
observation of the CO distribution at 100 hPa. (b) GEOS-Chem simulated CO distribution at 100 hPa.
(c) MLS observation of the CO distribution at 215 hPa. (d) GEOS-Chem simulated CO distribution at
225 hPa. Units: ppbv. MERRA-2 reanalysis data are used for the wind field.

3.2. Transport of CO from the Surface to the UTLS

As shown in Figure 1, countries with high emissions, such as India and China, occur
in the zone with a high incidence of deep convection activity. In addition, as shown in
Figure 3c, the ASM anticyclone also corresponds to the position of a high incidence of
deep convections. Air rich in CO with higher surface emissions is transported to the
upper troposphere via deep convection. This air enters the ASM anticyclone in the upper
troposphere. The strong ASM anticyclone obstructs the exchange of air inside and outside
the anticyclone, forming a high-value area of the CO concentration. As shown in Figure 3a,
the high-value centers of the CO concentration and the anticyclone center do not coincide.
At 100 hPa, the intensity of the anticyclone is weakened, and the pollutants within the
anticyclone flow from the southwest of the ASM anticyclone with atmospheric circulation.
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3.3. Source of the CO High-Concentration Area at 100 hPa

To quantify the effects of surface emissions or atmospheric chemical reactions in
different regions on the distribution of UTLS CO concentrations in summer, differences
between the control and sensitivity tests were considered influences of regional emissions
or precursor species. In this paper, two longitude regions were selected to represent the
concentrations in the high-value CO region and nonhigh-value CO region. The difference
in CO concentration between the high-value region (0–120◦E) and nonhigh-value region
(60–180◦W) at the same latitude of 100 hPa was compared.

We set a mask in the target area, and CO emissions in the area covered by the mask will
be automatically ignored in the calculation of the model. Figure 4 shows the effect of surface
emissions on the 100 hPa CO concentrations in East Asia, South Asia and Southeast Asia.
In the sensitivity experiment, we closed the regional emissions, and subtracted the results
of the sensitivity experiment from the results of the control experiment to obtain the impact
of regional emissions on the high-altitude CO concentration. At the top of each figure, the
graphs give the average results for the latitudes with the highest concentrations of CO. We
used 10–20◦N mean results for East and Southeast Asia and the 20–30◦N mean results for
South Asia. The right side of the concentration diagram shows the difference between the
high-value and nonhigh-value regions of CO at the different latitudes. In Figure 4a, only
surface carbon monoxide emissions in South Asia are closed. Surface emissions in South
Asia were mainly concentrated in the range from 20–30◦N at 100 hPa, and the influence on
the CO concentration reached up to 14 ppbv. Combined with an analysis of the circulation
field, surface CO in South Asia was transported to 100 hPa by the deep convection system
and diffused westward with monsoon circulation. In Figure 4b, only surface CO emissions
in East Asia are closed. The distribution characteristics of CO emissions originating from
East Asia and South Asia at the 100 hPa height were similar, concentrated over the Asian
monsoon region, and gradually weakened near the Tibetan Plateau. Compared to the other
two regions, the emissions in Southeast Asia yielded a wider impact, including on the CO
concentration in the Asian monsoon region. In Figure 4c, only surface CO emissions in
Southeast Asia are closed. The CO emissions stemming from Southeast Asia accumulated
in the range from 10–20◦N at 100 hPa. The maximum influence on the atmospheric CO
concentration at 100 hPa was 2.67 ppbv. This was the region with the smallest influence on
the 100 hPa CO concentration among the three regions selected in this chapter.

We shut down the global flux of CO chemically reactive species from the ground
to the stratosphere. The effect of species on CO concentrations in the UTLS can obtain
using the results of the control experiments minus the results of the experiments that shut
down the global flux. Figure 5 shows the effects of CO, CH4 and NMVOC emissions on
the concentration in the high-value region at 100 hPa. In the global UTLS region, CH4
generated a greater influence on CO concentrations than that of NMVOCs. In the lower
stratosphere, both CH4 and CO generated by NMVOCs exhibited the characteristics of a
high-CO value region over the Tibetan Plateau. The global surface CO emissions at 100 hPa
were concentrated in the Asian monsoon region, while the maximum values reached
22.47 ppbv.
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Figure 4. Effect of surface emissions on the 100 hPa CO concentrations in South Asia (a), East Asia
(b) and Southeast Asia (c). At the top of the concentration graph are the average results for the
latitudes with the highest concentrations of CO. The right side of the concentration diagram shows
the difference between the high-value and nonhigh-value regions of CO at the different latitudes.
Units: ppbv.

As indicated in Table 1, the simulation results of the GEOS-Chem model were lower
than the MLS satellite observations. The underline indicates the maximum impact of the
species or region on CO concentration at different latitudes. However, from 10–60◦N,
the data showed similar characteristics. The CO concentration was concentrated from
0–40◦N. Concentrations were higher in the Northern Hemisphere than those in the Southern
Hemisphere. Regarding the difference in CO concentration between the inside and outside
of the anticyclone at 100 hPa, 43.18% originated from CH4 chemical reactions, NMVOC
chemical reactions accounted for 20.81%, surface CO emissions accounted for 63.33%, and
the effect of sinks reached −27.32%. Regarding surface CO emissions, East Asia contributed
13.56%, South Asia contributed 39.27%, and Southeast Asia contributed 7.15%.

Table 1. Differences in the CO concentration in two longitude ranges. Units: ppbv.

Latitude (◦N) East Asia South Asia Southeast
Asia

CO
Emissions CH4 NMVOCs Control

Experiment MLS

−10–0 0.87 0.92 0.52 2.90 3.05 1.33 6.20 2.24
0–10 1.77 2.10 1.08 4.71 3.97 1.50 8.49 3.24

10–20 2.51 4.68 1.27 8.73 6.21 2.81 14.41 14.67
20–30 1.84 8.18 0.86 11.86 7.19 3.90 17.95 21.88
30–40 0.84 4.99 0.45 6.90 4.56 2.36 10.08 13.74
40–50 0.07 0.96 0.08 1.25 0.99 0.44 1.82 3.32
50–60 0.01 0.16 0.03 0.24 0.25 0.13 0.60 0.47
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4. Conclusions

In this paper, we used the GEOS-Chem chemical transport model and MLS satellite
observation data to analyze the origin of CO concentration high-value regions in the UTLS
over the Tibetan Plateau. The effects of CO and chemical reaction species emissions on
UTLS high CO concentrations were investigated using numerical models. Combined with
the satellite observation results of the MLS, the formation mechanism of the high-value
region of CO over the Tibetan Plateau and the transport path and transport mechanism of
CO from surface emissions to the upper troposphere and lower stratosphere were explored.

The GEOS-Chem model accurately simulated the CO concentration in the UTLS. The
CO emissions stemming from the surface of the Asian monsoon region were transported
via deep convections to the upper troposphere and lower stratosphere within the ASM
anticyclone. The ASM anticyclone prevented air exchange between the inside and the
outside of the anticyclone and helped to form a high-CO concentration area in the UTLS
region. According to the model simulation results, the CO concentration at 100 hPa in
the Asian monsoon region was higher than that in the other regions at the same latitude.
Regarding effects, 43.18% originated from CH4 chemical reactions, 20.81% originated from
NMVOC chemical reactions, and 63.33% originated from surface CO emissions, while
sinks yielded a negative contribution of −27.32%. Surface CO emissions were the main
reason for this difference. CH4 imposed a greater effect on the CO concentration than that
of NMVOCs at 100 hPa. Regarding surface CO emissions, East Asia contributed 13.56%,
South Asia contributed 39.27%, and Southeast Asia contributed 7.15%.
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