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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Source apportionments of tropospheric 
ozone in Southeast Asia from 1990 to 
2019 are quantified with a tagging 
technique. 

• Significant increase in local NOx emis
sions is the reason for the increase in 
tropospheric ozone in Southeast Asia. 

• NOx emissions from ground trans
portation and international shipping 
explain the rapid rise in ozone 
concentrations. 

• Increasing anthropogenic NOx emissions 
enhance the efficiency of ozone pro
duction by VOCs.  

A B S T R A C T   

Observations indicate that tropospheric ozone (O3) concentrations over Southeast Asia have been increasing rapidly since the 1990s. Here, we quantify source 
contributions from geographical regions and emission sectors of the two distinct types of O3 precursors, i.e., nitrogen oxides (NOx) and volatile organic compounds 
(VOCs), to the increase in tropospheric O3 in Southeast Asia during 1990–2019 using an O3 source tagging technique implemented in a global chemistry-climate 
model. The results show that although local anthropogenic emission of NOx in Southeast Asia only contributes 18% of the annual averaged near-surface O3 con
centration, the increase in local NOx emission dominates the increasing trend of O3 concentration in Southeast Asia, accounting for 107% of the regional averaged 
trend of 1.07 ppb decade− 1. Increases in NOx emissions from East Asia and South Asia explain 29% of the increasing trend, but 9% is offset by the emission reduction 
in North America. The vertical O3 trends in the troposphere contributed by individual source regions are consistent with those near the surface. Ground trans
portation is responsible for 79% of the rapid O3 increase, followed by 39% contribution from international shipping. Because an increase in anthropogenic NOx 
emissions enhances the O3 production efficiency by VOCs, the increase in O3 concentrations in Southeast Asia is thereby largely contributed by methane and biogenic 
VOCs.   

1. Introduction 

Tropospheric ozone (O3) is an important greenhouse gas that can 

produce positive radiative forcing at the top of the atmosphere. It is also 
one of the major secondary air pollutants that damages human health by 
causing respiratory disease, harms vegetation, and prevents carbon 
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uptake by the biosphere (Sitch et al., 2007). Tropospheric O3 is mainly 
produced through photochemical reactions of O3 precursors such as 
nitrogen oxides (NOx), volatile organic compounds (VOCs), and carbon 
monoxide (CO) in the presence of sunlight. It also comes from the 
stratosphere-troposphere exchange. Given the relative long lifetime of 
O3 in the free troposphere, it can be transported by atmospheric circu
lation to distant regions and has a far-reaching effect on air quality 
(Jacob et al., 1999). 

Since the 1970s, the implementation of O3 control measures has 
resulted in a significant decrease in O3 concentrations observed at most 
stations worldwide (Schultz et al., 2017), especially over North America 
and Europe where anthropogenic emissions of NOx and VOCs were 
effectively controlled (Sicard et al., 2020; Zhang et al., 2019). In the last 
few decades, due to the continued growth in energy consumption and 
infrastructure development, it is well documented that emissions in Asia 
have increased dramatically, especially in East Asia and South Asia 
(Kurokawa et al., 2013). Although NOx and CO emissions have been 
largely reduced in China owing to clean air actions since 2010, 
non-methane VOCs (NMVOCs) emissions are still increasing (Zheng 
et al., 2018), leading to the elevated O3 levels in China (Lu et al., 2020). 

Based on surface observations (Cooper et al., 2020) and aircraft 
measurements (Gaudel et al., 2020), the latest IPCC AR6 (Sixth Assess
ment Report of the Intergovernmental Panel on Climate Change) re
ported that Southeast Asia had the largest increasing trend of O3 
concentration by 4–6 parts per billion (ppb) per decade since 1994, 
rather than East Asia or South Asia (Szopa et al., 2021). The rapid in
crease in O3 in Southeast Asia was also found in many other studies 
(Chang et al., 2017; Gaudel et al., 2018; Ziemke et al., 2019; Ahamad 
et al., 2020; Wang et al., 2022). Zhang et al. (2016) indicated that it was 
related to equatorward redistribution of anthropogenic emissions of O3 
precursors from developed to developing regions since 1980. Due to the 
intense sunlight, frequent deep convection, high temperature, and 
strong O3 sensitivity to emissions at low latitudes, the increase in NOx 
emissions has led to the unexpected increase in O3 concentrations in 
Southeast Asia (Zhang et al., 2021). However, it is still unknown which 
emission sectors or regions are responsible for the O3 increase in 
Southeast Asia. Wang et al. (2022) suggested that the growing anthro
pogenic emissions dominated the O3 increase over Peninsular Southeast 
Asia, but they did not quantitatively attribute the O3 increase to indi
vidual source regions. 

Source apportionment of air pollutants to emitting regions and sec
tors is useful to policymaking of emission control measures (Ren et al., 
2020, 2021; Yang et al., 2017, 2018, 2021). Fiore et al. (2009) estimated 
the impact of source regions on tropospheric O3 in receptor regions by 
comparing the results between reference simulation and sensitivity 
simulations, in which a small perturbation (e.g., 20% reduction) is 
applied to anthropogenic O3 precursors emitted from various source 
regions. This approach was also adopted in several studies (e.g., Fiore 
et al., 2002; Auvray and Bey, 2005; Guerova et al., 2057). Since O3 
production has a strong nonlinear relationship with its precursors, 
simply perturbing or turning off anthropogenic emissions from a given 
region for a particular O3 precursor can only characterize the response of 
O3 to an emission change, but cannot accurately quantify the contri
butions of precursors from various emitting regions and sectors to the 
total O3 concentrations. 

Recently, many studies used tagging methods to apportion O3 to 
different sources. Sudo and Akimoto (2007) applied O3 tagging method 
in a global chemical transport model to study the long-range transport of 
tropospheric O3 from various source regions, but they only tagged O3 
produced from source regions rather than its precursors. In Emmons 
et al. (2012), O3 tagging was implemented in the Model for Ozone and 
Related chemical Tracers (MOZART-4) by using artificial tracers of NO 
and its oxidation products, without considering VOCs. Some studies 
considered both NOx and VOCs for O3 tagging but simply gave equal 
weight to the two distinct types of O3 precursors (Grewe et al., 2017; 
Guo et al., 2017). In the O3 tagging method used by Butler et al. (2018, 

2020), earlier work of Emmons et al. (2012) was extended and improved 
by attributing tropospheric O3 to both NOx and VOCs emissions, as well 
as to transport from the stratosphere, in two separate simulations. 

Previous studies revealed an important role of precursor emissions 
from Southeast Asia in the global tropospheric O3. However, exact 
sources leading to the recent strong O3 increase in Southeast Asia have 
not been identified. In this paper, by adopting the O3 tagging technique 
described by Butler et al. (2018), we simulate tropospheric O3 from 
1990 to 2019 in a global chemistry-climate model and quantify contri
butions to O3 concentrations in Southeast Asia from different emitting 
regions and sectors of O3 precursors. Sect. 2 describes the model 
configuration, tagging method, and experimental design. Sect. 3 shows 
results on the quantified trends of source contributions of emitting re
gions and sectors to O3 concentrations in Southeast Asia. Sect. 4 sum
marizes the main conclusions. 

2. Methodology 

2.1. Model description 

The Community Atmosphere Model version 4 with chemistry 
(CAM4-chem) (Lamarque et al., 2012), which is the atmospheric 
chemistry component of CESM (the Community Earth System Model) 
version 1.2.2, is utilized in this study to simulate tropospheric O3. The 
model with the component setup of “FMOZ” is run at a spatial resolution 
of 1.9◦ (latitude) × 2.5◦ (longitude) with 26 vertical layers. This 
configuration applies atmospheric chemistry mechanism expanded from 
the Model for Ozone and Related chemical Tracers version 4 
(MOZART-4) (Emmons et al., 2010). Wind fields are nudged in this 
study toward the MERRA-2 reanalysis (Gelaro et al., 2017) to capture 
the observed atmospheric circulations. A comprehensive assessment of 
the model’s performance in simulating global tropospheric concentra
tions of O3 and precursors has been carried out by Tilmes et al. (2015), 
which showed that the observed tropospheric O3 over the tropics and 
Northern Hemisphere could be well reproduced by the model. 

2.2. Ozone source tagging technique 

The O3 source tagging technique recently implemented in 
CESM1.2.2 (Butler et al., 2018) is able to provide a separate attribution 
of tropospheric O3 to emissions of its precursors from individual sources, 
as well as the O3 transported from the stratosphere. Attributing tropo
spheric O3 to its precursors requires two parallel model runs, with NOx 
and VOCs tagged, respectively. More information of the O3 tagging 
technique refers to Butler et al. (2018). 

Source-receptor relationships of tropospheric O3 are quantified in 
this study by geographical regions and emitting sectors. Southeast Asia 
(12◦S–20◦N, 92◦E− 162◦E) is the receptor region of interest. Anthropo
genic emissions of NOx and NMVOCs from 9 geographical regions are 

Fig. 1. Source regions defined for O3 tagging, including North America (NAM), 
Europe (EUR), East Asia (EAS), South Asia (SAS), Southeast Asia (SEA), Central 
America (CAM), the Middle East (MDE), Africa (AFR), and the rest of the 
world (ROW). 
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tagged (Fig. 1), including Europe (EUR), North America (NAM), Central 
America (CAM), Middle East (MDE), Southeast Asia (SEA), South Asia 
(SAS), East Asia (EAS), Africa (AFR), and the rest of the World (ROW), in 
two parallel simulations (NOx-tagging and VOC-tagging). Natural 
sources, including chemical production in the stratosphere (STR), 
biomass burning emissions (BMB), biogenic emissions (BIO), lightning 
production (LGT) and extra chemical production (XTR) are also tagged. 
Additional tags for methane (CH4) and CO are applied in the VOC- 
tagging simulation. 

Another set of simulations partitioning O3 into individual source 
sectors of NOx and VOCs are also performed. Anthropogenic emissions 
from different sectors, including agriculture (AGR), energy trans
formation and extraction (ENE), industrial combustion and processes 
(IND), residential, commercial and other (RCO), ground transportation 
(TRA), waste disposal and handling (WST), international shipping 
(SHP), and solvents (SLV), are separately tagged for NOx and NMVOCs 
in the NOx-tagging and VOCs-tagging simulations, respectively. Natural 
sources and CH4 are separately tagged in this set of simulations. 

2.3. Emissions of ozone precursors 

The global historical anthropogenic emissions of NOx, CO, and 
NMVOCs during 1990–2019 are from the Community Emissions Data 
System (CEDS) version 20210205 (Hoesly et al., 2018). Biomass burning 
emissions over 1990–2014 are derived from the historical inventory 
(van Marle et al., 2017), and the remaining years (2015–2019) are from 
SSP2-4.5 scenario (O’Neill et al., 2016) of the CMIP6 (Coupled Model 
Intercomparison Project Phase 6). NOx and NMVOCs emissions from 
biogenic sources are specified in Tilmes et al. (2015) and held at 
present-day climatological levels. NOx emissions from lightning are 
estimated according to Price et al. (1997). CH4 concentrations are kept 
at a global mean level of 1760 ppb. 

Fig. 2 presents the time series of NOx and NMVOCs emissions from 
individual sectors over Southeast Asia during 1990–2019. In general, 
the NOx emissions increased rapidly from 1990 to about 2015, owing to 
the emission increases from ground transportation, international ship
ping and energy sectors, and then slightly declined. NMVOCs emissions 
also show moderate growth during 1990–2019, primarily due to the 
emission increases from ground transportation and energy sectors. The 
biomass burning emissions of NMVOCs display a large interannual 
variability, which exert high emissions in certain years (e.g., 1991 and 
1997). 

2.4. Experimental design 

Four groups of experiments are performed in this study, each of 
which has two parallel simulations with NOx-tagging and VOCs-tagging, 
respectively. In two baseline groups, emissions from geographical 
source regions and individual emission sectors are tagged separately. 
The two baseline groups (BASE) are driven by the time-varying 

emissions of O3 precursors and wind fields, which are primarily used to 
quantify source contributions to increases in O3 levels in Southeast Asia 
unless stated otherwise. The other two groups of experiments (MET) 
have the same model configuration as BASE, except that anthropogenic 
emissions are kept at the level of year 2019. The relative influences of 
changes in anthropogenic emissions and large-scale circulations on O3 
trends can be derived by comparing BASE and MET simulations. All 
simulations are conducted from 1990 to 2019 following a two-year 
model spin-up. 

3. Results 

3.1. Source apportionment of tropospheric ozone in Southeast Asia 

Based on the unique global O3 tagging technique, modeled near- 
surface O3 concentrations in Southeast Asia can be quantitatively 
attributed to the precursor NOx and VOCs emitted from both local 
Southeast Asian sources and remote source regions, as well as specific 
source sectors. Fig. 3 illustrates the relative contributions of NOx and 
VOCs emissions from the major tagged source regions and sectors to the 
annual mean near-surface O3 concentrations in Southeast Asia averaged 
over 1990–2019. 

In the NOx-tagging experiments, Southeast Asia local anthropogenic 
emission of NOx only explains 18% of the annual mean near-surface O3 
in Southeast Asia, while long-range transport of O3 generated by 
anthropogenic NOx emissions from regions outside Southeast Asia and 
O3 production from natural sources dominate near-surface O3 in 
Southeast Asia. Anthropogenic emission of NOx from the rest of the 
world and East Asia has a contribution of 19% and 9%, respectively 
(Fig. 3a). Among the emission sectors, international shipping emission 
of NOx has the largest contribution to the near-surface O3 concentration 
in Southeast Asia (22%) (Fig. 3c), which also explains the large contri
bution of emissions from the rest of the world. Ground transportation 
and energy related emissions contribute 14% and 8% to the O3 in 
Southeast Asia, respectively. Natural sources such as lightning produc
tion and those from the stratosphere, biogenic emission and biomass 
burning emission of NOx account for 14%, 12%, 11% and 6% of the near- 
surface O3 in Southeast Asia, respectively. 

In the VOCs-tagging, CH4 and biogenic NMVOCs (BVOCs) are the 
major sources of annual mean near-surface O3 concentration in South
east Asia, each contributing about one-third of the O3 concentration. 
Anthropogenic NMVOCs only contributes about 10% of O3 concentra
tion in Southeast Asia (Fig. 3b and d). 

Fig. 4 shows the vertical profile of contributions from individual 
source regions and sectors to annual mean tropospheric O3 concentra
tions in Southeast Asia. In the NOx-tagging experiments, local emissions 
and ROW emissions are the primary sources of tropospheric O3 in 
Southeast Asia below 500 hPa. Above 500 hPa, stratospheric O3 intru
sion and emissions from lightning activity account for the majority of O3 
in Southeast Asia. Anthropogenic emissions of NOx from East Asia and 

Fig. 2. Time series of NOx (Tg N yr− 1) and NMVOCs (Tg C yr− 1) emissions from individual sectors over Southeast Asia during 1990–2019, including agriculture 
(AGR), energy transformation and extraction (ENE), industrial combustion and processes (IND), residential, commercial and other (RCO), international shipping 
(SHP), solvents production and application (SLV), ground transportation (TRA), waste disposal and handling (WST), biogenic emissions (BIO), and biomass 
burning (BMB). 
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South Asia also contribute considerably to Southeast Asian O3 at all 
altitudes by 4–5 parts per billion (ppb). International shipping and 
ground transportation are the two main contributors among all 
anthropogenic sectors of NOx across the troposphere. In the VOCs- 
tagging simulations, BVOCs and CH4 together are responsible for more 
than half of the O3 from the surface to 300 hPa and the stratospheric 
contribution increases with height in the troposphere. 

3.2. Ozone trend contributed by individual source regions 

The model simulations (both NOx-tagging and VOCs-tagging) show 
that near-surface O3 concentrations in Southeast Asia have been 
increasing since 1990 (Fig. 5), with the most significant increase of 4–5 
ppb decade− 1 over the maritime Southeast Asia (Fig. 6a), which is 
consistent with the observations. However, the observation shows a 
strong increase in O3 concentrations by 4–5 ppb decade− 1 around the 
mainland Southeast Asia, while the model only predicts 2–3 ppb deca
de− 1 increase in this region. With time-varying emissions considered, all 

Fig. 3. Relative contributions (%) to annual mean 
near-surface O3 in Southeast Asia averaged over 
1990–2019 by (a, c) NOx and (b, d) VOCs emissions 
from individual source regions (top) and sectors 
(bottom). Source regions include the nine regions 
defined in Fig. 1 for anthropogenic emissions, as well 
as global BMB, BIO, aircraft (AIR), lightning (LGT), 
stratosphere (STR), and CH4. Emission sectors include 
AGR, ENE, IND, RCO, SHP, SLV, TRA, WST, BMB, 
BIO, AIR, LGT, STR, as well as those produced by CO 
and CH4. Values larger than 5% are marked.   

Fig. 4. Annual mean vertical profile of tropospheric O3 concentrations (ppb) over Southeast Asia contributed by (a, c) NOx and (b, d) VOCs emitted from individual 
source regions (top) and sectors (bottom) during 1990–2019. 
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regions in Southeast Asia show an increasing trend of 2–5 ppb decade− 1 

in the BASE experiments, with a regional averaged trend of 1.07 ppb 
decade− 1. In the MET experiments with emissions fixed at year-2019 
level, the O3 trends decrease to those within ±1 ppb decade− 1 and are 
statistically insignificant across Southeast Asia, suggesting that the 
emission changes dominate the O3 trends over Southeast Asia during 
1990–2019 in the BASE experiments. 

Throughout the troposphere, the simulated O3 column burden also 
shows an increasing trend of 1–3 DU decade− 1 (Fig. 7a) over Southeast 

Asia averaged over 2004–2019, which is lower than satellite retrievals 
during 2005–2020 (2–4 DU decade− 1) (Fig. 7b). The bias in the modeled 
trends of O3 burden is partly because the model underestimates the 
annual O3 burden in the mainland Southeast Asia but overestimates it 
over Maritime Continents, comparing to the satellite retrievals (Fig. 7c 
and d). In addition, CEDS emission inventory has been reported to un
derestimate NOx emission trends over the mainland Southeast Asia but 
overestimate the emission trends over Maritime Continents in the recent 
decade (Wang et al., 2022), leading to the low bias of O3 trends over the 
mainland Southeast Asia and the downwind areas. 

Fig. 8 decomposes the modeled trend of near-surface O3 concentra
tions in Southeast Asia into contributions from individual source re
gions. Although local anthropogenic NOx emissions only account for 
about one-fifth of the annual O3 concentration, it is responsible for the 
decadal trend of the O3 concentrations in Southeast Asia during 
1990–2019, contributing to 1.15 ppb decade− 1 (107% relative to the 
total trend) of the O3 trend. The increase in local NOx is in accordance 
with satellite retrievals (Georgoulias et al., 2019). Anthropogenic NOx 
emissions from the rest of the world account for 0.37 ppb decade− 1 

(35%) of the trend, followed by 0.19 and 0.12 ppb decade− 1 (18% and 
11%) due to NOx emissions from East Asia and South Asia, respectively, 
partly offset by − 0.11 ppb decade− 1 (− 10%) due to an emission decline 
in North America. Specifically, from 1990 to 2019, anthropogenic NOx 
emissions increased by 65% and 161% in East Asia and South Asia, 
respectively, and decreased by 56% in North America according to the 
CEDS inventory. Increased aircraft emissions lead to an O3 increase of 
0.09 ppb decade− 1 (8%). Although natural sources are kept unchanged 
during the simulation, their changes tend to reduce near-surface O3 
concentration, associated with the weakened O3 production efficiency 
by NOx with increases in anthropogenic NOx emissions. 

For VOC-tagging, as the increases in anthropogenic NOx emissions, 
the O3 production efficiency by VOCs increases, leading to the large 
increasing O3 trends of 0.58 and 0.33 ppb decade− 1 (54% and 31%) in 
Southeast Asia contributed by CH4 and BVOCs, respectively. Anthro
pogenic NMVOCs emissions from Southeast Asia, East Asia, Africa and 
South Asia contribute to the increasing O3 trend by 0.17, 0.09, 0.06 and 
0.05 ppb decade− 1 (16%, 8%, 6% and 5%), respectively, while emission 
reductions in North America and Europe dampen the trend by 0.10 and 
0.06 ppb decade− 1 (9% and 6%), respectively, during 1990–2019. 

The difference in source region contributions to the vertical profile of 
tropospheric O3 concentrations over Southeast Asia between 2015–2019 
and 1990–1994 (Fig. 9) shows that the largest increasing trend of O3 
concentration is around 450 hPa, related to the tropical convection 

Fig. 5. Time series of near-surface O3 concentrations (ppb) averaged over Southeast Asia contributed by NOx (a, c) and VOCs (b, d) emitted from individual source 
regions (top) and sectors (bottom) during 1990–2019. 

Fig. 6. Linear trends (ppb decade− 1) of simulated (contours) annual mean 
near-surface O3 concentrations during 1990–2019 from (a) BASE and (b) MET 
experiments. Observed trends of O3 concentrations during 1994–2016 at two 
regions from Gaudel et al. (2020) are also shown in (a) as color-filled boxes. 
Areas without hatches indicate statistical significance with 95% confidence. 
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lifting the emitted O3 precursors to higher altitudes and more intense 
sunlight there. Southeast Asian local NOx emissions contribute the 
largest portion of the O3 increase throughout the troposphere, followed 
by the rest of the world, South Asia, and East Asia. The contributions of 
anthropogenic NOx emissions from Europe and North America to 
tropospheric O3 in Southeast Asia decrease at all altitudes due to their 
effective emission reduction. The contributions of lightning, biogenic 
emissions, and biomass burning emissions also decrease throughout the 
troposphere. CH4 is the largest contributor to the increase in tropo
spheric O3 in Southeast Asia among the VOC tags, followed by BVOCs 

emissions, due to the increases in NOx emissions and the enhanced O3 
production efficiency by VOCs. 

3.3. Ozone trend contributed by emission sectors 

Time series of annual near-surface O3 concentrations averaged over 
Southeast Asia is shown in Fig. 5 and trends of O3 concentrations 
contributed by individual emitting sectors during 1990–2019 are shown 
in Fig. 10. During the analyzed period, anthropogenic NOx emission 
from ground transportation has the largest contribution of 0.84 ppb 

Fig. 7. (a, b) Linear trends (DU decade− 1) and (c, d) 16-year average (DU) of annual mean tropospheric O3 burden from the BASE simulation (2004–2019, top) and 
(b) OMI/MLS satellite retrievals (2005–2020, bottom). Areas without hatches indicate statistical significance with 95% confidence. 

Fig. 8. Linear trends (ppb decade− 1) of near-surface O3 concentrations in Southeast Asia contributed by NOx (left) and VOCs (right) emitted from individual source 
regions. The trends marked with red color numbers indicate statistical significance with 95% confidence. 

Fig. 9. Changes in annual mean vertical profile of tropospheric O3 concentrations over Southeast Asia between 1990–1994 and 2015–2019 contributed by the NOx 
(left) and VOCs (right) emitted from individual source regions. 
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decade− 1 (79%) to the increasing O3 trend among all sectors, which is 
due to the large increase in NOx emission from this sector (Fig. 2). In
ternational shipping (0.42 ppb decade− 1 or 39%), energy (0.28 ppb 
decade− 1 or 26%) and industry (0.16 ppb decade− 1 or 15%) sectors also 
contribute to the O3 increase in Southeast Asia, consistent with the 
emission changes during this time period. Decrease in biomass burning 
emission together with the weakened O3 production efficiency by NOx 
accounts for a decrease of − 0.33 ppb decade− 1 (− 31%) in O3 
concentration. 

When the O3 trend is attributed to VOCs, CH4 and BVOCs contribute 
the most to the increasing O3 trend in Southeast Asia, resulting from 
their dominant roles in O3 production and enhanced O3 production ef
ficiency by VOCs. The increase in NMVOCs emission from energy sector 
(Fig. 2) is responsible for 0.13 ppb decade− 1 (12%) of the O3 increase. 
Although NMVOCs emission from ground transportation increased the 
largest among all sectors, the O3 produced by this sector only shows a 
weak increase in Southeast Asia during 1990–2019, possibly owing to 
the non-linear response of O3 production to its precursor emissions in 
sub-regions of Southeast Asia, which deserves further exploration with 
finer model resolution. 

4. Conclusions and discussions 

Tropospheric O3 concentrations in Southeast Asia have been 
increasing rapidly since 1990s, but quantitative attributions of the O3 
increase in Southeast Asia to different source regions and sectors of its 
precursor emissions lack a comprehensive investigation. In this study, 
using a global chemistry-climate model with an explicit O3 source 
tagging technique, we investigate the long-term trends and source ap
portionments of tropospheric O3 concentrations in Southeast Asia dur
ing 1990–2019. The O3 trends in Southeast Asia over 1990–2019 were 
found to be dominated by changes in anthropogenic emissions rather 
than in large-scale atmospheric circulation. 

Overall, the annual tropospheric O3 concentrations in Southeast Asia 
are dominated by the long-range transport of O3 generated by anthro
pogenic NOx emissions from regions outside Southeast Asia and O3 from 
natural sources, while local anthropogenic NOx emissions only 
contribute 18% of annual average near-surface O3 in Southeast Asia. 
However, local NOx emissions account for 107% of the simulated near- 
surface O3 increasing trend of 1.07 ppb decade− 1 averaged over 
Southeast Asia, which is due to a large increase in local anthropogenic 
NOx emissions during 1990–2019. Increases in anthropogenic NOx 
emissions from East Asia and South Asia explain 29% of the O3 
increasing trend, but 10% of the trend is offset by the NOx emission 
reduction in North America. The vertical O3 trends in the troposphere 
contributed by individual source regions are consistent with those near 
the surface. The increase in NOx emissions from ground transportation is 
responsible for 79% of the near-surface O3 increasing trend in Southeast 
Asia, followed by 39% contribution from the more frequent interna
tional shipping activities. A decrease in biomass burning NOx emission 
reduces the O3 increasing trend by 31%. 

Anthropogenic NMVOCs emissions account for 10% of the averaged 
near-surface O3 concentration in Southeast Asia, while CH4 and BVOCs 
contribute 37% and 31%, respectively. CH4 and BVOCs are also the 
largest contributors (54% and 31%) to the increase in near-surface O3 
concentrations in Southeast Asia, which is because the increase in 
anthropogenic NOx emissions enhances the O3 production efficiency of 
VOCs. Anthropogenic NMVOCs emissions from Southeast Asia, East 
Asia, Africa and South Asia contribute to the O3 increasing trends by 
16%, 8%, 6% and 5%, respectively, while emission reductions in North 
America and Europe dampen the increasing trends by 9% and 6% during 
1990–2019. 

This study quantitatively examined the contributions of major source 
regions and sectors of O3 precursor emissions to tropospheric O3 con
centrations in Southeast Asia based on the state-of-the-art O3 tagging 
technique implemented in a global chemistry-climate model. The results 
are expected to provide new insights into the mitigation of O3 pollution 
in Southeast Asia from perspectives of local sources and intercontinental 
transport. It should be noted that the model underestimates the O3 
trends in terms of both near-surface concentration and column burden in 
the mainland Southeast Asia, which is likely related to biases in emission 
inventory (Wang et al., 2022). If the O3 trends are accurately simulated 
by the model, the source contributions from anthropogenic NOx emis
sions would be larger than estimated here. Additionally, due to the lack 
of long-term observations, the results are presented with model simu
lations together with limited observational and satellite data. More 
observations are required to support the modeling results in the future. 
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