
1. Introduction
Tropospheric ozone is an air pollutant, a greenhouse gas, and an oxidant affecting climate and chemistry (Monks 
et al., 2015). Tropospheric ozone is mainly produced by the oxidation of CO and volatile organic compounds 
(VOCs) in the presence of nitrogen oxides (NOx = NO + NO2) and sunlight, with minor contributions from strat-
ospheric transport (Monks et al., 2015). Regional tropospheric ozone abundances are thus affected by variations 
in precursor emissions, photochemistry, and atmospheric dynamics. In Southeast Asia (Figure S1 in Supporting 
Information S1), including the Peninsular Southeast Asia (PSEA) and the Maritime Continent (MC, here refer-
ring to Malaysia, Singapore, Indonesia, and Brunei), tropospheric and surface ozone concentrations have report-
edly been increasing at individual locations in recent decades (Gaudel et al., 2018, 2020; IPCC, 2021). However, 
the long-term ozone trends across Southeast Asia and the drivers of such trends have not been systematically 
assessed, impeding effective air quality management in the region.

Abstract We combined observations and simulations to assess tropospheric ozone trends over Southeast 
Asia from 2005 to 2016. Multi-platform observations showed that surface ozone had been increasing at rates 
of 0.7–1.2 ppb year −1 over the Peninsular Southeast Asia (PSEA) and 0.2–0.4 ppb year −1 over the Maritime 
Continents (MC); tropospheric ozone columns had been rising throughout Southeast Asia by 0.21–0.35 DU 
year −1. These observed ozone trends were better reproduced by simulations driven with satellite-constrained 
NOx emissions, indicating that NOx emission growths may have been underestimated for the PSEA and 
overestimated for the MC in the Community Emissions Data System and the Global Fire Emissions Data set. 
The surface ozone increases over the PSEA were driven by rapidly growing local emissions, wherein fire 
emission growths may still be underestimated even with satellite constraints. We highlighted the need for better 
quantifying Southeast Asian emissions to benefit air quality management.

Plain Language Summary Tropospheric ozone at individual locations in Southeast Asia has 
reportedly been rising in recent decades, but the spatiotemporal characteristics and causes of such increases 
have not been assessed. We combined model simulations with surface, airborne, and satellite observations 
to assess the trends of surface and tropospheric ozone over Southeast Asia from 2005 to 2016. Surface and 
tropospheric ozone concentrations have risen throughout Southeast Asia, albeit with spatially and seasonally 
inhomogeneous trends. We showed that current emission inventories based on activity statistics may have 
underestimated the emission growths in the Peninsular Southeast Asia while overestimated the emission 
growths in the Maritime Continents. Emission inventories should be re-evaluated to help guide air quality 
management in this region.
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Long-term measurements of surface and tropospheric ozone over Southeast Asia have been relatively scarce, 
and published analyses have not shown consistent ozone trends. Measurements in Eastern Thailand showed that 
surface ozone during the dry season (November to the following March) had risen significantly between 1997 
and 2012 (Assareh et  al.,  2016). In contrast, surface ozone concentrations over the Malaysian Peninsula and 
the Malaysian Borneo had shown small or insignificant trends between 1997 and 2016 (Ahamad et al., 2020; 
Latif et al., 2016). Analyses of tropospheric column ozone (TCO) in six satellite retrievals (from two satellite 
instruments) and one trajectory-mapped ozonesonde data set showed positive TCO trends (0.1–0.8 DU year −1) 
between 2003 and 2016 over southern PSEA, but the datasets differed on the signs of TCO trends over the MC 
(Gaudel et al., 2018; Ziemke et al., 2019). Gaudel et al. (2020) analyzed ozone measurements onboard commer-
cial aircrafts and reported ozone increases throughout the troposphere at rates of 5.8 ± 1.7 ppb decade −1 over 
Malaysia and Indonesia and 5.4 ± 1.2 ppb decade −1 over the PSEA during 1994–2016. However, their analysis 
over the PSEA included measurements over Southern China and may be affected by the known Chinese tropo-
spheric ozone increases (Lu et al., 2020; Wang et al., 2019).

Interannual variations in emissions and meteorology may drive ozone trends over Southeast Asia, but their indi-
vidual contributions have not been assessed. Satellite-observed tropospheric NO2 column concentrations had 
increased substantially over the PSEA and mildly over the MC from 1996 to 2017 (Georgoulias et al., 2019) 
due to growing regional population and energy demands (International Energy Agency,  2019; Kurokawa & 
Ohara, 2020). Such rising precursor emissions might have led to disproportional tropospheric ozone increases, 
as ozone photochemical production is faster and more NOx-sensitive in the tropics (Y. Zhang et al., 2016, 2021). 
Biomass burning over Southeast Asia, which is strongly modulated by ENSO (Y. Chen et al., 2017; van der Werf 
et  al.,  2008), has been shown to adversely affect local air quality (Amnuaylojaroen et  al., 2019; Khodmanee 
& Amnuaylojaroen, 2021; Reddington et al., 2021), and the transformation of natural forests to croplands and 
oil palm plantations might have magnified these adverse impacts (Austin et al., 2019; Oanh et al., 2018). The 
background ozone levels in Southeast Asia are also affected by the interannual variations of the Asian monsoon 
and tropical climate, which modulate the photochemistry and transport of ozone and its precursors (Ashfold 
et al., 2017; Olsen et al., 2016; Oman et al., 2013; Sekiya & Sudo, 2012).

In this study, we conducted an integrated analysis of ozone observations from surface sites, aircraft, ozone-
sondes, and satellite instruments over Southeast Asia from 2005 to 2016 to quantify the regional ozone trends. We 
conducted sensitivity simulations using bottom-up and top-down precursor emissions to attribute the observed 
ozone trends to interannual variations of emissions and meteorology.

2. Data and Methods
2.1. Surface and Tropospheric Ozone Measurements

We compiled a database of all obtainable in situ ozone measurements over Southeast Asia from 2005 to 2016. 
Seasonal mean daily maximum 8-hr average (MDA8) surface ozone concentrations at 34 sites (7 in the PSEA 
and 27 in the MC, Figure S1 in Supporting Information S1) were calculated from hourly measurements using a 
consistent quality control protocol (Text S1 and Table S1 in Supporting Information S1). Ozonesonde and  aircraft 
observations of ozone vertical profiles over Southeast Asia were from the Southern Hemisphere Additional 
Ozonesondes (SHADOZ) (Thompson et al., 2017; Witte et al., 2017, 2018) and the In-service Aircraft for the 
Global Observing System (IAGOS) (Nédélec et al., 2015; Petzold et al., 2015) datasets. In all, we included 727 
ozone profiles over the PSEA (498 profiles over Bangkok, Thailand; 229 profiles over Hanoi, Vietnam) and 321 
ozone profiles over the MC (all over Kuala Lumpur, Malaysia), with 19–100 profiles at each site in each season 
(Text S2 and Table S2 in Supporting Information S1).

We analyzed satellite observations of TCO over Southeast Asia from 2005 to 2016 using the Ozone Moni-
toring Instrument (OMI) Level 2 Ozone Profile product (OMPROFOZ) retrieved by the Smithsonian Astro-
physical Observatory algorithm (hereafter referred to as OMI/SAO), gridded to 2.5° longitude  ×  2° latitude 
resolution and 24 vertical layers (X. Liu et al., 2010). The TCO trends calculated from the raw OMI/SAO product 
contained systematic positive biases due to instrument degradation and row anomalies (Huang et al., 2017). We 
removed these systematic biases by aligning the global zonal-mean TCO seasonal trends calculated from the 
OMI/SAO product to those calculated from the OMI/MLS product (Ziemke et al., 2019) (Text S3 in Supporting 
Information S1).
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Tropospheric NO2 column concentrations from 2005 to 2016 were from the NASA OMI NO2 Standard Prod-
uct (OMNO2) (Krotkov et al., 2017) with daily global coverage and 13 × 24 km spatial resolution at nadir. We 
re-gridded the monthly mean tropospheric NO2 column concentrations to 0.5° × 0.625° resolution for compari-
son with our model simulations (Text S4 in Supporting Information S1).

2.2. GEOS-Chem Simulations of Tropospheric Ozone Using Bottom-Up and Top-Down Precursor 
Emissions Over Southeast Asia

We simulated tropospheric ozone over Southeast Asia between 2005 and 2016 using the GEOS-Chem 
global 3-D chemical transport model version 12.1.1 (Bey et  al.,  2001; www.geos-chem.org) with 2.5°longi-
tude  ×  2°latitude horizontal resolution and 47 vertical layers. GEOS-Chem included detailed tropospheric 
HOx-NOx-VOC-ozone-halogen-aerosol chemistry (Mao et al., 2013; Sherwen et al., 2016). Stratospheric chem-
istry was simulated using the linearized ozone parameterization (McLinden et al., 2000). The simulations were 
driven by assimilated meteorology from the NASA Modern-Era Retrospective Analysis for Research and Appli-
cations, Version 2 (MERRA-2) (Gelaro et al., 2017).

As a starting point for our analyses, we drove the GEOS-Chem model using bottom-up, year-specific monthly 
emissions of ozone precursors from 2005 to 2016 (Text S5 in Supporting Information S1). Global anthropo-
genic emissions were from the Community Emissions Data System (CEDS, O'Rourke et al., 2021), with 0.5° 
native resolution and included emissions from energy production, industry, land transportation, residential and 
commercial activities, solvent use, agriculture, waste processing, ships, and aircrafts (McDuffie et al., 2020). 
Ship emissions were injected into model surface grids as chemically aged plumes (Holmes et al., 2014). Biomass 
burning emissions were from the Global Fire Emissions Data set version 4 with small fires (GFED4s, van der 
Werf et al., 2017) at 0.25° native resolution and were injected to the model boundary layer following the standard 
practice in GEOS-Chem. A previous study over Southeast Asia showed that injecting 40% of the biomass burning 
emissions directly into the free troposphere in the model would result in <5% changes in the simulated surface and 
tropospheric ozone, compared to a simulation where all biomass burning emissions were released in the bound-
ary layer (Jian & Fu, 2014). Emissions of biogenic VOCs, soil NOx, and lightning NOx were calculated online 
(Guenther et al., 2012; Hudman et al., 2012; Murray et al., 2012). For comparison against the OMI-observed 
TCO, we convoluted the simulated monthly ozone profiles (at OMI overpass time) with the monthly mean aver-
aging kernels (AKs) and a priori ozone profiles of the OMI/SAO retrievals (L. Zhang et al., 2010).

We hypothesized that the interannual variations of anthropogenic and biomass burning NOx emissions might 
be key drivers for the ozone trends over Southeast Asia. However, previous studies and our preliminary anal-
ysis of the simulated tropospheric NO2 trends (Text S4 in Supporting Information S1) indicated that the NOx 
emission growths over Southeast Asia were not correctly represented in the bottom-up inventories (Elguindi 
et al., 2020; Goldberg et al., 2021). We thus designed a “top-down” simulation, where we scaled the anthropo-
genic and biomass burning emissions of NOx over Southeast Asia with OMI-observed NO2 trends (Texts S4 and 
S6 in Supporting Information S1). The top-down NOx emission trend over the PSEA (93.6 Gg NO year −1) was 
48% larger than the bottom-up trend (63.3 Gg NO year −1), but the top-down NOx emission trend over the MC 
(20.1 Gg NO year −1) was 87% lower than the bottom-up trend (158.1 Gg NO year −1) (Figure S2 in Supporting 
Information S1).

On the basis of our simulation driven with top-down emissions, we further conducted four sensitivity experiments 
(Table S3 in Supporting Information S1), each removing the interannual variation of emissions from one of the 
following sources (by fixing the emissions from that source at year-2005 levels): (a) anthropogenic emissions in 
Southeast Asia (except aircraft emissions), (b) anthropogenic emissions from the rest of the world (except aircraft 
emissions), (c) global aircraft emissions, and (d) global biomass burning emissions. The individual contributions 
of these factors to the Southeast Asian ozone trends could be estimated by the differences between these sensitiv-
ity experiments and the top-down simulation. We attributed the remaining ozone trends not contributed by any of 
the above drivers to the interannual variation of meteorology.
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3. Evaluation of Simulated Seasonal Surface and Tropospheric Ozone Over 
Southeast Asia
3.1. Observed and Simulated Seasonal Surface Ozone Over Southeast Asia

We first examined the spatiotemporal distributions of observed seasonal ozone over Southeast Asia and the 
GEOS-Chem's ability to reproduce those observed features. Figure 1 and Figure S3 in Supporting Information S1 
shows the observed seasonal surface MDA8 ozone concentrations over Southeast Asia averaged from 2005 to 
2016. Surface ozone over the PSEA showed substantial seasonal variation, with higher concentrations during 
the local dry season (38.1 ± 16.1 ppb in MAM and 41.8 ± 11.5 ppb in DJF), reflecting the combined impacts of 
enhanced biomass burning emissions and stronger photochemistry. During the local wet season (June to Novem-
ber), precipitation and inflow of marine air masses led to lower ozone concentrations over the PSEA (23.2 ± 5.1 

Figure 1. Comparison of observed (symbols, country-coded) and simulated (filled pixels) seasonal mean maximum daily 
8-hr average (MDA8) surface ozone concentrations over Southeast Asia for the years 2005–2016: (a) simulation driven by 
bottom-up emissions, (b) simulation driven by top-down emissions. Mean values and standard deviations of observed (black) 
and simulated (red) seasonal MDA8 ozone concentrations are shown inset.
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ppb in JJA and 26.6 ± 6.7 in SON). Over the MC, the seasonal variation of surface ozone was less prominent, 
with the observed MDA8 ozone ranging 27.6 ± 7.6 ppb year-round. Surface ozone levels were higher over the 
Malaysian Peninsula and Java and lower over Sumatra and Borneo, consistent with the distribution of anthropo-
genic NOx emissions.

The GEOS-Chem simulations driven by bottom-up or top-down emissions both reproduced the observed spatial 
and seasonal variations of surface ozone (Figure 1, Figures S3 and S4 in Supporting Information S1). However, 
the model driven with bottom-up emissions significantly overestimated the observed MDA8 ozone concentra-
tions over the PSEA and the MC in all seasons, with annual mean biases of +9.0 ± 2.0 ppb over the PSEA 
and +4.5 ± 1.5 ppb over the MC (Figure S3 in Supporting Information S1). Driving the model with top-down 
emissions reduced the bias over the MC but did not reduce the bias over the PSEA (Figure S3 in Supporting 
Information S1).

3.2. Observed and Simulated Seasonal TCO Over Southeast Asia

Figures S5 and S6 in Supporting Information S1 show the spatial and seasonal variation of TCO as observed by 
OMI and as simulated by GEOS-Chem over Southeast Asia from 2005 to 2016. The OMI-observed TCO was 
lower near the Equator and higher toward the northern sub-tropics in all seasons, reflecting the combined effects 
of the ozone depletion by water vapor in the tropics and the pronounced anthropogenic emissions over East Asia. 
The observed TCO over the PSEA peaked in MAM (36.6 ± 2.5 DU), reflecting the stronger fire emissions and 
photochemistry during the local dry season (Marvin et al., 2021). Over the MC, the observed TCO was <30 DU 
year-round with relatively small seasonal variation. The simulations driven by bottom-up and top-down emis-
sions both captured the latitudinal gradient of TCO and the seasonal variation (Figure S6 in Supporting Informa-
tion S1). Both simulations showed a slight underestimation of TCO over the tropics with a seasonal bias between 
−0.9 and −3.9 DU, especially over the MC.

4. Observed and Simulated Trends of Tropospheric and Surface Ozone Over 
Southeast Asia Between 2005 and 2016
4.1. Simulated Seasonal Surface Ozone Trends Using Bottom-Up and Top-Down Emission Estimates

Figure 2 compares the observed and simulated trends of seasonal surface MDA8 ozone over Southeast Asia from 
2005 to 2016. Over the PSEA, observed seasonal surface ozone concentrations had risen significantly (0.7 ± 0.5 
to 1.2 ± 0.6 ppb year −1), with more pronounced trends in MAM and DJF. Due to the inhomogeneous distribution 
of the sites, these observed trends mainly reflected the rapid surface ozone increases over Central and Western 
Thailand. The one site in Northern Thailand showed only a small positive trend in DJF and no significant trends 
for the rest of the year. Over the MC, the observed seasonal surface ozone trends ranged from 0.2  ±  0.3 to 
0.4 ± 0.3 ppb year −1, without substantial seasonal variations but showed considerable spatial variations. Seven 
out of the 18 sites over Peninsular Malaysia showed increasing surface ozone for all seasons (trends between 0.68 
and 0.88 ppb year −1, Table S1 in Supporting Information S1). Six sites showed increasing seasonal ozone, and the 
other five sites showed decreasing or non-significant ozone trends. Eight surface sites in the Malaysian Borneo 
showed small or insignificant ozone trends. In Indonesia, the only surface site at Bukit Koto Tabang (a suburban 
location) did not show significant ozone trends in any seasons. Overall, observed surface ozone concentrations 
during the years 2005–2016 showed consistent increases over Central and Western Thailand, especially during 
the dry season, and scattered increases over the Peninsular Malaysian and Borneo Malaysia.

The simulation driven by bottom-up emissions showed mild seasonal surface ozone increases over the PSEA 
(0.4 ± 0.2 to 0.5 ± 0.4 ppb year −1), but the simulated trends were smaller than the observed trends in Thai-
land. Over the MC, the simulations using the bottom-up emissions showed substantial surface ozone increases 
over Indonesia in all seasons, which were inconsistent with the observations at Bukit Koto Tabang. Over the 
Malaysian Borneo, the simulated surface ozone trends were generally larger than those observed. Overall, the 
simulation driven by bottom-up emissions underestimated the observed seasonal ozone trends over the PSEA 
but overestimated the observed seasonal ozone trends over the MC. These biases in simulated ozone trends 
persisted in a higher-resolution (0.5° × 0.625°) simulation driven by bottom-up emissions (Figure S7 in Support-
ing Information S1).
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We found that driving the GEOS-Chem model with the top-down emissions led to slightly larger simulated 
seasonal surface ozone trends across the PSEA (0.5 ± 0.2 to 0.6 ± 0.3 ppb year −1, Figure 2b) and much lower 
simulated seasonal trends over the MC (0.3 ± 0.3 to 0.4 ± 0.4 ppb year −1), improving the agreement with obser-
vations in both regions. In particular, the surface ozone trends simulated with top-down emissions at Thailand 
sites (0.20–1.0 ppb year −1, Table S1 in Supporting Information S1) were more consistent with the rapid ozone 
increases observed at those locations.

4.2. Evaluation of Observed and Simulated Trends of Tropospheric Ozone

OMI observations showed significant TCO increases throughout Southeast Asia in all seasons between 2005 and 
2016 (Figure 3a), with most prominent trends over the PSEA in MAM (0.35 ± 0.16 DU year −1) and over the 
MC in SON (0.37 ± 0.10 DU year −1). Figure 3b shows the simulated seasonal TCO trends driven by bottom-up 

Figure 2. Comparison of observed (symbols) and simulated (filled pixels) trends of seasonal mean MDA8 surface ozone 
concentrations over Southeast Asia for the years 2005–2016: (a) simulation driven by bottom-up emissions, (b) simulation 
driven by top-down emissions. Symbols with black outlines indicate statistically significant ozone trends (two-tail t-test, 0.05 
significant level). Dotted pixels indicate significant ozone trends in the simulation. The mean observed (black) and simulated 
(red, sampled at measurement times and locations) seasonal MDA8 ozone trends are shown inset.
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emissions. Over the PSEA, the model shows positive ozone trends of 0.33  ±  0.09  DU year −1 in MAM and 
0.17 ± 0.07 to 0.30 ± 0.06 DU year −1 in other seasons, generally consistent with OMI observations. However, 
the bottom-up-simulated TCO trends over the MC (0.21 ± 0.04 to 0.41 ± 0.06 DU year −1) were considerably 
exaggerated in all seasons. This positive bias in the simulated MC TCO trends was consistent with that in the 
simulated surface ozone trends, also implying an overestimation of precursor emission growths in the bottom-up 
inventories. Using top-down emissions (Figure 3c), the simulated TCO trends over MC were 0.15 ± 0.04 to 
0.36 ± 0.05 DU year −1, more consistent with the OMI-observed trends in all seasons (0.09–0.37 DU year −1).

Ozone vertical profile measurements provided more information on tropospheric ozone change. Figure S8 in 
Supporting Information S1 shows the observed tropospheric ozone differences over three Southeast Asian sites 
(Hanoi and Bangkok in the PSEA, and Kuala Lumpur in the MC, Text S2 in Supporting Information S1) between 
two 5-year periods: March 2005 to February 2010 versus March 2011 to February 2016. Over Bangkok, tropo-
spheric ozone increased substantially throughout the troposphere in most seasons (except JJA) in the latter period 
relative to the earlier period, although there was considerable observational uncertainty during the earlier period. 
In particular, lower-tropospheric ozone concentrations during the local dry season (MAM and DJF) increased 
by >20 ppb, consistent with surface and satellite observations. The observed tropospheric ozone profiles over 
Hanoi did not show significant differences between the two periods, inconsistent with the TCO increases in the 
OMI observations. Over Kuala Lumpur, observed ozone profiles showed >10 ppb ozone increases throughout 
the troposphere during the latter period relative to the earlier period, consistent with the OMI observations. The 
most pronounced ozone increases were during the local biomass burning season (SON), with >30 ppb ozone 
increases below 850 hPa.

Figure S8 in Supporting Information S1 also compares the simulated ozone profiles driven by bottom-up and 
top-down emissions. At locations where observations indicated significant tropospheric ozone differences 
between the two periods, both simulations showed significant ozone changes. The use of different precursor 
emissions over Southeast Asia mainly affected the simulated ozone concentrations in the lower troposphere. Due 

Figure 3. Trends of seasonal TCO from 2005 to 2016 (a) as observed by OMI, (b) as simulated with bottom-up emissions, and (c) as simulated with top-down 
emissions. Hatched grids indicate non-significant TCO trends (two-tail t-test, 0.05 significance level). Seasonal TCO trends and their standard deviations are shown 
inset.
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to the uncertainties in the lower-tropospheric ozone observations, we could not infer which simulation was more 
consistent with the observed ozone changes between the two periods.

5. Drivers of Surface and Tropospheric Ozone Changes Over Southeast Asia From 
2005 to 2016
On the basis of our top-down simulation, Figure 4a, Figure S9 and Table S4 in Supporting Information S1 quan-
tified the contributions of different drivers to the simulated ozone trends. Over the PSEA, 55%–72% of the simu-
lated seasonal surface ozone trends were driven by anthropogenic emission growths in Southeast Asia. However, 
the top-down simulation still considerably underestimated the observed surface ozone trends over the PSEA, 
particularly during the local dry season. In contrast, the simulated modest surface ozone trends over the MC 
were profoundly affected by interannual variations of meteorology from 2005 to 2016 (41%–54% contribution). 
The rising anthropogenic and biomass burning emissions over Southeast Asia only contributed 10%–31% and 
11%–27% of the seasonal surface ozone trends, respectively. The interannual variations of emissions from the rest 
of the world and global aviation had minor effects on the surface ozone trends over Southeast Asia.

Figure 4b, Figure S10 and Table S5 in Supporting Information S1 show the attributions of the TCO trends over 
the PSEA and MC. The rapid TCO increases over Southeast Asia were mostly driven by the anthropogenic emis-
sion growths from the rest of the World, which explained 71% of the simulated PSEA TCO trends in MAM and 
79% of the simulated MC TCO trends in SON. TCO trends in DJF over both the PSEA and the MC were driven by 
interannual variations in meteorology, most likely that of ENSO. Strong El Niño events led to large-scale subsid-
ence and high temperature over Southeast Asia, conducive to downward ozone transport from the stratosphere 
and tropospheric ozone formation (Oman et al., 2011; Sekiya & Sudo, 2012; Ziemke et al., 2010). Anthropogenic 
and biomass burning emissions from the Southeast Asia region contributed <11% of the simulated TCO trends 

Figure 4. Driving factors contributing to (a) surface and (b) tropospheric ozone trends for the years between 2005 and 2016. 
Whiskers show surface or tropospheric ozone trends as observed (black) and as simulated with bottom-up emissions (blue), 
top-down emissions (light red), and top-down emissions plus a further increase of the biomass burning emission trends 
over the PSEA by a factor of two (dark red). Histogram shows the simulated contributions of individual drivers, including 
interannual variations of anthropogenic emission from Southeast Asia (AN_SEA) and the rest of the World (AN_ROW), 
biomass burning emissions (Biomass), aircraft emissions (Aircraft), and meteorology.
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over the PSEA and the MC, which explained why the simulated TCO trends did not change much between 
bottom-up and top-down simulations.

6. Conclusion and Discussion
Our integrated analyses showed that surface and tropospheric ozone over Southeast Asia had risen from 2005 to 
2016, with most substantial increases during the local biomass burning seasons (MAM in the PSEA and SON in 
the MC), and that current bottom-up inventories likely underestimated emission growths in the PSEA while over-
estimated emission growths in the MC. We also showed that the observed surface and tropospheric ozone trends 
were driven by a combination of emission growths within and outside Southeast Asia and interannual variations 
of meteorology. However, the pronounced surface ozone increases over the PSEA during the local dry season 
could not be fully accounted for even with our top-down emissions.

We hypothesized that the unexplained surface ozone trends over the PSEA might be due to underestimated 
growths of biomass burning emissions over the region. Biomass burning in the PSEA were primarily associated 
crop residue burning and likely increased with the growing crop production in that region (Oanh et al., 2018). 
Current fire inventories based on satellite-observations of burnt area or fire power systematically under-detect the 
small, smoldering fires associated with crop residue burning (Lasko et al., 2017; T. Liu et al., 2019; Randerson 
et al., 2012; T. Zhang et al., 2018). Although our top-down constraints scaled up the biomass burning emission 
trends over the PSEA, we were only able to enlarge emission growths at locations where burning emissions were 
already present in the inventory. The PSEA surface ozone measurements were mostly over Central and Western 
Thailand (Figure S1 in Supporting Information S1), but the fire emissions represented in the GFED4s inventory 
were mostly over Northern PSEA and Cambodia (Figure S11 in Supporting Information S1). If there were unde-
tected burning over Central and Western Thailand, the magnitudes of biomass burning emissions may still be 
severely underestimated despite our scaling-up. We conducted another experiment based on top-down emissions 
but further increased the trends of biomass burning emissions over the PSEA by a factor of two. We found the 
simulated surface ozone trends would increase by 0.2 ppb year −1 during the dry season over PSEA, which is more 
consistent with observations while still within the observed ranges of TCO trends (Figure 4).

We speculated what might have caused the CEDS to underestimate NOx emission growths over the PSEA. The 
CEDS NOx emissions from the PSEA energy sector grew only by 90% from 2005 to 2016, but another study (X. 
Chen & Mauzerall, 2021) showed that the power generation capacity had rapidly increased by approximately 
150% from 2005 to 2016 over Southeast Asia. Conversely, the CEDS may have overestimated NOx emission 
growths over the MC. We traced this bias to the fast growths of the transport sector (Figure S12 in Supporting 
Information S1) in the REAS inventory version 2 between the years 2000 and 2008 (Kurokawa et al., 2013), 
which did not account for vehicular emission regulations successively put in place by Southeast Asian countries 
after 1996 (Clean Air Asia, 2011). The REAS inventory version 3 updated emission factors associated with new 
vehicle standards and showed a markedly slower NOx emission increase (31 Gg year −1) in Southeast Asia after 
the year 2005 (Kurokawa & Ohara, 2020), similar to our top-down constrained NOx emissions. Other bottom-up 
inventories also showed diverse emission magnitudes and trends over Southeast Asia (Elguindi et al., 2020). For 
example, the global emission inventory EDGAR (Crippa et al., 2018) showed an MC NOx emission trend similar 
to that in REAS version 3 after 2007 but significantly underestimated the NOx trend before 2007, and its South-
east Asian NOx emissions were up to 50% lower than those in REAS version 3 (Elguindi et al., 2020). We demon-
strated the need to better quantify the long-term changes of anthropogenic and biomass burning emissions in 
Southeast Asia, in order to better understand air quality changes and inform air quality management in this region.

Data Availability Statement
Monthly surface ozone observations and our top-down NOx emissions over Southeast Asia are permanently 
archived at https://www.scidb.cn/en/s/3uIB3m. SHADOZ and IAGOS measurements can be downloaded 
from https://tropo.gsfc.nasa.gov/shadoz/Archive.html and https://iagos.aeris-data.fr/download/#/, respec-
tively. OMI/SAO Level 2 Ozone Profile product are available at https://avdc.gsfc.nasa.gov/pub/data/satellite/
Aura/OMI/V03/L2/OMPROFOZ/. OMI/MLS ozone products are available at https://acd-ext.gsfc.nasa.gov/
Data_services/cloud_slice/new_data.html. OMI Level 2 tropospheric NO2 products are downloadable at 
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https://doi.org/10.5067/Aura/OMI/DATA2017. The GEOS-Chem version 12.1.1 code used in this study can be 
downloaded from https://github.com/geoschem/GCClassic.
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