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Abstract. To mitigate the surface ozone (Os) pollution in Southeast Asia, a full understanding of the processes and
contributions of precursor emissions [i.e., volatile organic compounds (VOCs) and nitrogen oxides (NOx)] to Os is
required but remains unclear. This study applied an adjoint sensitivity model to evaluate the source-receptor (S-R)
relationship between Os and the precursors, as well as the source contributions over different receptor regions in
Southeast Asia. The process analysis was performed to further characterize Os formation. We found a predominant
NOx-limited Os formation regime across Southeast Asia due to substantial regional biogenic VOC emissions, with
exceptions in areas where anthropogenic NOx emissions were significant, such as Singapore, Jakarta, Bangkok, and the
Malacca Straits. NOx was identified as the primary contributor to the surface Os, whereas VOCs contributed positively
to VOC-limited regions but negatively to NOx-limited areas. Additionally, regional and super-regional transboundary
air pollution accounted for 56-98% of surface Os concentration across Southeast Asian countries. The findings
highlighted the need for differentiated Os mitigation strategies in Southeast Asia, combining coordinated regional NOx

emission reductions with targeted VOC controls in the VOC-limited urban areas.

1 Introduction

Ground-level ozone (Os) is a major air pollutant that negatively impacts natural ecosystems and human health (Karlsson

et al., 2017; Orru et al., 2013). From 2000 to 2019, global premature deaths attributed to excessive O3 exposure increased
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by 46%, from 290,000 to 423,000 (Malashock et al., 2022). Os is a secondary pollutant generated through complex
photochemical reactions among Os precursors, namely nitrogen oxides (NOx) and volatile organic compounds (VOCs)
(Luecken et al., 2018; Qu et al., 2020). Mitigating Os pollution thus requires a full understanding of Os formation and
removal. In some countries, previous efforts were put into controlling fine particulate matter (PM) levels by reducing
their emissions. Despite the substantial reduction in PM levels, an increasing trend of Os was observed due to the
changes in Os precursor emissions that unexpectedly enhanced Os formation (Kim et al., 2018; Li et al., 2019; Wang et
al., 2019b). Proper management of Os pollution remained one of the challenges in air quality management. Accurately
determining the sensitivity of O3 to NOx and VOCs and understanding its formation mechanisms are therefore essential

in effectively controlling Os pollution.

Southeast Asia is characterized by a typical tropical climate with high temperature, intense sunlight, and frequent deep
convection. In recent decades, this region has undergone rapid urbanization and industrialization (Behera & Dash,
2017), leading to increased anthropogenic emissions from transportation, energy generation, residential usage, and
shipping (Ohara et al., 2007). The equatorward redistribution of anthropogenic emissions and the unique climate
pattern account for a dramatic increase in Os in Southeast Asia. Observational studies have indicated a rising trend in
surface Os, with rates of 0.7-1.2 ppb per year over Peninsular Southeast Asia and 0.2-0.4 ppb per year over Maritime
Southeast Asia from 2005 to 2016 (Wang et al., 2022a). Effectively addressing the Os pollution in Southeast Asia
requires a comprehensive understanding of Os formation and transport dynamics, particularly the interactions between

O3 and its precursor emissions in the region.

Although numerous Os studies have been conducted in Southeast Asia recently (Amnuaylojaroen et al., 2014; Koike et
al., 2013; Li et al., 2023a; Xing et al., 2021; Xue et al., 2021; Zhang et al., 2021), few studies have comprehensively
evaluated the sensitivities of Os to NOx and VOC emissions and their corresponding source contributions. One
significant study analyzed twelve-year Os trends across Southeast Asia and found that growing anthropogenic emissions
have driven large Os increases over Peninsular Southeast Asia (Wang et al., 2022a). Another important study focused on
source apportionment, revealing that escalating NOx emissions from transportation and international shipping were
major contributors to the increase in tropospheric Os from 1990 to 2019 (Li et al., 2023c). While these studies
effectively quantified the source apportionment of NOx and VOCs from various sectors, the geographical distribution of
Os sensitivity or the specific Os formation regimes remained unclear. Furthermore, other studies determined the Os-

NOx-VOCs regimes (Marvin et al,, 2020) and quantified the contribution of carbon monoxide (CO) and VOCs
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(Amnuaylojaroen et al., 2019); however, they primarily concentrated on biomass-burning episodes (Xue et al., 2021),
neglecting anthropogenic emission sectors that contribute substantially to Os formation. Additionally, existing models
of O3 formation regimes may not fully account for the transboundary source contributions from atmospheric processes,
which represent substantial Os levels in Southeast Asia. A comprehensive evaluation of Os sensitivities to NOx and VOC
emissions and the source contribution is thus essential to thoroughly understand Os formation, transformation, and

removal in Southeast Asia.

Resolving the complex nonlinear chemical response of Os to precursor emissions remains a challenging endeavour
(Wang et al., 2019a). Current research on Os sensitivity to these emissions generally falls into four categories: empirical
kinetic modeling approach (Martinez et al., 1983). relative incremental reactivity (Carter, 1994; Martien et al., 2003).
photochemical indicators (Ren et al., 2022; Wang et al., 2021a). and air quality models (AQMs) (Dunker et al., 2020;
Dunker et al., 2002). Among these, AQMs are particularly pivotal as they estimate Os integration at each computational
step and assess sensitivity based on the changes in modeled species and input variables, such as the high-order
decoupled direct method (HDDM) (Estes et al., 2008; Kim, 2011) and adjoint techniques (Hakami et al., 2006; Pappin &
Hakami, 2013). Although HDDM has been employed to estimate Os sensitivity in Southeast Asia, its source-oriented
approach primarily considers the emission impacts from the entire region, which limits its application in providing
effective policy recommendations. In contrast, the receptor-oriented nature of the adjoint model allows for the precise
determination of Os sensitivity to specific location-based emission sources in a single simulation (Wang et al., 2019a).
Notably, the adjoint versions of GEOS-Chem (Henze et al., 2007; Zhang et al., 2011) and the Community Multiscale Air
Quality Modeling System (CMAQ) models (Zhao et al., 2020) were effectively used to simulate the sensitivities of Os to
its precursor emissions across various source regions and sectors (Wang et al., 2021b). These sensitivity models offer

opportunities to comprehensively evaluate Os sensitivity to its precursors’ emissions.

Our study applied the CMAQ adjoint model to simulate the sensitivity of ground-level Os to the emissions in Southeast
Asia. Specifically, we investigated the ground-level Os response over the 11 countries in Southeast Asia to the NOx and
VOC emission changes at each grid cell to identify the different influential pathways and calculated the source
contributions in Southeast Asia. To characterize the Osformation, we further utilized the process analysis technique to
apportion the contributions of each physical and chemical process. The methodology and model configuration of the
CMAQ-adjoint are described in Sect. 2. The Os concentration over Southeast Asia during four monsoon seasons is

presented in Sect. 3.1, the process analysis of Osformation is assessed in Sect. 3.2, the Os sensitivities to NOx and VOC
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emissions are shown in Sect. 3.3, and the source contributions over Southeast Asia and each receptor country are

discussed in Sect. 3.4. An overall discussion is provided in Sect. 4.

2 Methods

The CMAQ modeling system (https://www.epa.gov/cmaq), developed by the U.S. Environmental Protection Agency
(EPA), is a widely used chemical transport model (CTM) and was employed in this study. Further details about CMAQ
can be found on the US. EPA's CMAS Centre website. The input meteorological data for our simulations were
generated by the Weather Research and Forecasting (WRF) model version 3.7 (Skamarock et al., 2008). An extension of
CMAQ, the CMAQ-adjoint model (Zhao et al., 2020), was used to calculate the source-receptor (S-R) relationships of Os
to its precursors in a backward mode. This approach allowed us to determine the sensitivity of O3 to emissions and to

further estimate the contributions from various sources. The schematic flowchart of the study is shown in Fig. S1.

2.1 CMAQ model configuration

In this study, CMAQ v5.0.2 was used to simulate O3 concentration. Both WRF and CMAQ were configured with a
spatial resolution of 30 x 30 km. The domain covers Southeast Asia, as well as parts of South Asia and East Asia, and the
study domain is illustrated in Fig. S2a. Southeast Asia is predominantly characterized by a tropical climate, with
consistently high temperature (Fig. S2b), intense solar radiation, and elevated humidity throughout the year, along with
substantial precipitation (Fig. S2c). The model domain was set with 26 vertical layers extending from the surface to the
top level at 20 km at 50 hPa. For chemical processes, we utilized the CB05 (carbon bond version 5) gas-phase chemical
mechanism and the AERO5 (aerosol module version 5), with photolysis rates calculated using the inline radiative

transfer module.

The initial and boundary conditions were resampled from the GEOS-Chem global 3D Chemical Transport Model
output, which had a spatial resolution of 5° x 4°. To ensure model stability and produce reliable estimates, a two-day
spin-up period (Czader et al., 2013; Zhang et al., 2014) was implemented for each monsoon season in our simulation.
Anthropogenic emissions over Southeast Asia were based primarily on the 2019 Copernicus Atmosphere Monitoring
Service (CAMS) global inventory, which is constructed from EDGAR v5.0 annual emissions and applies monthly
temporal profiles from CAMS-GLOB-TEMPO. For years beyond the latest EDGAR release, anthropogenic emissions
were extended using sector- and country-specific trends from the Community Emissions Data System (CEDS) v2.0.

Emissions were processed for nine source sectors, including transportation, shipping, industrial processes, residential,

4
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biomass burning, power generation, refineries, solvent and fugitive sources, and agriculture (Granier et al., 2019).
Biogenic VOC emissions were estimated using the MEGAN v2.1 model (Guenther et al., 2012). To assess the influence
of emission uncertainties on Os simulations, anthropogenic NOx emissions were uniformly perturbed by +20% and
VOC emissions by £30% (Fu et al., 2012; Kim et al., 2017). The resulting changes in regional surface O3 concentration
ranged from -1.5% to 1.5% for NOx perturbations and from -3.9% to 4.2% for VOC perturbations (Table S1), indicating

that the simulated Os concentration was relatively robust to reasonable uncertainties in precursor emissions.

In this study, both local and transboundary Os were evaluated across 12 receptor regions in Southeast Asia,
encompassing 11 countries (Singapore, Malaysia, Indonesia, Brunei, Philippines, Cambodia, Myanmar, Vietnam,
Thailand, Laos, and East Timor) and the entire Southeast Asia land region. We conducted the CMAQ simulations for
2019 to avoid potential influences of COVID-19 on emission patterns. Given that surface Os formation and transport are
intricately linked to meteorological variations, and considering that Os concentration levels are significantly influenced
by transboundary sources driven by the South Asian monsoon (Gao et al., 2020; Lu et al., 2018), our model simulations
were conducted for January, April, July, and October of 2019 to represent the key meteorological changes in the winter
monsoon, pre-summer monsoon, summer monsoon, and pre-winter monsoon seasons, respectively (Gu et al., 2024).
The precursor emissions (Fig. S3) and seasonal meteorological conditions (Figs. S4 and S5) in 2019 were broadly
consistent with their long-term patterns across Southeast Asia, suggesting that 2019 represents a reasonable baseline
year for regional emissions and meteorology. We calculated the daily maximum 8-hour average Os concentration
(MDAS) to represent the highest of the 8-hour average concentration levels for each day and aggregated them to the

annual mean MDAS Os.

2.2 Process analysis

Process analysis in the CMAQ model is a diagnostic tool used to understand the contributions of various physical and
chemical processes to atmospheric Oz concentration. This study focused on Integrated Process Rate (IPR) analysis to
assess Os formation through the selected processes, including gas-phase chemistry (CHEM), vertical diffusion (VDIF),
horizontal diffusion (HDIF), horizontal advection (HADV), vertical advection (ZADV), cloud processes and aqueous

chemistry (CLDS), and dry deposition (DDEP).
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2.3 CMAQ-adjoint model

In this study, the CMAQ-adjoint was used to calculate the sensitivity of surface Os to the precursor emissions. The
adjoint model evaluates the gradient of a predefined cost function over the receptor region with respect to model inputs
through a single backward integration. Compared with the forward sensitivity methods (e.g., HDDM), which require
multiple forward simulations and are less efficient in resolving the responses to localized emissions of specific species,
the adjoint approach directly calculates the sensitivity of the cost function to emissions at every grid cell from a single
backward run. We set the cost function as the hourly Os concentration levels, and the receptor regions included the
entire continental Southeast Asia region and 11 countries within it. Therefore, 12 receptor regions were defined in
total, and each had the corresponding cost function and the adjoint simulation. Using this method, we computed the

non-linear partial derivatives of the hourly Os level to the emissions of all precursors and calculated backward during

. . o o . ao a0
the simulation. Specifically, the sensitivities of O3 concentration to NOx (ﬁ) and VOCs (ﬁ) were evaluated.
i,j,NOx i,jvoc

We considered VOC species included in the CB05 chemical mechanism (Table S2). Here, m denotes the defined

receptor region, £ presents the precursor emissions, and 7and jrepresent longitude and latitude indices of each grid cell,

603m
aEi’j

respectively. The adjoint sensitivity ( ) therefore quantified the response of Os in the receptor region m to a

perturbation in precursor emissions of species (i.e., NOxor VOCs) from a given grid cell (7 j), revealing how emission
perturbation from each location influences Os concentration levels in the receptor region. To improve interpretability
and enable the source contribution assessment, we further calculated semi-normalized sensitivity coefficients of O3z with

respect to NOxand VOC emissions:

@ 003,
O3m_Ei,j,N0x - aEi,j,NOx i,j,NOx
o = 90 E. .
O3, —Eijvoc dEijvoc i,jvoc

Where O3 = denotes the Os concentration in the receptor region m, and E; j yox and E; j yoc denote the precursor

emissions. @ represents the semi-normalized sensitivity coefficients. In this way, ®,, and ®,,
m m

—EjjNox —-Ejjvoc

calculate the grid contributions of each precursor emission to the Oslevels in the receptor regions.
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2.4 Model evaluation

The WRF meteorological simulation in this study was evaluated against the ECMWF Reanalysis v5 (ERAS) monthly mean
dataset for the four monsoon seasons (Text S1, Figs. S6-S9). The Os concentration levels simulated were validated against
ground-level observations to assess model performance. Os-level observations in Southeast Asia were obtained from the

Acid Deposition Monitoring Network in East Asia (EANET) platform (https://www.eanet.asia/) and the Air Quality

Historical Data Platform (AQI), created by the World Air Quality Project (https://agicn.org/data-platform/register). In

addition, due to the limited availability and sparse spatial coverage of ground-based Osobservations in Southeast Asia, we

further assessed the CMAQ O; simulation using the CAMS ECMWF Atmospheric Composition Reanalysis 4 (EAC4)
monthly reanalysis product, which combined multi-source observations with data assimilation and provided a spatially

complete benchmark for evaluating large-scale Os patterns in data-sparse regions. Model performance was rigorously
evaluated using statistical assessments, including normalized mean bias (NMB), correlation coefficient (r), root mean
square error (RMSE), and the index of agreement (IoA) between hourly observations and outputs from the CMAQ

simulations (Kim et al., 2020).

3 Sensitivity of surface Oz and source contributions
3.1 Simulation of Os concentration

The spatial distribution of simulated ground-level Os was evaluated using observations from 28 stations across Southeast
Asia, including hourly measurements from six EANET stations and daily MDAS8 Os records from 22 AQI stations. As
shown in Fig. S10, most CMAQ_ simulations aligned within +50% of the observations. The overall correlation (r)
between hourly observed and simulated Os across the four months was 0.63, exceeding the benchmark criterion of r >
0.5 (Yang & Zhao, 2023). The NMB and IoA were 16.05% and 0.74, respectively. Detailed station-level evaluations are
provided in Table S3, underscoring the reliability of the Os simulation in capturing the spatial variations in the region.
Furthermore, due to the limited observations in Southeast Asia and differences in the spatial resolution between model
simulations and ground measurements, our simulated Os distribution was further compared with the CAMS EAC4
reanalysis product for the four monsoon seasons (Fig. S11). The simulated Os showed good agreement with CAMS
EAC4, showing consistent spatial patterns across Southeast Asia. In particular, the simulations captured regional
hotspots with elevated Oz levels over the coastal areas (e.g., Singapore, the Malacca Strait, and Jakarta) and lower
concentration over northern Myanmar, Sumatra, and Borneo. Quantitative comparisons of NMB, R, and IoA for

individual countries are summarized in Table S4. Singapore and East Timor were excluded due to their small spatial
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extent, which could not be adequately represented by the coarse resolution (0.75°) of the EAC4 product. Overall,
CMAQ showed strong consistency with CAMS EAC4. In addition, the scatter plots (Fig. S12) closely followed the 1:1
line, indicating that the simulations captured both the magnitude and spatial variability of surface Os in the reanalysis

data.

The estimated annual mean MDAS8 Os concentration over Southeast Asia in 2019 was 30.6 ppb, consistent with
observation-based estimates of approximately 30 ppb reported for the region ((Li et al., 2025b)). The seasonal averages
were 33.2 ppb, 32.0 ppb, 28.6 ppb, and 28.4 ppb during the winter monsoon, pre-summer monsoon, summer MoNsoon,
and pre-winter monsoon seasons, respectively. The seasonal distribution of MDAS8 Os showed significant spatial and
temporal variability across Southeast Asia (Fig. 1). Elevated Os levels were found in major coastal and urban regions,
including Singapore, the Malacca Strait, Jakarta, Bangkok, Hanoi, Ho Chi Minh City, and Manila. These regions were
characterized by enhanced anthropogenic NOx and VOC emissions (Figs. S13 and S14) from transportation, shipping,
and industrial activities, which facilitated Os formation. At the country level, Singapore exhibited the highest annual
mean MDAS8 Os concentration (62.4 ppb), followed by Vietnam (41.7 ppb), Thailand (40.5 ppb), Cambodia (35.2 ppb),
Laos (33.3 ppb), the Philippines (32.2 ppb), Myanmar (30.1 ppb), Malaysia (29.1 ppb), East Timor (28.8 ppb), Indonesia
(26.5 ppb), and Brunei (20.3 ppb). Seasonal MDAS8 Os levels across the four monsoon periods are summarized in Table
S5. The simulation results indicated higher regional Os levels during the winter monsoon season, particularly over the
South China Sea, reflecting enhanced transboundary Os transport driven by northeasterly winds (Fig. S9a). In contrast,
the lowest Os levels occurred during the summer monsoon, due to increased wet deposition associated with stronger
rainfall under southwesterly winds (Fig. S9a). During the pre-summer and pre-winter monsoon seasons, Os levels were
more strongly influenced by local emissions such as increased biomass burning (Fig. S15), resulting in elevated localized

Os concentration.
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Figure 1: Spatial distribution of MDAS O3 levels in Southeast Asia during the four monsoon periods.
3.2 Process analysis of physical and chemical processes

210 The Integrated Process Rate (IPR) at the surface level from the process analysis was examined to illustrate the
contributions of different physical and chemical processes to ground-level Oz formation across Southeast Asia (Fig. 2).
Process contributions were calculated by averaging grid-level results at the national scale. From 09:00 to 16:00 local
time, gas-phase chemistry provided a positive contribution in most Southeast Asian countries, facilitating Os formation.
The magnitude of photochemical production varied substantially among countries. Thailand (15.7 ppb), Vietnam (12.6

215 ppb), and Cambodia (8.7 ppb) exhibited the largest contributions from gas-phase chemistry. In contrast, Singapore (-
24.5 ppb) and Myanmar (0.36 ppb) showed relatively weaker photochemical Os production. Singapore represents a
typical urban environment, where Os formation occurred under a VOC-limited regime (Fig. S16) with substantial

anthropogenic NOx emissions (Figs. S13 and S17). As shown in Figure S18, NOx emissions were dominated by
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transportation and shipping sources, with additional contributions from industry. Elevated NOx levels and suppressed
O3 production suggested strong NO titration, particularly during nighttime. In contrast, the relatively low Os
production in Myanmar was mainly attributed to lower NOx emissions (Figs. S17). Outside peak sunlight hours,
specifically before 07:00 and after 20:00 local time, gas-phase chemistry showed negative contributions across most
Southeast Asian countries (Fig. 2), reflecting the nighttime Os titration. The vertical distribution of individual processes
is further shown in Fig. S19, which presented the average contributions across 26 vertical layers from the surface to
approximately 20 km (Table S6) based on hourly simulations. The strongest chemical reactions occurred in the upper
layers, where photochemical activity was enhanced by stronger radiation and higher radical availability, resulting in
slightly larger contributions than those near the surface. In Singapore, the negative chemical contribution in the lowest

three layers (approximately 59 m, Table S6) was associated with strong near-surface Os titration.

In addition, vertical diffusion showed a positive contribution to surface Os in most Southeast Asian countries. The
process generally offset Os reductions caused by cloud processes, dry deposition, and Os titration. Temporally, the
influence of vertical diffusion increased after 8 am, coinciding with enhanced solar radiation and rising temperature,
which disrupted the stable nighttime atmosphere, allowing O3 accumulated at higher altitudes to mix downwards to the
ground level. The contribution weakened after 18:00 as the atmosphere gradually stabilized with decreasing solar
radiation, limiting vertical mixing and trapping Os near the surface. Furthermore, Southeast Asia exhibited notably
higher contributions from cloud and aqueous processes compared to other regions (Wang et al., 2022b; Yang et al.,
2020), largely attributed to the proximity to the ocean, which provided abundant water vapor and frequent cloud cover.
The unique conditions reduced solar radiation reaching the surface and facilitated aqueous-phase reactions that

depleted Os and its precursors.

10
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240  Figure 2: Daily averaged variations of the physical and chemical contributions to the ground-level O; for 11 countries in Southeast
Asia during the four monsoon seasons in 2019. The dotted line represents the net O3 formation due to all atmospheric processes,

and the columns show the average hourly contribution of each process, including gas-phase chemistry (CHEM), vertical diffusion
(VDIF), horizontal diffusion (HDIF), horizontal advection (HADV), vertical advection (ZADV), cloud processes and aqueous
chemistry (CLDS), and dry deposition (DDEP).
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3.3 Sensitivity of O3 to precursor emissions

To further assess the response of ground-level O3 to precursor emissions across Southeast Asia, we defined Southeast Asia as
the receptor region and evaluated the sensitivities of O3 to NOx and VOC emissions from individual grid cells (Figs. 3 and
4). The strongest responses to NOx emissions were observed during the pre-summer monsoon period in April (Fig. 3a), when
meteorological conditions favoured photochemical O; production, including strong solar radiation (Fig. S20), elevated
surface temperature (Fig. S21), and intensified biomass burning activities across mainland Southeast Asia (Fig. S22). The
sensitivities also exhibited clear seasonal variations that were closely associated with the regional monsoon circulation (Fig.
S9a). In particular, the spatial distribution of Os sensitivity closely followed the prevailing wind directions, with
approximately 73.6% of high-sensitivity grid cells located in climatological upwind regions relative to Southeast Asia (Fig.
S23). Emissions from these upwind regions influenced O3 levels in Southeast Asia through multiple pathways ((Wang et al.,
2019a)): (1) transport of O3 precursors (NOx and VOCs), which subsequently contributed to local photochemical O;
production; (2) direct transport of O3 formed in the source regions; and (3) photochemical Os formation occurring during the
transport process, demonstrating that atmospheric transport played a critical role in the spatial distribution of Os sensitivity in
Southeast Asia.

The Os sensitivity to NOx emissions revealed a predominantly positive response across most of Southeast Asia, suggesting
that increases in NOx emissions generally led to higher surface Os concentration (Fig. 3). Elevated sensitivities were
observed over central Myanmar, northern Thailand, northern Vietnam, and southern Malaysia, indicating that emissions
from these regions could substantially enhance regional Os levels in Southeast Asia. High sensitivities were also found along
coastal regions and major maritime shipping routes, particularly around the Malacca Strait, Java Island, coastal Vietnam, and
the Philippine Sea. These areas represented locations where concentrated emissions (Fig. S13), together with efficient
atmospheric transport (Fig. S9a), enhanced the regional Os response to NOx emissions. It should be noted that although some
highly urbanized regions were characterized by substantial NOx emissions (Table S7) and VOC-limited chemical regimes
(Fig. S16), they did not necessarily exhibit negative sensitivities to NOx emissions. For example, cities such as Singapore,
Bangkok, and Kuala Lumpur showed VOC-limited conditions but exhibited relatively weak positive sensitivities to NOx
emissions. Although substantial NOx emissions in these urban areas may cause strong local Os titration, their influence on
the regional Os response across Southeast Asia remained limited. Instead, NOx emissions from these areas could be
transported downwind and contributed to the photochemical Os production in surrounding regions. In such environments, O3
formation was dominated by VOC emissions.

Conversely, Os sensitivity to VOC emissions was predominantly negative across Southeast Asia (Fig. 4), indicating that
increases in VOC emissions generally led to lower O3 concentration in most regions. Similar negative sensitivities have been
reported in other NOx-limited environments, such as northern California and the Great Smoky Mountains, where NOx
emissions are small and photochemical regimes are strongly NOx-limited (Dunker et al., 2016; Hakami et al., 2004). The

negative sensitivity in NOx-limited areas arises from the reactions between O3 and excess VOCs (e.g., isoprene) and their
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oxidative byproducts (Loreto et al., 2001). In contrast, regions characterized by VOC-limited chemical regimes (Fig. S16)
exhibited positive sensitivities to VOC emissions, including coastal regions of China, the Malacca Strait, and major urban
areas such as Bangkok, Singapore, Hanoi, and Jakarta. In these environments, O3 formation was more determined by VOC
availability, and VOC emissions enhanced photochemical O3 production. Overall, the magnitudes of Os sensitivity to VOC
emissions (Fig. 4) were generally smaller than the sensitivity to NOx emissions (Fig. 3), which is consistent with the
widespread dominance of NOx-limited regimes across Southeast Asia (Fig. S16).

To assess the sensitivity of O3 concentration in Southeast Asian countries to precursor emissions, the receptor regions were
further defined as individual countries in Southeast Asia. The sensitivities to NOx emissions generally exhibited positive
patterns (Figs. S24-34), and their spatial distributions closely followed the prevailing wind directions. For instance, in the
Philippines, Os sensitivities to NOx emissions were consistently positive, and the spatial patterns aligned well with the wind
directions during the four monsoon seasons. Negative O3 sensitivities to NOx emissions were mainly observed in highly
urbanized regions such as Singapore, which was characterized by VOC-limited chemical regimes (Table S7). The negative
sensitivities indicated that increasing NOx emissions reduced net Os production, primarily because elevated NO
concentration enhanced Oj titration. In contrast, the sensitivities to VOC emissions exhibited positive values in the urban
areas, indicating that VOC emissions in those urban regions contributed positively to Os concentration in the corresponding

receptor countries.
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Figure 3: Spatial distribution of the monthly mean sensitivity of Oz in Southeast Asia to NOy emissions during the four monsoon
seasons. Among them, the red colour depicts positive sensitivity, while the blue colour represents negative sensitivity. Unit:

ppb/mol*.
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Figure 4: Spatial distribution of the monthly mean sensitivity of Os; in Southeast Asia to VOC emissions during the four monsoon

seasons. Among them, the red colour depicts positive sensitivity, while the blue colour represents negative sensitivity. Unit:
ppb/mol*.

3.4 Relative source contributions to surface O3

The adjoint-based grid-level impacts of NOx and VOC emissions on Os concentration across Southeast Asia (Fig. S35) and
the 11 receptor countries (Fig. S36) were assessed using semi-normalized adjoint sensitivity coefficients, obtained by
multiplying the adjoint sensitivities by the corresponding emissions. NOx emissions predominantly contributed positively to
Os concentration (Fig. S37), whereas VOC emissions generally reduced Os levels in the region (Fig. S38). Notably, both the
geographic extent and magnitude of NOx impacts were greater than those of VOCs, highlighting the dominant role of NOx in
influencing the regional Os levels in Southeast Asia. Based on the adjoint sensitivities, the grid-level results directly
represented the Os contributions from the precursor emissions at each grid cell, indicating that reductions in precursor
emissions would correspondingly influence Os concentration depending on the local chemical regime. Distinct spatial
variations were observed between urban and rural regions. Despite the effect of NO titration, precursor emissions in urban
and suburban areas generally enhanced O3 concentration. In contrast, negative O3 responses were found in most rural areas,

largely attributable to strong NOx-limited conditions where high biogenic VOC emissions reduced O3 levels.
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The contributions to O3 concentration in Southeast Asia from individual countries, international shipping, and super-regional
sources were further quantified (Fig. 5). Source contributions were aggregated at the grid level for each receptor area and
then aggregated as percentages of the total contributions from all sources within the study domain. Regional sources
included emissions from other Southeast Asian countries, while super-regional sources represented land regions outside
Southeast Asia and the boundary conditions of the modeling domain. The relative contributions indicated that NOx was the
dominant precursor influencing O3 levels in Southeast Asia. Among the Southeast Asian countries, Indonesia, Vietnam, and
Thailand contributed the most, accounting for 4.1%, 2.1%, and 1.7% of the O3 concentration in the region, respectively.
International shipping also made substantial contributions, ranging from 10.2% in July to 23.2% in October. In addition,
super-regional sources represented the largest contribution overall, accounting for 46.7%, 32.2%, 52.3%, and 33.6% during

the four monsoon seasons, respectively.

The relative contributions of local emissions, regional transport within Southeast Asia, international shipping, and super-
regional sources to O3 concentration across Southeast Asian countries are presented in Fig. 6. The results indicated a
substantial influence of transboundary Os across the region, particularly during the winter monsoon in January, when
regional transport, international shipping, and super-regional sources accounted for 22.9%, 22.0%, and 45.5% of Os levels on
average, respectively. The strong transboundary influence reflected both regional transport across Southeast Asia and long-
range inflow from surrounding continental regions, in addition to background Os and precursor transport from outside the
modeling domain. On average, transboundary source accounts for 80.6% of O3 concentration in Singapore, 56.7% in
Malaysia, 60.6% in Indonesia, 74.9% in Brunei, 68.1% in the Philippines, 71.3% in Vietnam, 86.9% in Cambodia, 64.4% in
Thailand, 98.2% in Laos, 90.7% in Myanmar, and 96.5% in East Timor. Local emissions contributed between 1.8% in Laos
and 43.5% in Malaysia, whereas regional sources ranged from 1.1% in the Philippines to 45.8% in Singapore, indicating that
Os levels in Singapore were strongly influenced by emissions from neighbouring countries. Contributions from international
shipping varied from 10.4% in East Timor to 24.6% in Vietnam. Super-regional sources exhibited the largest variability,
accounting for 17.3% in Singapore and up to 68.4% in East Timor. The super-regional influence was further divided into
boundary-driven background O3 and long-range transport of precursor emissions from outside Southeast Asia. The boundary
contribution ranged from 0.37 ppb in Brunei to 14.7 ppb in East Timor, while transported super-regional emissions
contributed between 3.5 ppb in East Timor and 10.9 ppb in the Philippines (Table S8), highlighting the substantial influence

of super-regional sources on concentration and associated public health impacts in Southeast Asia.
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Figure 6: Local, regional, and super-regional source contributions of NOx and VOCs across countries in Southeast Asia during the
four monsoon seasons. SGP: Singapore, MYS: Malaysia, IDN: Indonesia, BRN: Brunei, PHL: Philippines, VNM: Vietnam, KHM:
Cambodia, THA: Thailand, LAO: Laos, MMR: Myanmar, TLS: East Timor.

4 Discussion and conclusions

Although surface Os has been extensively investigated in North America, Europe, and East Asia, its characteristics in
Southeast Asia differed markedly from those in mid-latitude regions, particularly in terms of chemical regime, controlling
factors, and transport pathways. In China, high Os levels were mainly concentrated in northern and eastern megacity clusters,
where strong local photochemical production led to elevated summer O3 and predominantly VOC-limited or transitional
regimes (Li et al., 2025a; Ren et al., 2022). In the United States and Europe, surface O3 generally declined after 2000, and
the regional chemical regime increasingly shifted toward NOx-limited conditions under long-term precursor emission
reductions, although the VOC-limited regime persisted in some urban areas (Nelson & Drysdale, 2025). In contrast,
Southeast Asia showed a predominantly NOx-limited regime under a tropical monsoon environment. However, unlike in the
United States and Europe, where NOx-limited conditions were mainly driven by substantial anthropogenic emission
reductions (Li et al., 2023b), it was associated with high biogenic VOC emissions across the Southeast Asian region.

Southeast Asia also differed from other regions in its stronger dependence on monsoon-driven transboundary transport (Fang
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et al., 2025). Unlike North America and Europe, where background Os was often influenced by intercontinental transport,
wildfires, or stratospheric intrusion (Jaffe et al., 2018), the spatial patterns of O3 concentration and precursor sensitivities in
Southeast Asia were closely aligned with monsoon circulation, indicating that source-receptor relationships were highly
seasonally dependent. In addition, deep convection, frequent precipitation, and strong cloud and aqueous processes further
distinguished Southeast Asia from other regions by influencing regional Os production, transport, and removal. Despite rapid
emission growth and increasing population exposure in recent decades, a comprehensive assessment of O3 sensitivity and
formation processes in Southeast Asia remained limited. Therefore, a receptor-oriented evaluation of O3 source-receptor
relationships in Southeast Asia was critical not only for supporting local and regional policy design but also for filling a
critical gap in the global Os research landscape. By integrating CMAQ adjoint sensitivity analysis with process analysis, our
study provided a receptor-oriented evaluation of surface Os sensitivity to grid-level precursor emissions and quantified O3
source contributions across four representative monsoon seasons. The findings showed surface Os in Southeast Asia was
influenced by both local photochemical productions and substantial transboundary transport, improving the interpretability

of O3 formation and advancing broader understanding of O3 control effectiveness in tropical monsoon environments.

Our sensitivity results indicated that most of Southeast Asia was characterized by a NOx-limited photochemical regime,
consistent with previous long-term regime assessments based on OMI satellite products (Amnuaylojaroen et al., 2019). In
contrast, urban areas such as Singapore, the Malacca Straits, Jakarta, Bangkok, Hanoi, and Manila were identified as VOC-
limited or transitional regimes, reflecting the combined influence of elevated anthropogenic emissions and strong NO
titration in the urban hotspots. The regime variations implied the geographically differentiated mitigation strategies in
Southeast Asia. For VOC-limited environments, reducing VOC emissions is advisable to effectively lower surface O3, while
NOx reductions alone may weaken NO titration (Wang et al., 2019b) and hence increase O3 concentration. Nevertheless,
because NOx remains an important precursor for secondary PMz s formation (Blanchard & Hidy, 2005; Wang et al., 2017),
coordinated reductions of both VOC and NOx were recommended in VOC-limited regions to jointly mitigate O3 and PMzs
burdens, resulting in co-benefits. To reduce VOC emissions, we highlighted the targeted controls on anthropogenic sources,
particularly from transportation and industry, which accounted for the majority of anthropogenic VOC emissions (Table S7)
in the typical VOC-limited regions. Conversely, for NOx-limited regions covering most parts of Southeast Asia (e.g., rural
Indonesia, rural Malaysia, and mountainous regions of mainland Southeast Asia), NOx-prioritized emission reductions were
suggested to yield effective Os benefits. For instance, we recommended reducing emissions from transportation and shipping
in Malaysia, whereas transportation and industry emissions should be highlighted in mountainous mainland Southeast Asian
regions, where they contributed substantially to regional-scale NOx burdens (Table S9). The specific emission controls
suggested that Os mitigation could be effectively integrated with broader clean-energy and decarbonization strategies, such

as the adoption of green energy and low-emission technologies to reduce the Oz precursors in the region.
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The process analysis identified vertical diffusion, gas-phase chemistry, and horizontal advection as the three dominant
processes contributing to surface O3 in Southeast Asia, consistent with our adjoint sensitivity results showing that regional
O3 levels were largely determined by transboundary contributions. Specifically, the Philippines, Myanmar, and East Timor
were particularly affected by super-regional pollution due to their proximity to the surrounding seas, whereas Singapore,
Cambodia, and Laos experienced substantial regional influences associated with adjacency to the neighbouring countries
with high precursor emissions. The predominance of transboundary Os indicated elevated background Os levels and
substantial inequities in O3 control effectiveness across Southeast Asian countries, as downwind receptors may experience
high Os exposure despite relatively low emissions, thereby reducing the effectiveness of local mitigation efforts. Our findings
underscored the need for a collaborative regional emission reduction framework to reduce Os pollution and improve public

health across the region.

By using the adjoint model, we assessed the sensitivity of surface O3 to precursor emissions and quantified the O3 source
contributions from each grid cell, which enabled us to track how emissions from different locations and species affected O3
in receptor regions. In this study, receptors were defined as both the entire Southeast Asia domain and individual countries,
allowing us to evaluate how grid-level emissions influenced O3 concentration at regional and national scales. For instance,
by defining Thailand as the receptor region, our results showed that emissions from Bangkok accounted for approximately
4.2% of Thailand’s local-source contribution to Os pollution, providing quantitative evidence to support targeted mitigation
strategies. As a receptor-oriented approach, the adjoint model not only quantified grid-level source contributions but also
identified the emission areas where O3 concentration were most sensitive to. It is therefore suggested to employ the adjoint-
based framework for health-oriented emission controls (Hu et al., 2026), enabling broader use in air quality management and

improving public health.

Our study also has several limitations. First, the relatively sparse monitoring network in Southeast Asia limited the
evaluation of simulated surface Os. To complement the comparisons, global surface O3 reanalysis data were used to assess
the spatial consistency of the simulations. Future improvements in model evaluation would benefit from expanded ground-
based monitoring networks and the integration of satellite-derived O3 products. Second, the model resolution of 30 km may

not fully resolve sub-grid urban processes such as NO titration. Nevertheless, O3 is fundamentally a regional-scale
pollutant, and its formation and distribution are strongly influenced by large-scale transport and regional
photochemistry rather than local-scale processes alone. In this study, the simulated negative NOx sensitivities over
major urban centers (e.g., Singapore) suggested that the regional sensitivity patterns were reasonably captured.
Additionally, the focus of this study was on Os formation and transport in the Southeast Asian region, which were
mainly driven by regional circulation and chemical processes. The 30 km resolution was sufficient to capture the main

spatial patterns of Os and its sensitivity to precursor emissions. More detailed urban-scale titration effects could be more
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accurately represented by defining receptor regions at the city scale in future studies. Despite the limitations, this work
provided the first comprehensive assessment of source-receptor relationships between surface Oz and grid-level precursor

emissions across Southeast Asia, offering useful insights for both local and regional O3 mitigation strategies.
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