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Surface ozone pollution is a critical global environmental challenge driven by the complex, nonlinear
photochemical cycling of ROy radicals (OH + HO; + RO;). Oxygenated volatile organic compounds
(OVOCs) are central to these cycles as both radical sources and sinks, yet their quantitative impact on
regional radical budgets remains poorly understood due to historical limitations in ambient measure-
ments. This knowledge gap hinders the accurate prediction of persistent ozone exceedances. Here we
show that constraining atmospheric models with a broad suite of 23 OVOCs—specifically reactive
dicarbonyls—is essential for the accurate simulation of radical chemistry in southern China's back-
ground air through comprehensive field observations and photochemical modeling. We find that
models constrained with only the three most common OVOCs (formaldehyde, acetaldehyde, and
acetone) overestimate hydroxyl radical concentrations by 50%-100%, whereas comprehensive con-
straints align simulations with observations. This discrepancy is caused by complex offsetting errors,
including the severe overestimation of isoprene-derived intermediates and the significant underesti-
mation of secondary biacetyl production. Our results reveal that photolysis of the measured OVOCs
contributes 49-61% of total ROy production, with species such as methylglyoxal and biacetyl playing
unexpectedly dominant roles in driving ozone formation. These findings highlight critical deficiencies in
current chemical mechanisms and demonstrate that high-resolution monitoring of reactive OVOC in-
termediates is vital for developing effective emission control strategies to mitigate persistent regional
ozone pollution.
© 2026 The Authors. Published by Elsevier B.V. on behalf of Chinese Society for Environmental Sciences,
Harbin Institute of Technology, Chinese Research Academy of Environmental Sciences. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Surface ozone (03) pollution is a critical environmental chal-
lenge in China despite aggressive controls of precursor emissions,
such as NOy (defined as NO + NO;) and volatile organic com-
pounds (VOCs) [1,2]. In the Pearl River Delta region (PRD) of
Southern China, O3 has been the principal pollutant in exceed-
ances of the national air quality standards since 2015 [3]. O3 forms
photochemically via nonlinear, NOy-catalyzed cycling of ROy rad-
icals—a family of highly reactive species consisting of hydroxyl
(OH), hydroperoxyl (HO>), and organic peroxyl (RO3) [4]. Quanti-
fying ROy budgets is therefore critical for understanding the cause
of the persistent surface O3 pollution. In particular, oxygenated
volatile organic compounds (OVOCs) are key intermediates in VOC
oxidation and act as both sources and sinks of ROy [5,6]. However,
the quantitative impact of OVOCs on ROy, remains uncertain, partly
because ambient OVOC measurements have historically been
sparse. Early studies either did not measure OVOCs or measured
only a limited subset (e.g., formaldehyde, acetaldehyde, and
acetone) [7] at low temporal resolution due to a lack of cost-
effective online sampling and analytical methods as well as com-
mercial gas standards for many OVOCs [8,9].

Advancements in in situ measurement and remote sensing
technologies now enable observations of a broader suite of OVOCs
at high temporal resolutions [10-12], elucidating their significant
role in shaping ambient OH levels, ROy cycling, and O3 production
[13,14]. Recent studies in the PRD have shown that accounting for
the OH reactivity of additional OVOC variants reduces the “missing
OH source” identified in early studies [15,16]. Studies have also
underscored that photolysis of OVOCs is a major source of ROy
[17-19], challenging past theories that ROy predominantly origi-
nates from O3 photolysis in rural areas [20,21] and from nitrous
acid (HONO) photolysis in urban areas [22-24]. Research has
further highlighted that dicarbonyls exert disproportionate im-
pacts on ROy and Os. For example, at an urban site in Guangdong in
autumn, photolysis of methylglyoxal contributed more than 25% of
the RO, generated from non-formaldehyde OVOCs [19]. Research
in Hong Kong showed that the three dicarbonyls (glyoxal, biacetyl,
and methylglyoxal) accounted for only 2% of ambient OVOC con-
centrations but 13% of the total O3 formation potential associated
with OVOCs [25]. These findings highlight the critical role of
OVOCs in RO, budgeting and O3 formation. However, the specific
pathways and impacts of individual OVOCs require further
investigation.

In this study, we conducted and analyzed direct measurements
of O3, OH, 63 VOCs, 23 OVOCs, and other precursors at a regional
background PRD site in October to November 2020. Our compre-
hensive measurements enabled us to analyze the impacts of these
OVOCs on the local ROy budget and O3 photochemistry in un-
precedented detail. We explored how constraining a photochem-
ical box model with observations of different suites of OVOC
species affects simulated OH abundance and the ROy budget. We
then traced the discrepancies to the key OVOCs and precursors
that caused them and analyzed O3 formation. These analyses
elucidate how OVOCs drive photochemistry and O3 formation in
background PRD air and highlight key gaps in the field's knowl-
edge of photochemical mechanisms.

2. Materials and methods

2.1. Field measurements at Hok Tsui and categorization of three
photochemical cases

We conducted a field measurement campaign at the Hok Tsui
Supersite (HT; 22.3° N, 114.3° E; Supplementary Fig. S1), located at
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the southeastern edge of the PRD region, from October 7 to
November 6, 2020 (Supplementary Text S1). Briefly, we measured
continuous ambient concentrations of Oz, OH, nitrous acid
(HONO), NOy, CO, SO,, and C;—Cg OVOCs; the photolysis frequency
of NO; (j(NOy)); and relevant meteorological variables
(Supplementary Table S1) [13,26]. OH concentrations were
measured using a nitrate-quadrupole chemical ionization mass
spectrometer (THS Inc., Atlanta, Georgia, United States) [13]. C;—Cg
OVOCs were measured online using a proton transfer reaction
time-of-flight mass spectrometry system (PTR-QiToF-MS, ION-
ICON Analytik, Innsbruck, Austria) [27].

During the ten-day campaign (October 7, 8, 10, 11, and 20-22,
and November 3, 4, and 6, 2020), we collected ambient whole-air
samples in 2 L canisters at 2 h intervals from 09:00 to 18:00 local
time (LT). The VOCs were analyzed offline using a gas
chromatography-mass spectrometer system equipped with mass-
selective detection, electron capture detection, and flame ioniza-
tion detection (GC-MS/MSD/ECD/FID, Agilent 5973N, Santa Clara,
California, United States) (Supplementary Text S1). In total, 63 VOC
species and 23 OVOC species were included in the subsequent
analyses. Notably, we also measured the ambient concentrations
of two dicarbonyls: methylglyoxal and biacetyl (2,3-butanedione).

We categorized the photochemical conditions on each of the
ten days of VOC sampling according to the 72-h back-trajectories
calculated using the hybrid single-particle Lagrangian integrated
trajectory model (HYSPLIT) (Supplementary Fig. S1 and Text S1d)
[28]. Air masses sampled on October 7, 8, and 20-22 and on
November 3 were transported from the inner PRD to HT and thus
categorized as continental. On November 6, the surface maximum
daily 8-h average Os concentration in Hong Kong (97 ppb,
190 pg m~3) exceeded the Chinese National Ambient Air Quality
Standard of 160 pg m~3. This O3 pollution event was associated
with synoptic subsidence and stagnant surface conditions induced
by an approaching tropical storm (Atsani; Supplementary Fig. S2),
which was the dominant meteorological pattern driving Os
pollution in the PRD in fall [21,29]. Accordingly, that day was
categorized as an O3 pollution case. Measurements on October 10
and 11 and November 4 were categorized under the coastal case
because the sampled air masses had been transported along the
coastline of Eastern China.

2.2. Setup of the FOAM box model and sensitivity simulations

We used the Framework for 0-D Atmospheric Modeling (FOAM
v.4.2) box model [30], which incorporates the Master Chemical
Mechanism (MCM v3.3.1; http://mcm.york.ac.uk/, last accessed:
July 1, 2024) [31-33] to simulate photochemistry at HT. Each
simulation was spun up for 72 h to achieve a steady state. We
assumed a 24-h lifetime for all free-running chemical species
against first-order local physical loss processes (i.e., ventilation
and deposition), consistent with the diurnal boundary layer dy-
namics at this subtropical coastal site and the observed strong
diurnal variability in all VOCs and OVOCs during the measurement
period. Further details, including assumed HONO production rates
on a day marked by instrument failure (November 6), bias cor-
rections for simulated photolysis rates and for formaldehyde
measurements altered by humidity, and sensitivity tests exam-
ining the irreversible heterogeneous uptake of methylglyoxal and
glyoxal on aqueous aerosol surfaces [34,35], are described in
Supplementary Text S2, Fig. S3, and Fig. S4.

For each of the three photochemical cases, we performed two
sensitivity experiments (Table 1): a baseline configuration (BASE)
and a more extensive OVOC-constrained configuration (CON23).
BASE experiments were constrained with observed concentrations
of trace gases, HONO, 63 VOCs, and the three most commonly
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Table 1
Design of FOAM sensitivity experiments using different observational constraints.
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Experiments Observational constraints

BASE Meteorological parameters, j(NO,), trace gases (NO, NO,, SO,, CO, O3), HONO, 63 VOCs, and 3 OVOCs (formaldehyde, acetaldehyde, acetone)

CON23
20 OVOCs (including methylglyoxal, biacetyl, MVK + MACR).

Meteorological parameters, j(NO,), trace gases (NO, NO,, SO,, CO, O3), HONO, 63 VOCs, 3 OVOCs (formaldehyde, acetaldehyde, acetone), and an additional

measured OVOC species (formaldehyde, acetaldehyde, and
acetone), following the methods previously reported in most
photochemical budget studies [7,18,22]. All 63 VOCs were obser-
vationally constrained using canister measurements to ensure
data consistency. In CON23 experiments, we further constrained
FOAM with the observed concentrations of all 23 OVOC species,
including the two measured dicarbonyls. All other configurations
were the same for the BASE and CON23 experiments.

3. Results and discussion
3.1. High OVOC and aromatic concentrations observed in HT

The meteorological and photochemical conditions observed at
HT during the measurement periods were typical of the PRD re-
gion for October and November (Fig. 1, Supplementary Tables S2
and S3). Throughout the sampling period, the weather at HT was
warm, sunny, and humid, with a prevailing northeasterly. The
mean daytime (09:00-18:00 LT) O3 concentration was 31% lower
in the continental case (47 + 16 ppb) than in the coastal case
(68 £ 13 ppb). The coastal case involved 16% stronger solar radi-
ation (j(NO3) = 5.0 x 10~ s~1) and 13% lower average wind speeds
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O3 by NO. These meteorological and chemical factors enhanced
local photochemical production while reducing dispersion, pro-
moting a more favorable environment for O3 accumulation in the
coastal case. On the day O3 exceedance was observed (November 6,
when the mean daytime O3 was 79 ppb), most of Southern China
was impacted by the subsiding outflow of the approaching Trop-
ical Storm ATSANI (Supplementary Fig. S2), creating hot, sunny,
and stagnant conditions at the surface.

By integrating VOC measurements from the canister GC-MS/
MSD/FID/ECD analyses with OVOC measurements from PTR-ToF-
MS, we comprehensively characterized the VOC/OVOC composi-
tion of the regional background air. The composition of total VOCs
(TVOCs) was relatively stable throughout the sampling period
(Supplementary Fig. S1c and Table S3), with the largest contribu-
tions coming from OVOCs (65-72%), followed by alkanes (16-22%),
aromatics (6-8%), alkenes (6-7%), and alkyl nitrates (<0.1%). This
result underscores the prominence of OVOCs in the background air
at HT. High percentages of OVOCs in TVOCs have been reported in
previous studies conducted in the PRD using comparable
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Fig. 1. Observed trace gases concentrations of sulfur dioxide (SO,), carbon monoxide (CO), NO (nitric oxide), NO, (nitrogen dioxide), OH (hydroxyl radical), O3 (ozone), HONO
(nitrous acid) and TVOCs (total VOCs) and meteorological conditions at Hok Tsui Supersite on the ten volatile organic compound sampling days in fall 2020. Red arrows indicated
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measurement techniques. For instance, Wu et al. [9] reported a
high percentage of OVOCs in TVOCs (57 &+ 10%) in urban Guangz-
hou in autumn 2018—a value slightly lower than ours due to more
abundant precursor VOCs in urban air. Other studies conducted in
fall 2020 that used only PTR-ToF-MS reported OVOC fractions of up
to 90% in urban Guangzhou [36] and 77% at a coastal site in Hong
Kong [36]. These higher OVOC percentages may be biased high due
to the limited ability of PTR-ToF-MS to detect alkanes. That po-
tential bias notwithstanding, our measurements corroborate past
findings in highlighting the predominance of OVOCs in the
ambient PRD air in fall.

Throughout the campaign, concentrations of reactive VOCs and
0OVOCs were recorded at moderate to high levels compared to
values previously reported in the PRD. Isoprene (0.48 ppb) was the
most abundant alkene across all cases, as it was during earlier
campaigns at HT [20,37]. The daytime (06:00-18:00 LT) mean
concentration of Cg aromatics (m/p-xylene, o-xylene, and ethyl-
benzene) was 0.9 ppb, which was slightly lower than the values
previously reported at suburban sites in the PRD [36,38] but 2.9
and 3.4 times the levels observed at HT in fall 2012 [20] and fall
2018 [37], respectively (Supplementary Table S4). Cg aromatic
concentrations (trimethylbenzenes, 0.3 ppb) were 18-57% higher
than those in urban Shantou [38] and Guangzhou [9,39] yet 2.5
times lower than those in urban Shenzhen (0.7 ppb) [40]. This
pattern suggests that the HT site was influenced by industrial and
solvent-related emissions originating from the upwind PRD region
[41]. Among the measured OVOCs, methanol accounted for the
largest fraction (25%), followed by acetone, acetic acid, acetalde-
hyde, and formaldehyde. In contrast, ethanol and acetaldehyde
were the most abundant OVOC species in the air of urban
Guangzhou (24%) [42] and suburban Hong Kong (54%) [36],
respectively, highlighting differences in precursors and photo-
chemistry across urban, suburban, and coastal air in the PRD. The
two measured dicarbonyls (0.2 + 0.1 ppb methylglyoxal and
0.3 £+ 0.3 ppb biacetyl) constituted only 2% of the daytime total
measured OVOC concentrations, consistent with the measure-
ments of Xu et al. [25].

3.2. Observational constraints on more OVOCs improved simulated
OH concentrations

OH radical concentration is commonly used to evaluate in situ
box modeling performance [43]. Fig. 2 and S5 (Supplementary

a Continental case b Coastal case
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Material) compare observed and simulated OH concentrations
when the FOAM model was constrained with different OVOC
measurements. Table S4 (Supplementary Material) summarizes
the simulated concentrations of OH, HO,, and RO, for each of the
three photochemical cases in the BASE and CON23 experiments. [n
the BASE experiments, the ratios of simulated versus observed (Rs;
o) daytime (06:00-18:00 LT) mean OH concentrations were 1.5 and
2.0 for the continental and coastal cases, respectively, indicating
that the model overestimated OH beyond the 44% measurement
uncertainty [9]. These overestimations were similar to those found
in previous studies, in which the photochemical models were
constrained with observations of a small number of OVOCs
[13,44,45].

In comparison, when FOAM was constrained with measure-
ments of all 23 OVOCs (the CON23 experiments, Table 1), the
simulated OH concentrations aligned more closely with the ob-
servations in the continental (Rsjo = 1.1) and coastal (Rsjo = 1.3)
cases in terms of diurnal variation and magnitude (Fig. 2a and b).
In the O3 pollution case, the BASE (Rsjo = 1.6) and CON23 (Rs;
o = 1.3) experiments both simulated OH concentrations within the
variable observed ranges; nevertheless, the CON23 simulations
were closer to the observed mean (Fig. 2¢). This consistency be-
tween observed and CON23-simulated OH for all three photo-
chemical cases is markedly improved compared to earlier studies
in the PRD, whose models neglected either substantial sources
[24] or substantial sinks [13] of OH. We found that the lower OH
levels simulated in the CON23 experiments resulted from a 7%
lower OH production rate (Supplementary Fig. S6) and a 6% higher
OH reactivity (Supplementary Fig. S7) relative to the BASE exper-
iments. The reduced OH production in the CON23 experiments
was driven mainly by a weaker HO, + NO reaction, which was
attributable in turn to less HO, production when more OVOC
species were observationally constrained (Supplementary Fig. S6).
The effects of observational constraints on OH reactivity were
more nuanced. CON23 simulated lower OH reactivity associated
with methylglyoxal (from 13% to 2%), and the sum of methyl vinyl
ketone (MVK) and methacrolein (MACR) (from 18% to 4%). In
contrast, OH reactivity from other OVOCs increased, most notably
for methanol (from 1% to 6%), the sum of methyl ethyl ketone
(MEK) and butanal (from 0.3% to 4%), and for carboxylic acids
(from 0.2% to 9%) (Supplementary Fig. S7c and S7d). These distinct
contributions of individual OVOCs highlight the critical impact of
comprehensive OVOC constraints on local photochemical budgets.

¢ O, -pollution case

~ 14 14 14
"‘:E e Observed e Observed e Observed
S 4y CON23-simulated (Rg,= 1.1, r=0.91) 12 CON23-simulated (Ry,= 1.3, r=0.82) 12 CON23-simulated (R, = 1.3, r=0.66)
E ---- BASE-simulated (Ry,= 1.5, r=0.95) ---- BASE-simulated (R,,=2.0, r=0.70) ---- BASE-simulated (Ry,=1.6, r=0.76)
3
& 10 10 10
<}
1S
e 8 8 8
% .
~ A y A 4 \L -
g 6 l"\_J V\_,'\yl \\ 6 A \\‘ 6
= o ~ r
© 1/% oo %o S0\ 4 ’ ]
£ 4 B N 4 y S 4
@ s ‘o ol / 'Ly
5] K . / -
= Z \ /
s 2 e D\ 2 4 o 2
o o > 4 ~~
I o A4 <4 _/ N
O o 0+
06:00 09:00 12:00 15:00 18:00 06:00 09:00 12:00 15:00 18:00 06:00 09:00 12:00 15:00 18:00
Local time Local time Local time

Fig. 2. Diurnal variation in OH at Hok Tsui Supersite across three photochemical cases. Observed and simulated OH concentrations are shown for the continental (a), coastal
(b), and Os-pollution (c) cases. The shaded areas indicate standard deviations of the observed and simulated concentrations. Insets report the ratio of simulated to observed
daytime (06:00-18:00 local time) mean OH concentrations (Rsjo) and the daytime temporal correlations (r).



E. Xiong, H. Guo, T.-M. Fu et al.

3.3. OVOC photolysis as the dominant ROy source at HT and
mechanistic biases in the BASE experiment

For all three photochemical cases, the simulated OH concen-
trations in the CON23 experiments were more consistent with the
observed OH concentrations compared to those simulated in the
BASE experiments. This improved agreement of the CON23 ex-
periments, given OH's central role in ROy cycling, supports a
realistic ROy budget at HT. We analyzed the model's results to
identify the key species and pathways that affect the RO, budget at
HT. Fig. 3 shows that photolysis of OVOCs was the dominant source
(49-61%) of ROy in the ambient air at HT across all cases, regardless
of whether 3 or 23 OVOC constraints were applied. This finding
contrasts with a previous study at HT in fall 2012, which identified
the dominant source of ROy as O3 photolysis (47%), followed by
OVOC photolysis (33%) [20]. Li et al. [20] constrained only five
OVOC species (formaldehyde, acetaldehyde, acetone, propanal,
and benzaldehyde) and only at low temporal resolution (24-h
averages), potentially suppressing their model's ability to accu-
rately resolve fast photochemical processes. Similarly, our finding
that OVOC photolysis was the dominant ROy source contrasts with
other studies (18-41%) that used fewer OVOC species as con-
straints, including studies at other sites in the PRD [21,24,46] and
other major cities in China [47,48] and the United States [44,49]
during photochemical seasons. Our findings corroborate those of
Wang et al. [19], who constrained more than 20 OVOCs in urban
Guangzhou and found that OVOC photolysis contributed 43%-59%
of total ROy production in fall. The greater contribution of OVOC

a Continental case (BASE)

8 8

b Coastal case (BASE)
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photolysis to ROy production in our study reflects the substantial
role of OVOCs in radical production, a role that has been under-
represented in previous studies with limited measurement
capabilities.

The simulated loss pathways of RO, were similar regardless of
whether 3 or 23 OVOCs were constrained, but they differed be-
tween non-Os pollution and pollution periods (Fig. 3). In the
continental and coastal cases, ROy was mainly lost to the
HO, + ROy (3149%) and HO, + HO; (15-21%) reactions. In
contrast, during the O3 pollution case, ROy was most quickly
removed via OH + NOy (NO and NO3) (38%) and RO, + NO- re-
actions (48%, forming peroxyacetyl nitrate). These findings
contradict earlier measurements at HT in 2012, when OH + NOy
dominated the ROy sink pathways [20]. This difference likely re-
flects the reduction in NOy emissions in the PRD area in recent
years and underscores the importance of OVOCs in driving current
O3 pollution [50].

We next considered which OVOC photolysis reaction contrib-
uted most substantially to ROy production and the differences
between the BASE and CON23 experiments. Fig. 4 compares OVOC
photolysis in the two experiments averaged over the three
photochemical cases (Supplementary Table S11). Formaldehyde
was the most frequently photolyzed OVOC in both model experi-
ments, consistent with previous findings in PRD [38]. In CON23,
the second most commonly photolyzed OVOC was biacetyl (18%),
but its photolysis was severely underestimated (4%) in the BASE
experiments, which instead simulated substantial photolysis of
methylglyoxal (26%); this value became minor (4%) when the
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methylglyoxal concentrations were constrained by measurements.
The results from the three individual photochemical cases were
also consistent (Supplementary Fig. S8).

We found that inaccuracies in the BASE experiments’ OVOC
photolysis values stemmed from biases in the simulated OVOC
levels, which cascaded into errors across the ROy budget. Com-
parisons with observations from across the sampling period
(Fig. 5; Supplementary Table S6) revealed that the BASE experi-
ments underestimated most OVOCs, especially biacetyl (—67%),
while overestimating methylglyoxal (589%), MVK + MACR (275%),
and benzaldehyde (55%). To contextualize the abundance and
potential simulation biases of these OVOCs at HT, we first
compared observed concentrations with previously reported
values in China (Supplementary Tables S7 and S8). The observed
average MVK + MACR concentration was 0.23 ppb, comparable to
the value at another coastal background site in Shenzhen
(0.26 ppb) [51] but half the figures reported from urban sites in the
PRD (0.43-0.48 ppb) [19,52]. The consistently lower MVK + MACR
levels at HT suggest distinct source-sink dynamics for these
isoprene-derived OVOCs compared to urban environments.
Methylglyoxal (0.15 ppb) and benzaldehyde (0.07 ppb) levels were
consistently about 50% lower than wurban concentrations
[19,53,54]. In contrast, biacetyl (0.26 ppb) exhibited no consistent
spatial pattern: the measured values were 17-32% higher than
those in certain urban reports (0.31-0.38 ppb) [36,51] but 19-39%
higher than other urban PRD measurements conducted in
different years (0.16-0.21 ppb) [51], reflecting variability in emis-
sion sources or atmospheric processing.
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Overall, these misrepresentations of key OVOC concentrations
in the BASE experiments skewed the OH reactivity and the parti-
tioning of OVOC photolysis, overattributing ROy production to
methylglyoxal and MVK + MACR while underrepresenting con-
tributions from other OVOCs, particularly biacetyl (Supplementary
Fig. S8). Critically, these OVOC errors propagated to the HO, and
RO, production rates, which were 10-13% higher in BASE than in
CON23 (Supplementary Fig. S6). Collectively, these findings un-
derscore the necessity of precise OVOC quantification in models to
avoid compounding errors in ROy radical chemistry.

3.4. Potential causes of methylglyoxal and MVK + MACR
overestimation in BASE experiments

Why did the BASE model perform relatively well in simulating
OH concentrations but misrepresent OVOC levels and RO, sources?
Our analysis traced the BASE experiments' overestimation of
methylglyoxal to inflated levels of MVK and MACR, two of meth-
ylglyoxal's key intermediate precursors from isoprene. Fig. S9
(Supplementary Material) shows that methylglyoxal was mostly
produced from isoprene and aromatics, but its production from
isoprene in the BASE experiments (0.22 ppb h™!) was approxi-
mately twice as large as in the CON23 experiments (0.1 ppb h™1).
This overproduction was mainly due to higher contributions from
the decomposition of the HMVKAO (CH3C(O)C(OH)COe) radical
and the ACETOL (hydroxyacetone) + OH reaction in the MCM
(Supplementary Table S9). Both pathways stem from the photo-
chemical oxidation of MVK and MACR [31,34].

The overestimation of methylglyoxal in the BASE experiment
may also have arisen from a neglect of heterogeneous uptake on
aqueous aerosols—a substantial sink for ambient methylglyoxal
frequently excluded from box models such as the standard FOAM
[34]. We added this sink to FOAM and evaluated its impact across a
range of reactive uptake coefficients (ymcry; Supplementary Text
S2). Incorporating the heterogeneous uptake of methylglyoxal
indeed reduced its simulated concentrations by 10%-56% (Fig. 5a).
However, even with the largest yycry, the simulated methylglyoxal
concentrations were still much higher than the observations.
Therefore, the heterogeneous uptake of methylglyoxal could not
fully resolve the discrepancy between simulations and observa-
tions, nor could it explain the overestimation of MVK and MACR.
Nevertheless, our results highlight that aqueous uptake is an
important sink for methylglyoxal and other OVOCs in humid en-
vironments, effectively suppressing OVOC gas-phase reactions
while enhancing secondary organic aerosol formation [55,56].

It remains unclear why MVK and MACR were so severely
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averaged across the three photochemical cases; shading indicates the standard deviations. Panel a also shows methylglyoxal simulated with different heterogeneous uptake

coefficients (y) on wet aerosol surfaces (Supplementary Text S2).
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overestimated in the BASE experiments despite the observational
constraints on isoprene, given that the photochemical yields of
MVK and MACR from isoprene have been well characterized across
a wide range of NOy levels [31]. We propose three mutually
nonexclusive hypotheses. The first involves the origin and fate of
isoprene sampled at HT. The elevated isoprene levels in the coastal
case (Supplementary Table S3) may reflect marine emissions that
are partially oxidized under lower NOy conditions upwind. How-
ever, the box model interpreted this isoprene as reacting locally in
HT's higher-NO, environment, thereby accelerating MVK and
MACR production. Second, MVK and MACR are both slightly water-
soluble and thus susceptible to dry and wet depositions
[57]—sinks often overlooked in box models and potentially
underestimated by our assumed one-day physical lifetime. This
underestimation of MVK and MACR removal might have led to
these OVOCs overaccumulating in the simulations. Third,
complexity arises from halogen chemistry. Cl (chlorine) radicals,
an important booster of atmospheric oxidation capacity at HT [58],
have recently been identified as a large sink for MVK [59,60]. We
did not account for halogen chemistry in our FOAM experiments.
Xia et al. [22] previously reported that direct ROy production from
bromine (Br;) and Cl; was minor (approximately 4%) at HT, but the
indirect effects of halogens on ROy via MVK/MACR degradation
pathways have not been explored.

3.5. Missing precursors or production pathways of biacetyl in MCM

The significant underestimation of biacetyl in the default model
(—67%) and its insufficient representation in earlier studies high-
light the need to better understand its sources and chemical re-
actions. The BASE model's underestimation of biacetyl contrasted
sharply with the observed diurnal variations in biacetyl, indicating
photochemical production (Fig. 5¢). In the BASE simulation (based
on the MCM), biacetyl was predominantly produced by trime-
thylbenzenes (54%) and xylenes (35%) (Supplementary Fig. S10
and Table S10). In the MCM, biacetyl was produced soon after ring
cleavage of trimethylbenzenes and o-xylene, without forming
many intermediate OVOC products. The concentrations of trime-
thylbenzenes and o-xylene were observationally constrained in
both the BASE and CON23 experiments, such that the simulated
biacetyl abundances and budgets were identical. Therefore, the
above findings likely imply that (1) the yields of biacetyl from
trimethylbenzenes and o-xylene were much too low in the MCM,
and (2) important primary precursors or production pathways of
biacetyl were missing in the MCM.

3.6. Sensitivity tests for quantifying the contributions of key OVOCs

Our analysis in Section 3.3 showed that the biases in BASE-
simulated methylglyoxal and biacetyl offset simulated OVOC
photolysis (Fig. 4, Supplementary Table S11) and ROy production,
which may complexly impact downstream O3 production. We
conducted further sensitivity experiments to isolate their individual
impacts relative to the BASE experiments, averaged over all
photochemical cases (Supplementary Text S3 and Fig. S11). We
found that adding methylglyoxal constraints to BASE decreased
OVOC photolysis by up to 29%, substantially reducing RO, produc-
tion (—15%) and abundance (—10%) as well as O3 production (—13%).
In contrast, adding only MVK and MACR constraints to BASE would
increase OH levels (8.9%) by reducing these species’ OH consump-
tion (Supplementary Fig. S11), while OVOC photolysis (—18%), ROy
production (—10%), and HO, (—6.3%) and RO, (—16%) abundance
were still reduced. MVK and MACR acted mainly as sinks to OH
during the campaign, while their photochemical product, methyl-
glyoxal, contributed substantially to ROy production.
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The addition of biacetyl constraints to BASE would increase ROy
abundance and accelerate RO, cycling, eventually accelerating O3
production by 6.7%. Finally, if methylglyoxal, MVK, MACR, and
biacetyl measurements were simultaneously applied to constrain
the box model, the net OH decrease over the BASE experiments
would be slight (—0.3%, Supplementary Fig. S11). Comparing this
result to that of the CON23 experiment, we concluded the
following: While the photochemical impacts of other minor
OVOCs were individually small, their combined impacts on OH,
RO, cycling, and O3 production remained substantial, highlighting
the necessity of observationally constraining a broad suite of
OVOCs in photochemical budget studies.

3.7. Impacts of OVOC observational constraints on simulated Oy
production and sensitivity regimes

Finally, we explored how improving the simulated ROy budgets
by constraining OVOC abundance affected the simulated O3 pro-
duction at HT in the fall. Fig. 6 compares the simulated O3 budgets
for the three photochemical cases. The local O3 production rate
(P(03), Supplementary Text S2) was highest in the O3 pollution
case, followed by the coastal case and the continental case. In all
cases, and regardless of OVOC constraints, the RO, + NO (55%)
reaction was the largest contributor to O3 production, exceeding
HO; + NO (45%). This finding contrasted with an earlier study at
HT under high-NOy conditions [20] and with findings from a
remote island site in the South China Sea [61]. The dominance of
the RO, + NO pathway was similar to that previously characterized
at a rural site in Central China, another low-NOjy location affected
by aged, polluted air [62]. The simulated loss of O3 (L(O3), Sup-
plementary Text S2e) was dominated by O3 photolysis (36-52%,
0.52-0.89 ppb h™!) in the non-ozone pollution cases, while
OH + NO, (48-50%,1.4-1.6 ppb h!) yielded the largest loss of O3 in
the pollution case.

Constraining the abundances of more OVOC species reduced
the simulated maximum P(O3) as much as 17% (Fig. 6) by
decreasing the simulated OH oxidant levels (Fig. 2) and altering
the simulated RO, levels and compositions (Supplementary Fig. S6
and Table S4). We identified the ten RO, + NO pathways that
contributed most to O3z production (Supplementary Table S12),
accounting for 54-58% of the total RO, + NO reaction rates and
29-33% of the total P(O3). The two RO; species responsible for the
largest P(O3) values were CH30, (methylperoxy radical, 24%) and
CH3COs3 (acetylperoxy radical, 17%), which are produced down-
stream of the photochemical oxidation of all VOCs from anthro-
pogenic and biogenic sources [63], including methylglyoxal and
biacetyl. Peroxy radicals from isoprene (ISOPBO,, ISOPDO,, and
HMVKBO;) and butenes (BUT,0LO, and NBUTOLAO;) also
contributed significantly to local O3 production via RO; + NO re-
actions. Constraining the box model with the observed abun-
dances of 23 OVOC species decreased the simulated abundance of
HMVKBO, (produced downstream of MVK from isoprene),
decreased those of CH30, and CH3COs (downstream of many
0OVOCs, including methylglyoxal and biacetyl), and increased those
of other minor RO, species.

The sensitivity of local O3 production to different OVOC
observational constraints is shown in Fig. S12 (Supplementary
Material). Local O3 production at HT in fall 2020 was generally
NOy-sensitive, except during the O3 pollution event. Constraining
the photochemical model with the observations of more OVOC
species significantly increased the relative incremental reactivity
(RIR) values of OVOCs by a factor of 2-5 but decreased the sensi-
tivity of local O3 production to other primary VOC precursors from
anthropogenic and biogenic sources. This feature highlights the
role of reactive OVOC intermediates in local ozone formation at HT.
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Furthermore, the simulated O3 sensitivity exhibited a substantial
reduction in NO saturation during the Os pollution event.
Therefore, imposing additional observational constraints on OVOC
abundance provided better guidance for emission control strate-
gies to mitigate local O3 production.

4. Conclusions

In this study, we demonstrate the need to observationally
constrain more OVOC species, beyond the typical three OVOCs
(formaldehyde, acetaldehyde, and acetone) and particularly
dicarbonyls, to accurately represent local photochemistry. At HT,
the inclusion of 23 OVOCs in the simulations improved simulated
OH levels to the point that they were consistent with observations
within the measurement uncertainty. In addition, in situ ROy and
O3 budget analyses indicated changes in the chemical conditions
of the regional background atmosphere at HT compared with 2012.
Photolysis of OVOC was the largest ROy source, while RO, + NO
was the largest local O3 production pathway. This underlines the
growing role of OVOCs in driving O3 production in the PRD.

Our findings highlight several critical priorities for future
observational and modeling studies. Future field campaigns
should expand in situ measurements of dicarbonyls and other
reactive OVOCs, both at the surface and in the boundary layer.
Recent studies have indicated significant accumulation and
vigorous photochemistry of OVOCs in the boundary layer, which
influence the surface through vertical mixing [42,64]. However,
our model assumed a well-mixed box and could not capture this

layered photochemical processing. Emerging tools, such as remote
sensing of methylglyoxal and biacetyl, next-generation sensors,
and deep learning frameworks, show promise in achieving high-
resolution, vertically resolved, and more accurate OVOC mea-
surements [11,12]. Concurrently, model representations of OVOC
chemistry must be refined, particularly with respect to multiphase
and photochemical mechanisms. Integrating box modeling with
regional-scale simulations would provide a more holistic under-
standing of OVOC budgets, and rigorous evaluation against both in
situ and remote sensing data will be essential to identify and
address key knowledge gaps.
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