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Abstract Aromatics are an important class of volatile organic compounds with impacts on human health.
The impacts of aromatics and their oxidation products vary. While the chemistry and major pathways of the
precursor aromatics are relatively well understood, the same is not true for their phenolic oxidation products.
Here, we use new observations of aromatic oxidation products collected during the Korea-United States Air
Quality aircraft campaign to evaluate the aromatic chemical mechanism in the GEOS-Chem v13.4.0 chemical
transport model. Based on these results, we implement changes to emissions, add ethylbenzene chemistry, and
introduce phenol production from ethylbenzene and toluene oxidation. These changes improve simulation of
benzene (reducing normalized mean bias from 24% to —9%) and phenol (—71% to —42%). Model biases
increase for toluene, xylene, and cresol, but simulated mixing ratios remain within measurement uncertainties
and observed interquartile ranges. We identify potential toluene emission overestimates from petrochemical
complexes in Ulsan and Daesan and underestimates from the Daegu dyeing industrial complex, and
underestimates of benzene emissions from China. Using the updated model, we find benzene and toluene
contribute equally to phenol production in the boundary layer (accounting for 40% of phenol production each),
and that toluene and ethylbenzene are atmospherically relevant precursors of phenol. Phenol and cresol loss is
found to be dominated by OH oxidation (73% for both phenol and cresol). We find that benzaldehyde is the
dominant source of nitrophenol production (67%), although phenol dominates nitrophenol production at night.

Plain Language Summary Aromatics are a group of trace gases emitted by human activities that
have negative impacts on air quality and public health. The impacts vary depending on the chemistry, which can
follow various pathways and form different products. To better understand the impacts of aromatics in the
atmosphere, this study uses a model of the South Korean atmosphere to investigate the major chemical pathways
of three aromatic compounds: phenol, cresol, and nitrophenol. The model was evaluated using aircraft
measurements from South Korea, then updated to improve accuracy. Adding a new chemical pathway to form
phenol for two other aromatics (toluene and ethylbenzene) improved the model's accuracy, suggesting these
may be important phenol sources—a result that had previously only been identified in laboratory experiments.
The major loss pathway of phenol and cresol was found to be a reaction pathway that is expected to lead to more
particulate matter production. However, in urban environments with high population, the major loss pathway
was instead one that produces nitrophenols, which are highly toxic.

1. Introduction

Aromatics are an important subset of volatile organic compounds (VOCs) that have significant impacts on human
health (Krofli¢ et al., 2015; Rajabi et al., 2020; Tiwari et al., 2019) and contribute to both ozone and secondary
organic aerosol (SOA) formation (Seinfeld & Pandis, 2016). The nature of their impacts on air quality and human
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Figure 1. A simplified representation of the aromaticity-retaining benzene oxidation cascade.

health are linked to their oxidation chemistry, with different impacts depending on the reaction pathway followed.
While the reaction kinetics and major loss pathways of the precursor aromatics (benzene, toluene, ethylbenzene,
and xylene, referred to collectively as BTEX) are well understood, the major loss pathways of their oxidation
products, including phenol, cresol, and nitrophenols, are relatively unknown. These oxidation products have
previously been included in model chemical mechanisms (Bates et al., 2021; Emmons et al., 2020; Yan
et al., 2019), but no measurements were available for validation. Here, we use new measurements of aromatic
oxidation products (phenol, cresol, and nitrophenols) observed during the Korea-United States Air Quality study
(KORUS-AQ) to evaluate and improve the representation of the aromatic oxidation cascade in a 3D chemical
transport model (GEOS-Chem). From there, we use the improved model to quantify the budget of first-generation
oxidation products in the South Korean region.

Aromatics are emitted primarily by anthropogenic sources, including vehicle exhaust, fossil fuel consumption,
and solvent usage, with additional emissions from biofuel and biomass burning (Cabrera-Perez et al., 2016;
Koppmann, 2007; Zeng et al., 2019). Aromatics can account for up to 60% of tropospheric VOCs over urban and
semi-urban areas, with the most abundant being the BTEX species (Cabrera-Perez et al., 2016; Yan et al., 2019).
Once in the atmosphere, aromatic compounds undergo multiple steps of oxidation, yielding a variety of species
including phenols, catechols, aldehydes, nitrophenols, glyoxal, and formic acid. This chemistry can enhance both
ozone and SOA production (Bates et al., 2021) or produce compounds with high toxicity, with the specific
impacts dependent on which chemical pathways are followed and which species are produced as a result. For
example, the reaction of phenol with OH radicals produces catechol, which has low vapor pressure resulting in
high SOA yields when further oxidized (Finewax et al., 2018; Fredrickson et al., 2022), whereas reaction with
nitrate (NO;) produces nitrophenol, which results in less SOA upon further oxidation (Bejan et al., 2020).

A simplified aromaticity-retaining reaction pathway for aromatic oxidation is shown in Figure 1, using benzene as
an example. While a secondary major loss pathway for BTEX reaction with OH is the bicyclic peroxy radical
pathway (up to 47% ifor benzene), which produces ring-breaking products such as glyoxal and butenedial (Wang
et al., 2013), our focus here is on the ring-retaining phenolic pathways. The first stage of the atmospheric
oxidation cascade, oxidation of the precursor aromatic (BTEX species), is relatively well understood. The major
loss pathway of BTEX species is reaction with OH (Cabrera-Perez et al., 2016) to form a phenolic species
(Baltaretu et al., 2009; Fan & Zhang, 2006; Wang et al., 2013). The subsequent oxidation chemistry is less well
understood. Oxidation of first-generation products (e.g., phenolic species) follows one of two reaction pathways:
either reaction with OH radicals, typically resulting in OH addition to the aromatic ring to form a catechol, or
reaction with NO; to produce nitroaromatics. Oxidation by OH can also initiate nitroaromatic formation by
producing a phenoxy radical intermediate before reacting with NO, to form the nitroaromatic, although the yield
is typically much smaller than when the phenolic compound reacts with NO;. The dominant loss pathways of
phenolic species remain largely unexplored. Using a box model, Yuan et al. (2016) found that phenol was equally
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likely to be removed via reaction with OH as with NO5 in Utah, US in winter, but they did not explore other
oxidation products, locations, or seasons. To date, limited measurements of aromatic oxidation products have
been available to test our understanding of these oxidation pathways.

In this paper, we leverage new measurements of first-generation aromatic oxidation products (phenol, cresol,
nitrophenol, nitrocresol, nitrocatechol, and nitromethylcatechol) to constrain their budgets in a region with high
aromatic emissions (South Korea). We first evaluate and improve the representation of aromatic oxidation in the
GEOS-Chem chemical transport model using airborne observations from KORUS-AQ. Our improvements
include adjusted aromatic emissions ratios; additional emissions from volatile chemical products (Coggon
et al., 2021; McDonald et al., 2018), biomass burning (Andreae, 2019; Finewax et al., 2018; Koss et al., 2018;
Majdi et al., 2019), and car exhaust (Song et al., 2021); inclusion of ethylbenzene chemistry (Bates et al., 2021),
and addition of phenol production from toluene and ethylbenzene (Birdsall & Elrod, 2011; Forstner et al., 1997,
Noda et al., 2009). We then use the improved model to quantify the sources and atmospheric fates of phenol and
cresol over South Korea.

2. Materials and Methods
2.1. KORUS-AQ Airborne Observations

The KORUS-AQ study was an airborne campaign that took place in May—June 2016 in South Korea, conducted
jointly by the U.S. National Aeronautics and Space Administration (NASA) and the South Korea National
Institute of Environmental Research (NIER) (Crawford et al., 2021). It featured three aircraft as well as ground-
based sites and ships (Crawford et al., 2021). In this work, we exclusively use measurements from the DC-8
aircraft, including primary aromatics and their oxidation products. DC-8 flights were conducted on 23 days,
typically reaching altitudes of up to ~12 km and sampling between Seoul and Jeju to the south, Busan to the
southeast, Gangneung to the east, and the Yellow Sea to the west (Crawford et al., 2021). The KORUS-AQ flight
track for altitudes below 2 km are shown in Figure 2a.

Whole air samples were collected onboard the DC-8, and from these, aromatic compounds including benzene,
toluene, xylene, styrene, ethylbenzene, propylbenzene, ethyltoluene, and trimethylbenzene were measured using
multi-column gas chromatography (Simpson et al., 2020). Here, we use 60-s merge data obtained from https:/
www-air.larc.nasa.gov/cgi-bin/ArcView/korusag?MERGE=1#60_SECOND.DC8_MRG/, with further aver-
aging to match model resolution as described in Section 2.2.

We also use additional measurements for the aromatic oxidation products phenol, cresol, nitrophenol, nitrocresol,
nitrocatechol, and nitromethylcatechol, which are not available in the merge files. These aromatic oxidation
products were measured by the Caltech chemical ionization time-of-flight mass spectrometer using CF;07 as the
reagent ion (Allen et al., 2022; Xu et al., 2020).

2.2. GEOS-Chem Model Description

We use GEOS-Chem version 13.4.0 (https://doi.org/10.5281/zenodo.6511970). The model is driven by Goddard
Earth Observing System Forward-Processing (GEOS-FP) meteorological data from the NASA Global Modelling
and Assimilation Office (GMAO). Baseline simulations were performed for May—June 2016 at two global res-
olutions (4° X 5° and 2° X 2.5°) and at a nested resolution (0.25° X 0.3125°) over East Asia with 72 vertical layers
up to 0.01 hPa. The nested simulation used boundary conditions from the global simulation, with boundaries of
100-140°E and 20-50°N. Spin-up periods were 1 month for the global simulations and 2 weeks for the nested
simulations, selected based on the short atmospheric lifetimes of the phenolic compounds of interest (a few hours
to ~1 day). The in-built GEOS-Chem plane flight diagnostics were used to sample the GEOS-Chem output along
the KORUS-AQ flight track at one-minute resolution. Both model output and observations were then averaged to
obtain a single data point for each unique combination of model grid box and time step (20 min for global and
10 min for nested), with these averages used for all subsequent analysis.

2.2.1. Emissions and Aromatic Oxidation Chemistry in the Baseline Simulation

Over Asia, the model was driven by anthropogenic emissions from the 2015 KORUSvVS5 emission inventory,
except over China, where the year-specific Multi-resolution Emission Inventory for China (MEIC) were used
(Zheng et al., 2018). The KORUSV5 emission inventory was developed at Konkuk University and is based on the
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Figure 2. Aromatic emissions (kg m™>s™") in May—June 2015 from the updated simulation (see Section 2.2.2 for details) for

(a) benzene, (b) toluene, and (c) xylene. Also shown are key geographic details referred to in the text: (a) KORUS-AQ flight
path below 2 km, (b) the region used to calculate atmospheric budgets from the model (see Section 2.3 for details), and
(c) key cities in South Korea.

CREATE inventory (Woo et al., 2020). The inventory includes emissions for carbon monoxide (CO), ammonia
(NH5), NO,, fine particulate matter (PM, 5), sulfur dioxide (SO,), and VOCs including aromatics. VOC speci-
ation in the original KORUSVS5 inventory is based on the SAPRC-99 chemical mechanism, which includes two
lumped aromatic species: ARO1 for less reactive aromatics such as benzene and toluene, and ARO2 for more
reactive aromatics such as xylene (Carter, 1999). For use in GEOS-Chem, ARO1 was re-speciated as 10%
benzene and 90% toluene using scaling factors provided by S. Zhai, and ARO2 was assumed to be 100% xylene.

The MEIC emission inventory was developed by Tsinghua University and includes 10 species (SO,, NO,, CO,
VOC, NH;, PM,,, PM, 5, black carbon, organic carbon, and carbon dioxide) from more than 700 anthropogenic
sources in China (Zheng et al., 2018). The speciated emission inventory, including benzene, toluene, and xylene
emissions was provided (Li et al., 2019). For MEIC, a sector-specific diurnal scaling factor was used following
Miao et al. (2020).

For the global simulations, anthropogenic emissions outside of Asia were from the Community Emissions Data
System (CEDSv2) emission inventory. Biogenic emissions were calculated online using the Model of Emissions
of Gases and Aerosols from Nature (MEGANV2.1) (Guenther et al., 2012). Biomass burning emissions were from
the Global Fire Emissions Database (GFEDv4.1s), including benzene, toluene, and xylene.

The GEOS-Chem simulation of aromatic oxidation chemistry is described in detail by Bates et al. (2021), and we
use this as our baseline simulation. In brief, the mechanism includes 17 aromatic species including benzene,
toluene, lumped xylenes, benzaldehyde, perbenzoic acid, peroxybenzoylnitrate, phenol, lumped cresols (cresol
and xylenol), lumped catechols (catechol and methylcatechol), lumped nitroaromatics (nitrophenol, nitrocresol,
nitrocatechol, and nitromethylcatechol), and several radical intermediates. There are 44 aromatic-specific
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Table 1 reactions, including reaction of benzene, toluene, and xylene with OH, re-
Biomass Burning Emission Factors (EFs) in Units of (kg Species Emitted) action of oxidation products (benzaldehyde, phenol, cresol, catechols, nitro-

(kg Dry Matter Burnt)~" for Phenol and Catechol for Six Land Cover Types aromatics) with OH and NOj, and a phenoxy-phenylperoxy radical cycle.

Land cover type

Phenol EF Catechol EF

Savanna, grassland, and shrubland
Boreal forest

Temperate forest

Deforestation (tropical) and degradation
Peat

Agricultural waste

43 % 1074 9.0x 1074 2.2.2. Modified GEOS-Chem Aromatics Simulation

75x 107" 9.0x 107 Following analysis of the results from the baseline simulations (see Sec-
2.5 x 107 9.0 x 107 tion 3.1), we implemented several updates to better simulate aromatics in
23 % 1074 9.0x 1074 South Korea. First, we identified and added missing emission sources not
47 % 10~ 92 % 10~* included in the baseline simulation. The first of these is emissions from
20 = i s Tl volatile chemical products (VCPs), such as adhesives, coatings, and cleaning

agents. VCPs are an important source of VOCs, including aromatics

(McDonald et al., 2018), but are not included in the anthropogenic emission
inventories described above. We added VCP emissions for toluene, xylene, and several alkane species following
the implementation of Bates et al. (2022), with emissions scaled to global population density for 2015. The scaling
factors used here were 6.84 x 10™"° kg s™' person™" for toluene and 1.07 x 10™'* kg s~ person™" for xylene
(Coggon et al., 2021; McDonald et al., 2018).

Phenol is known to be emitted by the combustion of fossil fuels and has been detected in car exhaust (Perrone
et al., 2014). However, the KORUSVS5 inventory does not include phenol emissions from mobile sources, and the
MEIC inventory does not include primary phenol emissions from any sources. We added mobile-source phenol
emissions to both inventories using a phenol:CO emission ratio from car exhaust of 0.0004 (kg phenol) (kg CO)™"
(Song et al., 2021).

Biomass burning is also a significant source of phenolic compounds, including phenol and catechol (Fang
et al., 2024; Finewax et al., 2018; Gkatzelis et al., 2024; Xu et al., 2021). Neither species is included in the default
implementation of the GFEDv4.1s biomass burning inventory in GEOS-Chem. We added phenol emissions from
biomass burning using emission factors from Andreae (2019), applied to GFEDv4.1s dry matter burnt (Table 1).
We also added emissions of catechols from biomass burning using emission factors from Majdi et al. (2019) for
savanna, temperate forest, and agricultural waste fires and from Koss et al. (2018) for peat fires (Table 1). We did
not find any estimates of catechol emission factors for boreal or tropical fires in the literature, and so applied the
same emission factor as used for savanna and temperate forest fires to these land cover types.

Next, we made several updates to the chemical mechanism, starting with the chemical sources of phenol. While
benzene is the dominant chemical source of phenol, with yields of up to 61.2% (Noda et al., 2009) (GEOS-Chem
yield: 54%), there is experimental evidence for direct phenol production from toluene oxidation, with yields of
4.7%-5.4% (Birdsall & Elrod, 2011; Noda et al., 2009). We expect this source could be important in South Korea,
as high concentrations of toluene were measured during KORUS-AQ (Crawford et al., 2020). We implemented
this chemistry in GEOS-Chem with a 5.4% yield of phenol as a product of the toluene + OH reaction (Noda
et al., 2009).

Ethylbenzene oxidation is also a known source of phenol (Huang et al., 2010). While ethylbenzene is not included
in the default GEOS-Chem v13.4.0 configuration used for our baseline simulation, Bates et al. (2021) included it
as part of an optional extended GEOS-Chem mechanism that was added to the default configuration in v14.5.0.
We implemented this extended mechanism here (consistent with the implementation in v14.5.0 onwards) and
modified it to include phenol from reaction of ethylbenzene with OH radicals. To the best of our knowledge, there
are no published values for the gas-phase yield of phenol from ethylbenzene. Instead, we estimate the phenol yield
based on coincident measurements of the particle-phase phenol yields from ethylbenzene and toluene, measured
by Forstner et al. (1997). From these, we calculate the ratio of particle-phase phenol production from ethyl-
benzene to that from toluene and apply this ratio to the gas-phase phenol yield from toluene. The particle-phase
ratio implies roughly 2.1 times more phenol is produced from ethylbenzene oxidation than from toluene, from
which we derive a phenol yield from ethylbenzene oxidation of 11.4%.

The addition of ethylbenzene to the chemical mechanism also necessitated a revision to the aromatic emission
speciation in the KORUSVS inventory. In the baseline simulation, we assumed KORUSvS5 ARO1 emissions were
10% benzene and 90% toluene (see Section 2.2). To account for the ethylbenzene component, we used 2016
emissions reported by the South Korea Ministry of Environment (available at: https://icis.me.go.kr/prtr/main.do)
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to calculate the percentage distribution of benzene (0.9%), toluene (74.3%), and ethylbenzene (24.8%) and applied
this distribution to KORUSv5 ARO1 emissions. However, when we ran the model with emissions calculated
using this speciation, we found a benzene underestimate and an ethylbenzene overestimate in the model, relative
to the airborne observations. We therefore further modified the speciation to better match the observations. To do
this, we first multiplied the speciation for benzene (0.9%) and ethylbenzene (24.8%) by the ratio between the
observed and modeled surface concentrations in the simulation using the updated speciation (i.e., benzenel/
benzenel ., X 0.9%). We then attributed the remaining AROI to toluene. This resulted in a final KORUSvVS
AROIL speciation of 1.3% benzene, 12.1% ethylbenzene, and 86.6% toluene, with total simulated emissions during
KORUS-AQ shown in Figure 2. Note there is uncertainty in this method as BTEX emissions outside South Korea
may be partly responsible for the original model biases, resulting in an overcorrection of KORUSVS emissions.
Travis et al. (2024) use similar speciation, although with higher benzene emissions (7% benzene; 83% toluene;
10% ethylbenzene).

Finally, we updated the reaction rate for catechol with OH. The value used in the standard version of GEOS-Chem
20 x 107" cm® molecule™ s_l) does not match the value reported in Bates et al. (2021)
(1.5 x 107" cm® molecule™ s™"), and both are an order of magnitude lower than previously published values
(Cabrera-Perez et al., 2016; Mellouki et al., 2021). This rate discrepancy was included in GEOS-Chem to properly
account for the lumping of catechols, methylcatechols, and their OH addition products into a single species; to
facilitate direct model-measurement comparisons, we updated this rate to 1.5 X 10™'® cm® molecule™ s™' to
match published values. We found that this update decreased simulated catechols by 37% in surface air (Figure S1
in Supporting Information S1).

We considered a number of further modifications that we tested with sensitivity simulations but ultimately
decided not to include in our final simulation. These included changes to reaction rates for production and loss of
various species in the aromatic oxidation cascade; however, we found that either our results were insensitive to the
changes, or (in cases where they were sensitive) there was no evidence in the literature to justify changes to the
reaction rates. We also tested the impact of separating lumped species (catechols and nitroaromatics) and applying
unique reaction rates to each individual species, using rates from Mellouki et al. (2021) for catechols and from
Cabrera-Perez et al. (2016) for nitroaromatics. We found that this modification had negligible impact on our
simulation but increased the computational cost, and so retained the lumped species and lumped reaction rates
from Bates et al. (2021).

2.3. Atmospheric Budget Analysis

We used the output of our improved simulation to calculate atmospheric budgets for phenol and cresols in the
boundary layer. We saved GEOS-Chem diagnostics at hourly resolutions for chemical production and loss, dry
deposition, wet deposition, and emissions. Budget calculations were based on output between the surface and an
average altitude of 2.15 km for box-edge latitudes 32.9°-39.0° and box-edge longitudes 125.5°-129.8° (see
Figure 2b), averaged over all days in the 2-month simulation period (May—June 2016). We maintained the hourly
resolution to analyze diel variability.

To distinguish between different chemical pathways, we separated the lumped phenoxy-phenylperoxy radical
cycles for phenol, cresol, and benzaldehyde, as shown in Figures S2—S4 in Supporting Information S1. All radical
cycles use the same product yields and reaction rates and produce the same lumped nitroaromatic species
(NPHEN) when the phenoxy radical reacts with NO,. We added dummy species to the mechanism to separately
track phenol production from benzene, toluene, and ethylbenzene; cresol production from toluene and xylene;
phenol and cresol loss from reaction with OH and NOj; and the production of the lumped nitroaromatic species
from each of the individual phenoxy-phenylperoxy radical cycles (i.e., individual tracers for each cycle). Table S1
in Supporting Information S1 provides the relevant reactions, key products, and dummy species used for this
analysis. Dummy species were set to zero after the spin-up period to track their accumulation during the 2-month
science simulation.

We also used the model output to quantify the relative fractions of phenol loss that form catechol versus
nitrophenol. We first calculated the total production of the two dummy species that track the phenol loss
pathways (PHENOH, PHENNO3; see Table S1) in the model surface layer across the 2-month simulation, as
well as dry deposition (Lp,ypep_phen)> and wet deposition (Lyyeipep_phen)> all in kg (grid cell)™". The total phenol
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loss (L) over the 2-month period was calculated as the sum of the two rates (Loy phen, = PHENOH and
Lno3_phen = PHENNO3) and total deposition (Lprypep phen + LwetDep_phen)> @ shown in Equation 1:

Lrotai_phen = Lom_phen + Lno3_phen + Ldrybep_phen + LwetDep_phen M

The fraction of the phenol loss that produces catechol (F 1) was then determined by multiplying Loy ppen by the
yield of catechol from the phenol + OH reaction (0.8) and dividing the result by Lrygy ppen, a8 shown in
Equation 2:

F‘CAT = (LOH_Phen X 08)/ LTolal_Phen (2)

Nitrophenol is produced from phenol by first producing a phenoxy radical which then reacts with NO, with a
100% yield. The fraction of the phenol loss that produces nitrophenol (Fyppgy) Was determined by dividing the
production of the phenoxy + NO, dummy species (Ppyennpren; sé€ Table S1 in Supporting Information S1) by
Lrotal_phen» @S shown in Equation 3:

I:NPHEN = PPHENNPHEN/ LTotal_Phen (3)

The same process was repeated for cresol to calculate the fractional production of methylcatechol versus
nitrocresol from cresol loss. Total loss of cresol (Lo, ) Was calculated over the 2-month period as the total of
the two loss tracers (Loy_cg = CSLOH and Lyo;_cq = CSLNO3) and total dry and wet deposition (Lpypep cs1
and Lyepep_cs1)> s shown in Equation 4:

Lrotai_cst = Lon_cst + Lnvos_cst + Lorypep_cst + Lwetbep_cst )

The fraction of the cresol loss that produces methylcatechol (Fy;cr) was determined by multiplying Loy ¢ by the
yield of methylcatechol from the cresol + OH reaction (0.727) and dividing the result by Ly, ¢y as shown in
Equation 5:

Fuer = Lon_cst X 0.727)/Liyguar_csi )

Nitrocresol is produced from the phenoxy radical + NO, reaction with a 100% yield. The fraction that produces
nitrocresol (Fycgr) was determined by dividing the production of the phenoxy + NO, dummy species
(Pcspnpaens see Table S1 in Supporting Information S1) by Ly cg» as shown in Equation 6:

Fnest = PesiapHeN/Lrotal_cs! (6)

3. Evaluation of the GEOS-Chem Aromatic Simulation
3.1. Baseline Simulation and Impacts of Model Resolution

Figure 3 shows the boundary layer vertical profiles of the observations for 7 aromatic compounds along with NO
and NO, and the baseline model simulations at three resolutions (two global, one nested; see Section 2.2) for 7
aromatic compounds along with NO, (NO, = NO + NO,) and HO, (HO, = OH + HO2). Vertical profiles for
individual NO, HO,, and OH are shown in Figure S5 in Supporting Information S1. Consistent with prior
KORUS-AQ analysis (Brewer et al., 2022; Simpson et al., 2020), toluene was the most abundant BTEX precursor
species in the observations indicating high toluene emissions in the region. Benzene was the next most abundant,
followed by ethylbenzene, then xylene. At the coarsest global resolution (4° X 5°), the baseline model over-
estimated benzene at all altitudes, but the simulation improved at the 2° X 2.5° and nested resolutions. Benzene
was the only BTEX species with a non-zero mixing ratio above 2 km (not shown) as a result of its 8-10 days
atmospheric lifetime, which is much longer than for the other species (2-24 hr) (Cabrera-Perez et al., 2016) and
sufficiently long for emissions from elsewhere in Asia to be transported to South Korea. The baseline model
replicates this feature well at all resolutions. We note that benzene's longer atmospheric lifetime makes it more
sensitive than other species to our choice of spin-up period, especially in the global coarse resolution simulation.
However, we found using a sensitivity simulation at 4° X 5° that a longer spin-up resulted in decreases that were
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Figure 3. Median 0-2 km vertical profiles of benzene, toluene, xylene, ethylbenzene, phenol, cresol, nitrophenols, NO,, and
HO, from the KORUS-AQ observations (black) compared with the GEOS-Chem baseline simulation at 4° X 5° (blue),

2° % 2.5° (purple), and 0.25° X 0.3125° (green) resolutions. For ethylbenzene, only observed values are shown as it was not
included in the baseline simulations. Both observations and model output are binned into 250 m altitude bins. Error bars
represent the observational uncertainties applied to the median values. Shaded areas represent the observational interquartile
range.

smaller than the difference between resolutions (no change at the surface and a small decrease of ~25 pptv at
1-2 km).

Table 2 shows the Pearson correlation coefficients (r) and normalized mean biases (NMB) between the model and
observations for the precursor species at all resolutions. Benzene, toluene, and xylene show increasing correlation
as model resolution increases, highlighting the importance of resolution, as has been seen for methane (Stanevich
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Table 2
Pearson Correlation Coefficients (r) and Normalized Mean Biases (NMB) at Three Resolutions for the Baseline GEOS-Chem
Simulation”

r° NMB (%)
Species 4x5 2x25 Nested 4x5 2X2.5 Nested
Benzene 0.83 0.88 0.90 52 32 24
Toluene 0.69 0.85 0.86 13 63 85
Xylene 0.47 0.78 0.85 3 62 99
Phenol 0.87 0.76 0.88 —69 =70 =71
Cresol 0.83 0.93 0.94 -50 —18 2
Nitrophenols 0.95 0.91 0.85 —84 =71 —63
NO, 0.82 0.89 0.93 —14 30 54
HO, 0.79 0.81 0.65 —40 =30 —41

Values calculated using data <2 km. ®Bold numbers indicate results that are significant at a p-value < 0.05.

et al., 2020), isoprene and formaldehyde (Yu et al., 2016), SOA (Wainwright et al., 2012), and ozone in both
GEOS-Chem and other models (Schwantes et al., 2022). For benzene, the model high bias decreases with
increasing resolution, although benzene remains overestimated even at the highest resolution, most likely
reflecting overestimated emissions. Modeled toluene and xylene both have almost no bias at the coarsest reso-
lution, but the biases increase with increasing resolution, resulting in the model overestimating both species by
nearly a factor of two in the nested simulation.

The fact that benzene concentrations decrease with increasing (finer) resolution while toluene and xylene con-
centrations increase may be explained by the differences in their atmospheric lifetimes. The longer atmospheric
lifetime of benzene results in a larger contribution from emissions transported from China, meaning transport and
numerical diffusion effects come into play. Coarser resolutions are more strongly affected by numerical diffusion,
resulting in lower concentration maxima but larger plume sizes (Eastham & Jacob, 2017). It is likely that at
coarser resolution, the flight tracks more frequently sample transported plumes (even if the concentrations within
these plumes are lower), resulting in higher average concentrations of benzene over the South Korean region.
Indeed, when we separate data over the Yellow Sea (primarily transported) from data over South Korea (primarily
local), we see much stronger resolution effects for the transported data (Figure S6 in Supporting Information S1).

In contrast, toluene and xylene have much shorter atmospheric lifetimes than benzene and are therefore more
strongly influenced by local emissions with high spatial variability. In coarse resolution simulations, the influence
of large but spatially localized emissions is reduced due to the spatial averaging. These influences are better
captured at the higher resolutions that average over a smaller area, explaining the increased concentrations at finer
resolutions. Comparing the vertical profiles of these species over South Korea versus the Yellow Sea (Figure S6
in Supporting Information S1) confirms that the increases with resolution are only seen over South Korea, where
the impacts from local emissions are strongest. Over the Yellow Sea, toluene and xylene concentrations decrease
with increasing resolution, consistent with the pattern seen for benzene.

Amongst the measured aromatic oxidation products, Figure 3 shows that nitrophenols were most abundant in the
KORUS-AQ observations. The observations show more phenol than cresol despite higher concentrations of
toluene (cresol precursor) than benzene (phenol precursor), in part due to the lower yield and faster loss rates for
cresol than phenol. The high phenol concentrations may also indicate a role for either primary phenol emissions or
additional chemical sources of phenol besides benzene, both of which are explored in Section 4. The baseline
simulation does not reproduce these observed patterns at any resolution. In all cases, modeled cresol is most
abundant, followed by nitrophenols, then phenol. This disconnect, along with the large underestimate of phenol
despite the overestimated benzene concentrations, indicates missing (or underestimated) sources of phenol and
nitrophenols in the baseline simulation.

Table 2 shows that cresol is affected by increasing resolution, resulting in improvements to the observation-model
correlation and reduced model biases with increasing resolution. Nitrophenols also show small improvements in
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model biases with increasing resolution, but worse correlation. Conversely, phenol shows no change with res-
olution, with a low bias apparent at all resolutions, possibly due to the simultaneous decrease of benzene (the
primary precursor) with increasing resolution, offsetting any potential resolution-driven increase in phenol. This
result provides further evidence for missing sources of phenol, as the lack of improvement with higher resolution
implies spatial variability in existing phenol sources is not the primary determinant of model skill in simulating
phenol, unlike for the other aromatic species and oxidation products. Nevertheless, given the improvements at
higher resolution simulated for most species, hereafter we exclusively discuss the high-resolution nested
simulations.

3.2. Impacts of Updated Emissions and Phenol Chemistry

Figure 4 and Table 3 show the impacts of the improvements made to the GEOS-Chem aromatic emissions and
chemical mechanism, as detailed in Section 2.2.2, and Figure S7 in Supporting Information S1 shows the impacts
to individual HO,, NO,, and O5. The updates resulted in notable changes to BTEX species, phenol, and cresol,
with only negligible impacts on modeled nitrophenols. Benzene decreased by 73 ppt at the surface (and roughly
20-70 ppt throughout the boundary layer) in the updated simulation. The high bias in the original simulation was
reduced from NMB = 24% to NMB = —9%, with the improvements driven by the updated aromatics (ARO1)
emission speciation. Below 1 km, however, the improved model underestimates benzene, indicating under-
estimated local emissions and/or poorly represented vertical transport in the boundary layer. As discussed further
in Section 3.3, the surface-level benzene is primarily associated with local emissions from Seoul and Daesan, with
some influence from transport from China.

For toluene, the impacts were smaller due to the contrasting effects of the decrease in emissions from the updated
AROIL speciation and the addition of new toluene emissions from VCPs. Combined, these changes resulted in a
moderate increase in atmospheric toluene, particularly in surface air. Across the lowest 2 km, the model bias
increased from NMB = 85% to NMB = 102%. Modeled xylene mixing ratios, which were already overestimated
in the baseline simulation (NMB = 99%), also increased due to the addition of VCP emissions, resulting in an
increased bias (NMB = 163%). Observation-model correlation of xylene decreased from 0.85 to 0.75, indicating
that our simple population-based representation of xylene VCP emissions is not well-suited to South Korea.
Modeled ethylbenzene, a new addition in the updated simulation, was reasonably well correlated with obser-
vations (r = 0.81) and had only a small positive bias (NMB = 6%), indicating good agreement with the obser-
vations. Remaining uncertainties in BTEX emissions are further explored in Section 3.3.

Despite the decrease in benzene concentrations, the improved simulation resulted in a substantial increase in
phenol concentrations, reducing the model bias from NMB = —71% to NMB = —42%. The correlation between
modeled and observed phenol also improved (r = 0.92). When separating the data over South Korea from that
over the Yellow Sea (see Figure S8 in Supporting Information S1), we found that modeled phenol increased
substantially over land, but showed minimal improvement over the Yellow Sea. This may be due to the larger
toluene overestimates over land producing more phenol, or due to phenol oxidizing before reaching the Yellow
Sea. We also found larger phenol biases over the Yellow Sea (NMB = —73%) than over South Korea
(NMB = —33%). As simulated benzene is also significantly underestimated over the Yellow Sea but agrees well
with observations over South Korea, we infer that transported benzene emissions (likely from China) are
underestimated and can account for the underestimated phenol over the Yellow Sea. These results indicate that
phenol concentrations over the Yellow Sea are more heavily impacted by transported benzene emissions while
phenol in South Korea is impacted more by local toluene and ethylbenzene emissions. We found using sensitivity
simulations (see Figure S9 in Supporting Information S1) that the additional primary emissions of phenol had
negligible impact, and the increased phenol can be almost entirely attributed to the addition of phenol production
from toluene and ethylbenzene oxidation. Our results lend further evidence to the possible importance of these
phenol production pathways that have previously been identified in lab studies (Birdsall & Elrod, 2011; Forstner
et al., 1997; Noda et al., 2009).

The modeled cresol bias increased from NMB = 2% to NMB = 23% due to the increase in toluene and xylene;
however, modeled cresol was still well within the observational uncertainties and strongly correlated with
observed cresol (r = 0.94). Cresol is overestimated over South Korea but underestimated over the Yellow Sea
(Figure S8 in Supporting Information S1), despite toluene and xylene overestimates in both regions. This might
indicate missing photochemical sources of cresol in transported plumes or that the atmospheric lifetime of cresol
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Figure 4. Same as Figure 3, but for the high-resolution (nested) baseline (green) and improved (cyan) simulations.

is too short in the model. Correction of the toluene and xylene overestimates would likely improve the cresol
simulation over South Korea but degrade it over the Yellow Sea, where cresol is already too low. Future work is
needed to fully assess the model performance for cresol.

We found almost no changes between the baseline and improved simulations of nitrophenols, which remain
underestimated (although within the experimental uncertainties) in the improved simulation despite the increases
to the nitrophenol precursors (phenol and cresol) and lingering model overestimates of NO,. As seen for phenol,
simulated nitrophenols are more representative of the observations over South Korea than over the Yellow Sea.
While observations show roughly equivalent concentrations over the two regions, virtually no nitrophenol is
simulated over the Yellow Sea. This may be due to the underestimated precursors (phenol and cresol) over the
Yellow Sea, as well as the underestimate of transported benzene. The atmospheric lifetime of nitrophenols may
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Table 3 also be too low. Further, the lack of sensitivity to changes in precursors in-

The Same as Table 2, but for the Nested Baseline and Updated Simulations* dicates that there may be missing nitrophenol sources in our mechanism. In
contrast to the nitrophenol underestimates found here, a box model study

P NMB (%) . . _ . .

using the Master Chemical Mechanism (MCM v3.2) overpredicted nitro-

Species Baseline Updated Baseline Updated  phenols in the Uintah Basin, US (Yuan et al., 2016). This difference is likely

Benzene 0.90 0.79 24 -9 due to the slower reaction rate of nitrophenol in the MCM (9 x 107'* cm?

TiiEne 0.86 0.84 85 102 molec™ 57" to OH; 9 x 10™"* cm® molec™" s~ to NO5) as compared with our

e 0.85 075 99 163 simulations (3.47 x 1072 c¢m® molec™ s7!' to OH; 2.6 x 107!? em®
molec™" s™! to NOs), which use the nitrocatechol reaction rates.

Ethylbenzene - 0.81 - 06 -

Phenol 0.88 0.92 =71 —42

Cresol 0.94 0.94 ) 23 3.3. Remaining Uncertainties in Aromatic Emissions

Nitrophenols 0.85 0.85 —63 —58 Figure 5 shows the absolute differences between the updated model and the

NO 0.85" 0.93 54 43 observations along the flight track below 1 km for benzene, toluene, and

HO 0.65 0.68 _a1 _apa ethylbenzene. Xylene shows similar patterns to toluene (see Figure S10 in

X

Supporting Information S1) and as such is not discussed here. The spatial
patterns of the biases show differences in the relationships between different
BTEX species associated with different source regions. These differences

*Values calculated using data <2 km. ®Bold numbers indicate results that are
significant at a p-value <0.05.

imply applying a single ARO1 emission speciation to all KORUSvS emis-
sions does not adequately reflect the different emission sources across South
Korea and hint at areas for future inventory improvement.

As shown in Figure 5, we find that the model underestimates benzene and to a lesser extent ethylbenzene near the
Daesan petrochemical complex in the northwest while overestimating toluene and xylene in this region. This
result indicates that the benzene-to-toluene ratio implemented in the updated run (i.e., ARO1 speciation of 1.3%
benzene, 86.6% toluene) is likely too low for petrochemical source emissions. A higher ratio would be more
appropriate for the Daesan petrochemical complex. This pattern of difference is unique to the Daesan area.

In the areas south of Seoul and around Daegu, all species are biased low in the model, indicating underestimates of
total aromatic emissions. In these regions, the underestimate is largest for toluene, implying a larger correction
would be necessary for toluene than for benzene (and therefore, a lower benzene-to-toluene emission ratio).
Conversely, the model overestimates all species at Busan, an area with high emissions as shown in Figure 2, with
the largest high biases for toluene. The model overestimates in the Busan region may be caused by emissions from
Ulsan, another petrochemical complex located to the northeast of Busan. The similarity to the large overestimate
in toluene from Daesan indicates a potential general overestimate of aromatic emissions from petrochemical
sources in the KORUSVS inventory. At Daegu, the large toluene underestimate may be due to emissions from the
Daegu dyeing industrial complex. While significant toluene emissions from Daegu have been reported previously
(Shuai et al., 2018), simulated toluene emissions in the region are relatively low as shown in Figure 2b. Ethyl-
benzene is also underestimated in the Daegu region, although to a lesser extent than toluene.

Figure 5a shows that the model underestimates benzene over the Yellow Sea, west of Daesan. Data in this region
were collected during several flights that sampled pollution transported from China (mostly Shanghai)
(NASA, 2016). The large model biases in this region indicate underestimates of benzene transported from China,
which could reflect a combination of underestimated Chinese emissions and model uncertainties in transport.
Transport from the Seoul plume also impacted the data collected in the Yellow Sea region (NASA, 2016), and so
the large benzene biases may be exacerbated by emissions underestimates from Seoul and/or Daesan. Figure 5b
shows that toluene has large overestimates in the Yellow Sea region, particularly close to Daesan during flights
that sampled the Seoul plume rather than flights that sampled transport from China. As we have found a large
toluene underestimate in the Seoul Metropolitan Area, the biases in the Yellow Sea area are more likely associated
with overestimated emissions from Daesan. Figure 5S¢ shows that the spatial patterns of ethylbenzene performance
in the Yellow Sea are similar to those for benzene (but smaller in magnitude), with underestimates in regions most
likely influenced by transport from China and overestimates near Daesan.
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Figure 5. Absolute (left) and relative (right) difference between the updated model and the observations along the KORUS-
AQ flight track below 1 km for (a) benzene, (b) toluene, and (c) ethylbenzene. Both circle size and color indicate the
magnitude of the difference. Red colors indicate model overestimates, and blue colors indicate model underestimates.

4. Atmospheric Budgets of Aromatic Oxidation Products
4.1. Phenol

Table 4 shows the overall 0-2 km budget for phenol during May—June 2016 as calculated by GEOS-Chem. We
find benzene oxidation is the dominant phenol source at just over 40% (818 Mg month™') of total monthly
production. This is closely followed by toluene at 40% (809 Mg month™"), ethylbenzene at 11%
(226 Mg month™"), and lastly direct emissions at 9% (174 Mg month ™). These results indicate that both toluene
and ethylbenzene can be important sources of phenol, despite their lower phenol yields compared to benzene. We
note that correction of the remaining model biases in benzene and toluene (see Section 3.3) would increase the
phenol contribution from benzene oxidation and decrease the contribution from toluene oxidation, but toluene
oxidation would remain an atmospherically relevant pathway. Phenol loss pathways in the boundary layer are
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Table 4
Atmospheric Budget of Phenol Over South Korea During KORUS-AQ, as Calculated by GEOS-Chem"
Sources
Emissions Benzene Toluene Ethylbenzene Total
Mg month™" 174 818 809 226 2,027
% 8.6 404 40.0 11.1
Sinks
OH NO; Dry deposition Wet deposition Total
Mg month™" 1,463 446 54 32 1,995
% 73.3 224 2.7 1.6

“Summed over May—June 2016, latitude 32.9°-39°N, longitude 125.5°-129.8°E, altitude 0-2 km.

dominated by reaction with OH, accounting for 73% (1,463 Mg month™") of total loss, followed by reaction with
NO; (22%; 446 Mg month™") and dry deposition (2.7%; 54 Mg month™"). We note that the NO, overestimate
shown in Section 3.2 may result in overestimates in both NO; concentrations and phenol loss to NO; (as well as
other aromatic oxidation products), which may also partly account for the continued underestimates of phenol in
the model. This remains an uncertainty in our simulation.

The diel variation of each production and loss pathway at the surface shown in Figure 6. Figure 6a shows that the
surface production of phenol is largest at midday, when photochemical processes are active. We find that
emissions are the largest surface-layer phenol source throughout the day. This is followed by toluene oxidation,
benzene oxidation, and finally ethylbenzene oxidation. Figure 6b shows that the primary loss pathway for phenol
in surface air is through reaction with OH. This is followed by reaction with NO;, dry deposition, and finally wet
deposition. Surface-level phenol loss is highest in the middle of the day due to increased OH production from O5
photolysis. Reaction with NOj is the major loss pathway at night. The model simulates a secondary peak in phenol

a) Phenol Production b) Phenol Loss
[ Benzene [ Ethylbenzene Em OH Dry Deposition
B Toluene BN Emissions I NO3 I Wet Deposition

Rate (x10713 kg/m2/s)
Rate (x10~13 kg/m2/s)

10 15
KST KST

10 15

Figure 6. Surface level diel variations of phenol (a) production and (b) loss pathways simulated by GEOS-Chem, averaged
over May and June 2016 between latitude 32.9°-39°N and longitude 125.5°-129.8°E.
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Nitrophenol

100

Figure 7. The percentage of phenol loss that produces (a) catechol and (b) nitrophenol in surface air, averaged over May—June
2016, as simulated by GEOS-Chem.

loss to NOj; in the late evening (~19:00 KST), which we find is caused by increasing NO; that drives an initial
increase in phenol loss, followed by a rapid decline as phenol is removed by NO; more rapidly than it is produced
at this time of day.

Yuan et al. (2016) also explored diel cycles of phenol loss pathways. They used a box model driven by the Master
Chemical Mechanism (MCMv3.2) to analyze surface-level phenol loss from the Uintah Basin in the US during
winter. Although their analysis was for a very different location and at a different time of year, they similarly
found that chemical loss dominates over deposition as a phenol sink and that chemical loss is mostly to OH during
the day and to NOj; at night. In contrast to our finding that OH dominates phenol loss over South Korea (both at the
surface and within the boundary layer), their results showed phenol loss to OH and NO; were roughly balanced
(21 ppt d~" for OH, 19 ppt d~" for NOs). This difference is likely due to our results being averaged over a larger
area, which includes remote low-NO, regions (i.e., over water), as well as higher OH and longer days during
summer. We tested this by also calculating our modeled loss rates using data over land only and found closer
equivalence between OH and NOj; as drivers of phenol loss, consistent with Yuan et al. This result indicates
similar phenol chemistry between different regions (US, Korea) and seasons (winter, summer).

Figure 7 compares the fates of phenol oxidation in surface air in terms of the relative production of the catechol
and nitrophenol secondary oxidation products (see Section 2.3). The figure shows that the dominant species
produced from phenol oxidation varies spatially. We find that catechol is the major product in low-NO, remote
regions and over the ocean, with nitrophenol dominant over high-NO, urban and industrial areas. Nitrophenol
production increases with NO, concentration (see Figure S11 in Supporting Information S1) as nitrophenol
production requires the phenoxy radical intermediate (produced from phenol reacting with NO; or OH) to react
with NO,. The nitrophenol production pathway is important even though phenol loss to OH dominates over loss
to NOjs. Nitrophenol production is further discussed in Section 4.3.

4.2. Lumped Cresols

Table 5 shows the overall 0-2 km budget for lumped cresols (cresol and xylenol) as simulated by GEOS-Chem.
There are few direct sources of cresols, and we find emissions provide the smallest contribution to lumped cresol
sources, accounting for 1.5% (75 Mg month™") of monthly boundary layer sources. Simulated cresols production
in the boundary layer is dominated by toluene at 63% (3,269 Mg month™") followed by xylene at 35%
(1,824 Mg month™"). The contribution from xylene in our simulations represents xylenol (15% xylenol yield from
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Table 5 xylene oxidation by OH), which the mechanism lumps with cresol. Direct

Atmospheric Budget of Lumped Cresols Over South Korea During
KORUS-AQ as Calculated by GEOS-Chem*

production of cresol from xylene has been reported with a 4.3%—11.2% yield,
depending on the isomer (Noda et al., 2009). However, we did not include this

pathway in our simulations given conflicting evidence that suggests an upper

Sources
. limit of 1% cresol yield from m-xylene (Aschmann et al., 2010). Simulated
Emissions Toluene Xylene Total . . . S . .

cresols loss in the boundary layer is dominated by oxidation reaction with OH
Mg month™' 753 3,269 1,824 5168 at 73% (3,986 Mg month™"), followed by reaction with NO, at 24%
% 1.5 63.3 353 (1,328 Mg month™"), dry deposition at 2% (85 Mg month™"), and wet

Sinks deposition at 1% (57 Mg month™").
OH NO,; Dry deposition Wet deposition ~ Total The average diel contributions to production and loss at the surface shown in

Mg month™" 3,986 1,328
% 731 243

85.3 56.7 5,456
1.6 1.0

Figure 8. As for phenol, production peaks at midday and is negligible at night.
Surface layer contributions are similar to production in the boundary layer,
with a slightly larger role for emissions. Lumped cresol loss is largest at

“Summed over May-June 2016, latitude 32.9°-39°N, longitude 125.5°—

129.8°E, between 0 and 2 km.

midday, as seen in Figure 8b, and dominated by reaction with OH. This is
followed by reaction with NO5;. We find that dry and wet deposition are less
important for lumped cresols at the surface than for phenol. Night-time loss to
reaction with NOj is also found to be less important for lumped cresols than for phenol, and there is no secondary
peak in cresol loss in the evening. We find this difference between species arises because the modeled lumped
cresol concentrations decrease more rapidly than phenol throughout the afternoon (declining ~1 hr earlier in the
day; see Figure S12 in Supporting Information S1) due to the faster reaction rates with OH and NO; for cresols
than for phenol. As a result, by the time NO; concentrations increase in the evening, there is little remaining cresol
in surface air, and so we do not see the short-term increase in loss to NO; that was simulated for phenol.

Figure 9 compares the fates of lumped cresols in surface air in terms of their relative likelihood of forming
methylcatechol vs. nitrocresol. We find that there is little spatial variation in these two fates. Averaged over the
region shown in Figure 9 during May-June 2016, 56% of cresol loss forms methylcatechol and 46% forms
nitrocresol. The difference between the variation in cresol products and phenol products is likely due to the
cresol + OH/NO; reaction rates being more similar to one another than the phenol + OH/NOj rates, as well as the
lack of a secondary peak in loss to NO; as previously discussed.

a) Lumped Cresols Production b) Lumped Cresols Loss

m OH Dry Deposition
B Toluene B Xylene WM Emissions BN NO3  mmm Wet Deposition
30 35
25 30
7 R
320 S
A4 V4
m m
i T 20
2 2
xP %
3 815
© ©
< <
10
10
5
0-
10 15 0 10 15 20
KST KST

Figure 8. The same as Figure 6, but for lumped cresols (a) production and (b) loss pathways, as simulated by GEOS-Chem.
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Figure 9. The percentage of cresol loss that produces (a) methylcatechol and (b) nitrocresol in surface air, averaged over
May—June 2016, as simulated by GEOS-Chem.

4.3. Nitrophenol

Table 6 provides the contributions to nitrophenol production from phenol and benzaldehyde oxidation in surface

air as simulated by GEOS-Chem, with the diel cycles shown in Figure 10. We find benzaldehyde is the dominant
source of nitrophenol production (67% from benzaldehyde, 33% from phenol), with benzaldehyde the dominant
source during the day and phenol the dominant source at night. We note that the benzaldehyde contribution
simulated here may be overestimated given the overestimate in toluene, which produces benzaldehyde with a 6%

yield.

Yuan et al. (2016) performed a similar analysis but for production of phenoxy radicals, which go on to form
nitrophenols via reaction with NO,. Consistent with our results for nitrophenols, they found that phenol oxidation
was the largest night-time source of phenoxy radicals. They also found an overall contribution from phenol at
29%, consistent with our results here. In their simulation, the largest source was phenylperoxy radicals, but they
did not differentiate the sources of these radicals, which can come from both benzaldehyde and phenol oxidation.

Our results go a step further, as we tracked the full pathway from phenol and benzaldehyde to nitrophenols,
including differentiating the source of the phenylperoxy radicals (see Section 2.3 and Table S1 in Supporting
Information S1). From this we find that benzaldehyde, a nitrophenol precursor not quantified previously, is an
important chemical source of nitrophenol.

Table 6
Sources of Nitrophenols Over South Korea During KORUS-AQ as
Calculated by GEOS-Chem

Sources

Phenol Benzaldehyde Total
Mg month™" 590 1,190 1,780
% 33.1 66.9

4Summed over May—June 2016, latitude 32.9°-39°N, longitude 125.5°-
129.8°E, between 0 and 2 km.

5. Conclusions

We have used airborne observations from the KORUS-AQ campaign over
South Korea to better understand the emissions and chemistry of aromatics
and their oxidation products (phenol, cresols, and nitrophenol). We first used
the observations to evaluate the aromatic chemical mechanism in the GEOS-
Chem v13.4.0 chemical transport model at three resolutions (two global, one
nested). This analysis, along with recent findings from other studies, guided
the implementation of several changes to the model, including updating
existing emission speciation, adding emission sources, and including addi-
tional chemical reactions. From there, we used the updated model at
0.25° x 0.325° resolution to quantify the atmospheric budgets of phenol,
lumped cresols, and nitrophenol in the South Korean boundary layer.
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Figure 10. The same as Figure 6, but for nitrophenol production from phenol

and benzaldehyde.
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KST

showed that the global GEOS-Chem simulation at 4° X 5° resolution over-
estimates benzene and largely underestimates the oxidation products but
agrees well with observed toluene and xylene above the surface layer. We
found that toluene, xylene, cresol, and lumped nitroaromatic concentrations
increased with increasing (finer) model resolution, while benzene decreased.
This resulted in better agreement with observations for cresol, nitroaromatics,
and benzene, but worse agreement for toluene and xylene. We found that
simulated phenol concentrations were not sensitive to changes in resolution,
indicating potential missing sources.

Our updated simulation included additional sources of emissions for BTEX
and phenol, ethylbenzene chemistry, and production of phenol from toluene
and ethylbenzene oxidation. We found that adding ethylbenzene chemistry
and including a direct phenol source from ethylbenzene and toluene oxidation
substantially improved the agreement between observed and simulated
phenol, reducing the model normalized mean bias from —71% to —42%. The
changes to emissions improved simulation of benzene, but it remained
somewhat too low below 1 km. Toluene showed minimal change between the

baseline and updated simulations due to contrasting effects of the speciation
15 20 updates and the new VCP emissions while xylene increased somewhat. Both
toluene and xylene remain higher than observed in our updated simulation.
These biases appear to be associated with industrial petrochemical emission
overestimates in Ulsan and Daesan and underestimates from the Daegu
dyeing industrial complex and the region south of Seoul. For benzene,
transported sources from China also appear to be too low, although this could reflect errors in emissions and/or
transport. We found simulated nitroaromatics remained biased low relative to observations in the updated
simulation, despite increases to phenol and cresol (nitroaromatic precursors). The lack of sensitivity of simulated
nitroaromatics to the changes in aromatic precursors implies potential missing sources or chemistry that merit
future investigation.

We find in the model that emissions and secondary production contribute approximately equal sources of phenol
in surface air. Averaged over the boundary layer (0-2 km), emissions play a lesser role, accounting for only 9% of
production. Benzene and toluene oxidation contribute equally at 40% each, followed by ethylbenzene oxidation at
11%. These results, along with the reduced model bias in the updated simulation, provide evidence that toluene
and ethylbenzene are atmospherically relevant phenol precursors. The primary phenol sink in the boundary layer
is loss by OH oxidation at 73%, followed by NO; oxidation at 22%, then deposition at 5%. Reaction with OH is the
major loss pathway during the day and reaction with NOj is the major loss pathway at night. We find nitrophenol
to be the major product of phenol oxidation in surface air in urban and industrial regions with high NO, con-
centrations, whereas catechol is the major product in more remote regions and over the ocean where NO, is lower.

We find lumped cresols primarily derive from secondary production, with toluene oxidation accounting for 63%
of monthly production, followed by xylene oxidation at 35%, and emissions at 2%. The contribution from xylene
represents xylenol, which is lumped with cresol in the model and may account for part of the cresol model bias in
the updated simulation. Lumped cresol loss is also dominated by OH oxidation, accounting for 73% of monthly
loss, followed by oxidation by NO; (24%), dry deposition (2%), and wet deposition (1%). We find little spatial
variability in cresol products, with methylcatechol and nitrocresol produced in approximately equal amounts in
both urban high-NO, and remote low-NO, environments, likely due to the similarity in cresol reaction rates (in
contrast to the more variable phenol reaction rates).

We find nitrophenol is produced dominated by benzaldehyde (phenol: 33%, benzaldehyde: 67%). We also find
that benzaldehyde is the major daytime source of nitrophenol and phenol is the major nighttime source. Our
simulation does not include direct nitrophenol emissions, which have recently been found to account for up to
~90% of nitrophenol sources (Ahmed et al., 2023; Peng et al., 2023). Given that simulated nitrophenol showed
little sensitivity to changes in precursors in our updated simulation, the addition of direct nitrophenol emissions in
future could potentially resolve the low model biases seen here.
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Previous laboratory studies have identified toluene and ethylbenzene as potential precursors of phenol (Birdsall &
Elrod, 2011; Forstner et al., 1997; Noda et al., 2009). Our results showed improved agreement between model and
observations with these sources included, suggesting they could be atmospherically relevant phenol sources and
implying previous modeling studies may have underestimated atmospheric concentrations of phenol and its
oxidation products in aromatic-rich environments. However, even with these sources, phenol remains under-
estimated in the model, and additional unidentified phenol sources may also be important. Further, we found that
nitrophenol is the predominant product of phenol oxidation in urban environments. Combined, these results
indicate that control of BTEX emissions is important for limiting the impact of highly toxic nitrophenols in highly
populated regions with substantial aromatic emissions, like South Korea.

Data Availability Statement

The KORUS-AQ measurements are available publicly (NASA, 2025). The model used in the study is based on
GEOS-Chem v13.4.0, which is publicly available (The International GEOS-Chem User Community, 2022). Files
used in the updated nested GEOS-Chem simulation are also publicly available (MacFarlane, 2025). Updates
described here will be submitted for inclusion in future versions of the standard model following acceptance of
this paper.
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