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Abstract. Volatile organic compounds (VOCs) are key precursors of ozone and secondary organic aerosol, yet 

wintertime constraints on how local emissions, chemical lifetime, and regional transport jointly shape VOC 

distributions over Korea and the Yellow Sea remain limited based on airborne measurements. We analyzed 30 

proton-transfer-reaction time-of-flight mass spectrometry (PTR-ToF-MS) measurements from 17 Beechcraft 

1900D flights during the 2024 Airborne and Satellite Investigation of Asian Air Quality (ASIA-AQ) campaign. 

The sum of seven VOC species or groups was 2.4 times higher over Seoul than over the Yellow Sea. Toluene, C₈ 

aromatics, and a methyl ethyl ketone (MEK)-equivalent signal were strongly enhanced in low-altitude, source-

influenced air masses, whereas benzene, acetone, and acetonitrile showed weaker regional and vertical contrasts. 35 

Seoul-to-Yellow Sea VOC-to-benzene slope ratios generally increased with chemical reactivity, but toluene and 

C₈ aromatics showed positive deviations, indicating an additional influence of urban aromatic source composition. 

Yellow Sea observations, supported by NASA DC-8 measurements, indicated continental outflow. An order-of-

magnitude transport analysis estimated distance scaled Yellow Sea transport equivalents of approximately 30 % 

of Seoul benzene emissions in the Clean Air Policy Support System inventory and 6 % for toluene. Wintertime 40 

VOC variability is thus species dependent: urban and industrial emissions dominate reactive aromatic VOCs, 

whereas longer-lived benzene is more sensitive to regional transport. Effective wintertime VOC management 

requires species-specific strategies considering domestic emissions and regional inflow. 

  

https://doi.org/10.5194/egusphere-2026-6595
Preprint. Discussion started: 10 November 2026
c© Author(s) 2026. CC BY 4.0 License.



3 

 

1 Introduction 45 

Volatile organic compounds (VOCs) play a pivotal role in atmospheric chemistry and directly affect air quality at 

both regional and global scales. VOCs react with atmospheric oxidants, including OH, ozone (O₃), and NO₃, and 

participate in photochemical reaction sequences that produce O₃ and secondary organic aerosol (SOA) (Atkinson, 

2000; Kleindienst et al., 1999; Seinfeld and Pandis, 2016). Through their roles as precursors of O₃ and SOA, 

VOCs influence climate-relevant atmospheric composition as well as regional air quality. Some VOCs, such as 50 

benzene, also pose significant health hazards and require continuous management through regulated 

environmental standards. VOCs therefore provide a critical link between primary emissions, secondary pollutant 

formation, climate-relevant atmospheric composition, and human exposure. 

However, understanding the behavior of VOCs remains challenging because their emission sources, atmospheric 

lifetimes, oxidation mechanisms, and product yields vary widely depending on the photochemical environment 55 

and meteorological conditions. VOCs are emitted from diverse anthropogenic sources, including automobiles, 

industrial activities, solvent use, combustion processes, and gasoline evaporation, as well as from biogenic sources 

such as vegetation and wildfires (Cetin et al., 2003; Derwent et al., 2000; Gilman et al., 2015; Guenther et al., 

2013; Guo et al., 2006). Secondary formation can also contribute to atmospheric levels, particularly for 

oxygenated VOCs such as acetone and methyl ethyl ketone (MEK), which can be produced during the atmospheric 60 

oxidation of precursor hydrocarbons (Singh et al., 2004). Many VOCs are highly reactive, and their oxidation 

involves highly nonlinear chemistry due to feedback between radicals (Atkinson, 2000). Highly reactive VOCs 

can be removed within minutes and affect air quality in local areas, but less reactive compounds with longer 

lifetimes can persist in the atmosphere for days to weeks and influence air quality in distant regions through long-

range atmospheric transport (Atkinson, 1997; Ryerson et al., 2003). Therefore, species-resolved VOC 65 

measurements are essential for understanding photochemical pollution mechanisms and developing effective 

control strategies for air quality and climate change. 

In Northeast Asia, prevailing westerlies frequently carry anthropogenic pollutants from the Asian continent across 

the Yellow Sea toward the North Pacific Ocean (Griffith et al., 2020; Huebert et al., 2003; Itahashi et al., 2017). 

Located between major continental source regions in eastern China and receptor regions such as the Korean 70 

Peninsula and Japan, the Yellow Sea is therefore a key transport corridor and receptor region where VOC 

composition can reflect both continental outflow and chemical aging before air masses reach the Korean Peninsula 

(Choi et al., 2019; Kim et al., 2018; Lee et al., 2015; Park et al., 2024; Wang et al., 2023). 

In South Korea, airborne measurement-based air quality observation campaigns, such as the Megacity Air 

Pollution Study (MAPS-Seoul) in 2015 and the Korea-United States Air Quality (KORUS-AQ) campaign in 2016, 75 

have provided opportunities to collect high-resolution air quality observational data (Crawford et al., 2021; Kim 

et al., 2018). Specifically, MAPS-Seoul and KORUS-AQ provided high-resolution observational constraints on 

domestic emissions and secondary pollutant formation during May–June, when photochemistry is active (Fried et 

al., 2020; Kwon et al., 2021; Nault et al., 2018; Simpson et al., 2020). Much less is known, however, about how 

wintertime boundary layer structure, reduced photochemical loss, and synoptic transport shape VOC distributions 80 

over Korea and the Yellow Sea.  

The Airborne and Satellite Investigation of Asian Air Quality (ASIA-AQ) campaign was designed to enhance 

understanding of sources, chemical transformations, and regional transport of air pollutants across Asia, and its 
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VOC measurements serve as a key element in linking primary emissions to the formation of secondary pollutants 

(Crawford et al., 2022). Airborne observations also provide unique and indispensable information on the vertical 85 

distribution of atmospheric species (Hudman et al., 2009; Li et al., 2016; Mazzuca et al., 2016; Ryerson et al., 

2013), enabling improved assessment of emission strengths, transport processes, and photochemical evolution 

within the boundary layer and free troposphere (Caicedo et al., 2019; Chen et al., 2019; Jin et al., 2023; Mazzuca 

et al., 2016; Travis et al., 2020). However, airborne observations of VOC concentrations and their vertical 

distributions in both the free troposphere and planetary boundary layer (PBL) over Korea and the Yellow Sea 90 

remain very limited (Wang et al., 2023; Wu et al., 2021). The 1900D platform provided repeated low-altitude 

sampling within the PBL over Seoul and adjacent coastal industrial regions, complementing the broader regional 

and vertical coverage of the NASA DC-8. 

Here we use 1900D airborne PTR-ToF-MS observations from the ASIA-AQ campaign to characterize wintertime 

VOC distributions over the Seoul Metropolitan Area (SMA), adjacent western coastal industrial regions, and the 95 

Yellow Sea. The central objective is to examine how chemical lifetime, emission source specificity, and regional 

transport jointly shape wintertime VOC variability over the SMA and the Yellow Sea. We first characterize three-

dimensional distributions of key VOC groups, then use inter-species relationships and benzene-normalized slopes 

to distinguish local source signatures from regionally transported signals. Finally, we compare selected 

observations with the Clean Air Policy Support System (CAPSS) emission inventory (Choi et al., 2022; Lee et al., 100 

2024) and provide an order-of-magnitude estimate of eastward benzene and toluene transport across the Yellow 

Sea.  

2 Methods 

2.1 Airborne measurements during the ASIA-AQ campaign 

Airborne observations were conducted aboard a Beechcraft 1900D aircraft operated by Hanseo University and 105 

the National Institute of Environmental Research (NIER) during the South Korea deployment of the ASIA-AQ 

campaign. During the South Korea deployment, the 1900D research flights were operated from Osan Air Base, 

Republic of Korea. A proton transfer reaction time-of-flight mass spectrometer (PTR-ToF-MS 1000, Ionicon, 

Austria) was installed onboard to measure VOCs in real time. Seventeen flights were conducted from 6 February 

to 10 March 2024.  110 

The flight domain included the SMA, adjacent western coastal industrial regions, and the Yellow Sea. Four flights 

focused primarily on the SMA, one flight targeted the Yellow Sea, and the remaining twelve flights included 

repeated low-altitude transects over densely populated and source-influenced areas, while also sampling marine 

air masses and regional transport pathways over the Yellow Sea (Fig. 1).  

The metropolitan flight patterns were designed to span altitudes from approximately 200 m to 3000 m, allowing 115 

VOC distributions to be examined across the PBL and lower free troposphere. These flights also provided an 

opportunity to directly sample source-influenced air masses within the PBL over Seoul and nearby industrial 

regions. In addition, a repeated low-altitude flight leg over the Yellow Sea was conducted at approximately 250 m 

along 124° E to characterize near-surface VOC distributions over the marine transport corridor. 

https://doi.org/10.5194/egusphere-2026-6595
Preprint. Discussion started: 10 November 2026
c© Author(s) 2026. CC BY 4.0 License.



5 

 

The flight tracks passed over or near several major emission regions, including central Seoul, Bucheon, the Ansan–120 

Sihwa industrial complex, and the western coastal corridor toward Daesan. The Ansan–Sihwa (Banwol–Sihwa) 

industrial complex, located southwest of Seoul, is one of the largest industrial areas in South Korea and includes 

petrochemical production, metal-processing, rubber, plastic, and other manufacturing activities (Kim et al., 2020; 

Park et al., 2001, 2016). The southwestern flight track also includes regions potentially influenced by emissions 

from the Daesan petrochemical complex in South Chungcheong Province (Baek et al., 2020). These flight patterns 125 

therefore enabled comparison between urban source regions, coastal industrial plumes, and air masses transported 

over the Yellow Sea. 
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Figure 1: Flight tracks of the 1900D aircraft during ASIA-AQ. (a) Flight tracks are colored by altitude (m), showing 130 
flight paths over the Yellow Sea, Ansan–Sihwa industrial complex, Daesan industrial area, and Seoul Metropolitan 

Area. (b) Selected flights (Flights 3, 4, and 6) over Seoul and the surrounding metropolitan area, with white lines 

indicating the administrative boundary of Seoul. 
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2.2 VOC measurements using PTR-ToF-MS aboard the 1900D 

Volatile organic compounds were measured in real time using a proton-transfer-reaction time-of-flight mass 

spectrometer (PTR-ToF-MS 1000, Ionicon Analytik, Austria) installed onboard the Beechcraft 1900D aircraft. 

Ambient air was drawn through a 1/4-inch Teflon inlet mounted on the left-front side of the aircraft at a total flow 

rate of 5 L min-1 using a mass-flow-controlled sampling line. A subsequent flow of 100 mL min-1 was introduced 140 

into the PTR-ToF-MS through an 8-port sample switching valve and 1/16-inch PEEK tubing heated to 60 °C. The 

estimated transit time from the inlet to the detector was approximately 0.6 s, allowing high temporal resolution 

airborne measurements during flight. The PTR-ToF-MS operated with H₃O⁺ chemical ionization. VOCs with a 

proton affinity higher than that of water were ionized through proton transfer reactions to form protonated product 

ions (Blake et al., 2009; de Gouw and Warneke, 2007; Hewitt et al., 2003). The drift tube was maintained at 600 V 145 

DC (direct current), 80 °C, and 2.4 mbar, corresponding to a reduced electric field (E/N, the ratio of the electric 

field E to the buffer gas number density N) of 140 Td (Townsend, 1 Td = 10⁻¹⁷ V cm²). Ions were detected over 

the m/z 10–500 range, with ion extraction at 35 kHz, and mass spectra were acquired at 1 s time resolution (Table 

1; Müller et al., 2014; Piel et al., 2019). 

The analysis focused on seven target VOC species or groups: benzene (m/z 79.054), toluene (m/z 93.070), C₈ 150 

aromatics reported as the unresolved sum of xylenes and ethylbenzene (m/z 107.086), trimethylbenzenes (m/z 

121.101), MEK-equivalent signal (m/z 73.065), acetonitrile (m/z 42.034), and acetone (m/z 59.049). Because the 

PTR-ToF-MS does not separate structural isomers at a given nominal mass, the C₈ aromatic signal is interpreted 

as a combined xylene/ethylbenzene group, and the trimethylbenzene signal represents unresolved 

trimethylbenzene isomers. The m/z 73.065 signal is reported as MEK-equivalent because possible isobaric 155 

oxygenated VOC contributions cannot be fully excluded. Trimethylbenzenes were not directly calibrated, and 

their sensitivity was estimated from the mass-transmission relationship, resulting in greater uncertainty than for 

the directly calibrated species. 

Calibration was performed using oxygenated VOC and TO-14 standard gas mixtures. Mass-dependent 

transmission efficiency was determined by introducing standard gas at known concentrations and comparing ion 160 

signal intensities as a function of m/z. A mass-transmission curve was generated using a mixed VOC standard gas 

at approximately 100 ppbv, and species sensitivities were calculated in counts per second per ppbv (cps ppbv-1). 

Multiple-point calibrations were conducted over a 0–46 ppbv range, and most directly calibrated compounds 

showed coefficients of determination (r²) greater than 0.98.  

Calibration and sensitivity checks were conducted before and after research flights to evaluate instrumental 165 

stability. Background signals were determined from zero-air measurements during the calibration sequence, and 

the corresponding background corrections and calibration factors were applied during spectral processing. VOC 

concentrations were calculated using PTR-ToF-MS Viewer v3.4, including nonlinearity correction of ion count 

rates, mass-axis calibration, peak fitting where applicable, background subtraction, and mass-transmission 

correction.  170 

Raw mass spectra were acquired at 1-s resolution. For the analysis presented here, a 10-s rolling mean was applied 

to improve the signal-to-noise ratio. Detection limits for the 10-s averaged data ranged from 0.02 to 0.10 ppbv 

(Table S1). The 1-s raw data correspond to an along-track distance of approximately 70–100 m, depending on 
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aircraft speed, whereas the smoothed data represent an effective horizontal smoothing scale of approximately 0.7–

1.0 km. The overall uncertainty for directly calibrated species was 8.5–12 %, with larger uncertainty expected for 175 

the trimethylbenzenes, because their sensitivity was estimated from the mass-transmission curve rather than direct 

calibration. 

Table 1: Operating conditions of the PTR-ToF-MS. 

Component Parameter Analytical condition 

Ion drift tube 

Drift tube temperature 80 ℃ 

Drift voltage 600 V DC 

Reduced electric field (E/N) 140 Td 

Drift tube pressure 2.4 mbar 

Time-of-flight 

mass analyzer 

Mass range m/z 10–500 

Ion extraction rate 35 kHz 

Acquisition interval 1 s 

 

2.3 Meteorological measurements and PBL classification 180 

Meteorological parameters were measured in real time using the Aircraft Integrated Meteorological Measurement 

System (AIMMS-30; Aventech Research, Inc., Canada) installed aboard the 1900D aircraft. The system provided 

three-dimensional position, aircraft velocity and attitude, wind components, temperature, relative humidity, and 

pressure at 1-Hz resolution. Aircraft position and motion were determined using the integrated GPS receivers and 

a six-degree-of-freedom inertial measurement unit. Static and dynamic pressure, ambient temperature, and relative 185 

humidity were measured with a five-hole air data probe mounted on the aircraft fuselage. The AIMMS-30 data 

were processed using the internal Kalman filter-based fusion algorithm. The reported measurement accuracies 

were better than 0.25° for aircraft attitude, ± 0.5 m s-1 for horizontal and vertical wind components, ± 0.3 °C for 

temperature, and ± 2 % for relative humidity. Temperature, relative humidity, and pressure were recorded at 

resolutions of 0.01 °C, 0.05 %, and 0.1 hPa, respectively (Kim et al., 2025). Calibration coefficients obtained from 190 

dedicated aircraft calibration maneuvers were applied during post-processing to improve wind and airflow 

measurements. The processed meteorological data were used to characterize vertical structure and wind conditions 

and to support PBL classification and advective transport analyses during the campaign.  

Planetary boundary layer height (PBLH) was estimated from aircraft vertical profiles using combined gradients 

in VOC mixing ratios, potential temperature, and relative humidity. For each available ascent and descent profile, 195 

transition altitudes were identified from coincident changes in VOC vertical gradients and thermodynamic 

variables. The VOC-gradient method identifies altitudes where the vertical gradient changes sharply, whereas the 

thermodynamic method identifies layers where potential temperature increases and relative humidity decreases 

https://doi.org/10.5194/egusphere-2026-6595
Preprint. Discussion started: 10 November 2026
c© Author(s) 2026. CC BY 4.0 License.



9 

 

across the transition from the mixed layer to the lower free troposphere. This combined approach is consistent 

with previous profile-based and aircraft-supported PBLH determinations (Berkes et al., 2016; Sasakawa et al., 200 

2013; Seidel et al., 2010). 

The three diagnostics generally converged near 1100 m during representative vertical profiles, with differences 

within approximately ± 100 m. We therefore used 1100 m as an operational threshold to classify observations as 

within or above the PBL in campaign-scale analyses. Because PBLH varies among flights and evolves diurnally, 

this fixed threshold should be interpreted as a practical classification criterion rather than as a fully flight-resolved 205 

mixed-layer height. Results that depend directly on this threshold, particularly PBL-integrated flux estimates, 

were therefore evaluated with sensitivity to the assumed PBL depth where relevant. 

 

2.4 Ground-based VOC measurements 

Ground-based VOC measurements were conducted at the Mediheal EES Hall of Korea University (37.585° N, 210 

127.026° E) in Seongbuk-gu, Seoul, from 25 January to 25 March 2024. The site is located in a mixed residential 

and commercial area in northeastern Seoul and served as one of the Seoul ground observation sites during ASIA-

AQ. For comparison with the 1900D observations, measurements from 6 February to 10 March 2024, 

corresponding to the 1900D campaign period, were used. 

Aromatic hydrocarbons used in this study were measured using an online thermal desorption gas chromatography–215 

flame ionization detection system (TD-GC-FID; UNITY-xr, Markes International, UK; 8890 GC, Agilent 

Technologies, USA). Ambient air was collected onto adsorbent tubes at 15 mL min⁻¹ for 40 min and analyzed 

after thermal desorption and chromatographic separation. Mixing ratios were quantified using multipoint external 

calibration with certified Photochemical Assessment Monitoring Stations (PAMS) VOC standard gas mixtures. 

Routine QA/QC included multipoint calibration, blank analysis, cold-trap performance checks, retention-time 220 

checks, and periodic instrument performance verification. Acetone, MEK, and acetonitrile were measured in real 

time using a ground-based PTR-ToF-MS (Ionicon Analytik GmbH, Austria) operated with H₃O⁺ reagent ions at 

an E/N of 120 Td. Instrument sensitivities were determined using multipoint calibrations with certified standard 

gas mixtures, and instrument performance was routinely evaluated using standard gas and zero-air measurements. 

For the ground-to-aircraft comparison, C₈ aromatics, toluene, benzene, and trimethylbenzenes were obtained from 225 

the TD-GC-FID measurements, whereas MEK, acetonitrile, and acetone were obtained from the PTR-ToF-MS 

measurements. 

 

3 Results and discussion 

3.1 Measurement overview 230 

Seventeen 1900D flights sampled the Seoul Metropolitan Area (SMA), Gyeonggi Province, including the western 

coastal industrial corridor, and the Yellow Sea (YS) during February–March 2024 (Table 2). The sum of the seven 

target VOC mixing ratios is denoted as Σ₇VOCs. Across all flights, mean Σ₇VOCs was 2.38 ± 1.39 ppbv. Acetone 

showed the highest mean mixing ratio of 0.86 ± 0.31 ppbv, followed by MEK-equivalent signal (0.50 ± 0.38 
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ppbv), toluene (0.44 ± 0.49 ppbv), benzene (0.20 ± 0.08 ppbv), trimethylbenzenes (0.19 ± 0.09 ppbv), C₈ aromatics 235 

(0.12 ± 0.11 ppbv), and acetonitrile (0.09 ± 0.02 ppbv). Acetone accounted for 36 % of Σ₇VOCs, whereas MEK-

equivalent signal, toluene, and benzene contributed 21 %, 18 %, and 8 %, respectively. 

The highest mean Σ₇VOCs values were observed during the SMA-focused flights. Flight 3, conducted over Seoul 

and the surrounding metropolitan region, showed the highest Σ₇VOCs value of 6.12 ± 1.67 ppbv. During this 

flight, toluene reached a mean concentration of 1.92 ± 1.08 ppbv, the highest among all flights. Flight 6, also 240 

conducted over the SMA but during the afternoon, showed the second-highest Σ₇VOCs value of 5.10 ± 1.02 ppbv 

and the highest MEK-equivalent concentration of 1.41 ± 0.65 ppbv. Flight 4 showed the third-highest Σ₇VOCs 

value (3.77 ± 1.40 ppbv), with acetone, MEK-equivalent signal, and toluene together accounting for most of the 

measured Σ₇VOCs. In contrast, Flight 1 ended approximately one hour after takeoff and did not complete the 

planned SMA observation; it showed the lowest flight-mean Σ₇VOCs value of 1.10 ± 0.66 ppbv. 245 

Flight 14, which sampled both the Yellow Sea and the SMA during a high PM2.5 transport (Kim et al., 2026), 

showed an elevated Σ₇VOCs value of 3.19 ± 1.86 ppbv, lower only than the three SMA-focused flights. However, 

its toluene-to-benzene ratio was substantially lower than those observed during the SMA-focused flights (Table 

S2), suggesting a larger influence of regionally transported or aged air masses relative to fresh aromatic emissions. 

Among the remaining flights, benzene was relatively enhanced during Flights 2, 12, and 13, with flight-mean 250 

values of 0.29, 0.26, and 0.24 ppbv, respectively, compared with the campaign mean of 0.20 ± 0.08 ppbv. Flight-

specific variations in the seven target VOC species or groups are shown in Fig. S1. 

During the campaign, the NASA DC-8 also conducted observations over inland Korea and the Yellow Sea on 17 

February, 26 February, 8 March, and 10 March 2024. The DC-8 observations from these dates are discussed 

further in Sect. 4 together with the 1900D results. The corresponding flight tracks, altitude sampling distributions, 255 

and vertical profiles of selected VOCs are provided in Figs. S2 and S3. The flight-mean relationships among 

VOCs also indicate distinct behavior among species. Toluene, C₈ aromatics, and the MEK-equivalent signal varied 

coherently across flights, with toluene most strongly correlated with C₈ aromatics (r² = 0.982). In contrast, the 

relationship between toluene and benzene was weaker (r² = 0.504), and the toluene-to-benzene ratio increased 

with increasing Σ₇VOCs, indicating that benzene and toluene were affected differently by source composition and 260 

atmospheric processing. Benzene showed weaker variability than the more reactive aromatic VOCs and was 

moderately associated with acetone, consistent with a larger regional background component.  

Overall, the campaign observations show that VOC variability was controlled not only by local source strength 

within the SMA but also by species-dependent atmospheric lifetime and regional transport over the Yellow Sea. 

The following sections examine these controls using vertical distributions, regional contrasts, inter-species 265 

relationships, and transport-related diagnostics. 
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Table 2: Summary of flight-specific VOC mixing ratios (mean ± standard deviation, in ppbv) measured during 17 

Beechcraft 1900D research flights (F1–F17) during ASIA-AQ. The flights covered various regions, including the Seoul 

Metropolitan Area (SMA), the Yellow Sea (YS), and Gyeonggi Province (GG). The prevailing winds for each flight are 270 
also included. 

Flight VOC mixing ratio mean and standard deviation (ppbv) 

Number Date Region 
Prevailing 

winds 
C₈ aromatics MEK-equiv. Toluene Benzene 

F1 6 Feb SMA NW 0.04 ± 0.05 0.14 ± 0.06 0.11 ± 0.12 0.09 ± 0.06 

F2 7 Feb SMA & YS N 0.08 ± 0.12 0.29 ± 0.33 0.25 ± 0.42 0.29 ± 0.10 

F3 8 Feb SMA W 0.43 ± 0.21 1.29 ± 1.04 1.92 ± 1.08 0.42 ± 0.11 

F4 14 Feb SMA SW 0.25 ± 0.18 0.94 ± 0.79 0.97 ± 0.80 0.18 ± 0.11 

F5 17 Feb SMA & YS S 0.08 ± 0.10 0.36 ± 0.44 0.27 ± 0.46 0.14 ± 0.09 

F6 17 Feb SMA SW 0.33 ± 0.15 1.41 ± 0.65 1.20 ± 0.59 0.26 ± 0.09 

F7 23 Feb SMA & YS NE 0.13 ± 0.14 0.51 ± 0.54 0.47 ± 0.59 0.16 ± 0.08 

F8 26 Feb SMA & YS N 0.08 ± 0.10 0.35 ± 0.26 0.31 ± 0.45 0.21 ± 0.09 

F9 28 Feb SMA & YS N 0.09 ± 0.18 0.43 ± 0.89 0.37 ± 0.91 0.13 ± 0.10 

F10 2 Mar SMA & YS SW 0.08 ± 0.07 0.23 ± 0.16 0.16 ± 0.22 0.15 ± 0.08 

F11 2 Mar GG & YS W 0.05 ± 0.08 0.23 ± 0.06 0.11 ± 0.04 0.18 ± 0.07 

F12 3 Mar SMA & YS W 0.08 ± 0.05 0.32 ± 0.08 0.20 ± 0.10 0.26 ± 0.13 

F13 3 Mar SMA & YS W 0.07 ± 0.06 0.36 ± 0.13 0.18 ± 0.11 0.24 ± 0.09 

F14 4 Mar SMA & YS SE 0.13 ± 0.23 0.79 ± 1.26 0.54 ± 1.20 0.22 ± 0.13 

F15 7 Mar GG & YS NW 0.05 ± 0.05 0.32 ± 0.25 0.15 ± 0.21 0.17 ± 0.07 

F16 8 Mar SMA & YS NW 0.05 ± 0.04 0.24 ± 0.12 0.13 ± 0.19 0.13 ± 0.04 

F17 10 Mar YS SW 0.03 ± 0.01 0.22 ± 0.09 0.07 ± 0.04 0.11 ± 0.05 

Average    0.12 ± 0.11 0.50 ± 0.38 0.44 ± 0.49 0.20 ± 0.08 
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Table 2. Continued. 275 

Flight VOC mixing ratio mean and standard deviation (ppbv) 

Number Date Region 
Prevailing 

winds 
Acetonitrile 

Trimethyl- 

benzenes 
Acetone Σ₇VOCs 

F1 6 Feb SMA NW 0.08 ± 0.15 0.19 ± 0.21 0.46 ± 0.58 1.10 ± 0.66 

F2 7 Feb SMA & YS N 0.10 ± 0.04 0.18 ± 0.14 0.69 ± 0.35 1.88 ± 0.67 

F3 8 Feb SMA W 0.13 ± 0.08 0.44 ± 0.18 1.49 ± 0.68 6.12 ± 1.67 

F4 14 Feb SMA SW 0.10 ± 0.13 0.28 ± 0.17 1.05 ± 0.79 3.77 ± 1.40 

F5 17 Feb SMA & YS S 0.07 ± 0.02 0.16 ± 0.10 0.62 ± 0.32 1.69 ± 0.73 

F6 17 Feb SMA SW 0.10 ± 0.02 0.32 ± 0.11 1.49 ± 0.48 5.10 ± 1.02 

F7 23 Feb SMA & YS NE 0.07 ± 0.02 0.20 ± 0.12 0.64 ± 0.30 2.18 ± 0.87 

F8 26 Feb SMA & YS N 0.08 ± 0.03 0.16 ± 0.07 0.76 ± 0.31 1.95 ± 0.62 

F9 28 Feb SMA & YS N 0.07 ± 0.04 0.18 ± 0.17 0.59 ± 0.42 1.85 ± 1.36 

F10 2 Mar SMA & YS SW 0.08 ± 0.02 0.14 ± 0.07 0.60 ± 0.16 1.43 ± 0.34 

F11 2 Mar GG & YS W 0.08 ± 0.02 0.11 ± 0.03 0.71 ± 0.18 1.47 ± 0.22 

F12 3 Mar SMA & YS W 0.10 ± 0.03 0.16 ± 0.06 0.92 ± 0.35 2.04 ± 0.40 

F13 3 Mar SMA & YS W 0.09 ± 0.03 0.14 ± 0.05 1.03 ± 0.30 2.11 ± 0.36 

F14 4 Mar SMA & YS SE 0.10 ± 0.03 0.19 ± 0.17 1.23 ± 0.59 3.19 ± 1.86 

F15 7 Mar GG & YS NW 0.09 ± 0.02 0.13 ± 0.05 0.91 ± 0.32 1.81 ± 0.47 

F16 8 Mar SMA & YS NW 0.08 ± 0.02 0.13 ± 0.09 0.73 ± 0.24 1.48 ± 0.34 

F17 10 Mar YS SW 0.08 ± 0.02 0.10 ± 0.03 0.74 ± 0.25 1.35 ± 0.27 

Average    0.09 ± 0.02 0.19 ± 0.09 0.86 ± 0.31 2.38 ± 1.39 
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3.2 Characteristic distributions of VOCs  

3.2.1 Vertical distribution 

To examine how VOC distributions differed between source-influenced and marine air masses, vertical profiles 

were constructed for the entire 1900D campaign after classifying observations into land and sea categories using 280 

the Korean coastline boundary (Fig. 2). The analysis focused on six representative target VOCs: toluene, C₈ 

aromatics, MEK-equivalent signal, benzene, acetone, and acetonitrile. 

Toluene, C₈ aromatics, and the MEK-equivalent signal showed pronounced enhancements within the lower 

troposphere over land. Across the analyzed altitude range (200–3000 m), their mean mixing ratios over land were 

0.90 ± 1.00 ppbv for toluene, 0.23 ± 0.21 ppbv for C₈ aromatics, and 0.82 ± 0.90 ppbv for MEK-equivalent signal. 285 

The corresponding mean mixing ratios over sea were substantially lower, at 0.18 ± 0.38 ppbv, 0.06 ± 0.09 ppbv, 

and 0.31 ± 0.38 ppbv, respectively. These land–sea contrasts indicate that the more reactive aromatic VOCs and 

MEK-equivalent signal were strongly influenced by low-altitude source regions over the SMA and adjacent 

western coastal corridor. 

Although their campaign-mean concentrations were higher over land, high mixing ratios of toluene, MEK-290 

equivalent signal, and C₈ aromatics were also observed in low-altitude marine or coastal air masses near 300 m, 

with peak values of 8.7, 9.2, and 2.0 ppbv, respectively (Fig. 2). These maxima were not representative of the 

marine background but instead reflected episodic plume encounters near the western coastal industrial corridor 

and adjacent marine region. The large variability within individual altitude bins, reflected by the 1 error bars in 

Fig. 2, further indicates that these short-lived or source-sensitive VOCs were affected by intermittent plume 295 

sampling rather than by a uniformly enhanced background over the sea. 

Benzene and acetone showed weaker land–sea contrasts than toluene, C₈ aromatics, and MEK-equivalent signal. 

Mean benzene mixing ratios were 0.24 ± 0.15 ppbv over land and 0.18 ± 0.09 ppbv over the sea, while acetone 

mixing ratios were 1.07 ± 0.68 ppbv and 0.77 ± 0.31 ppbv, respectively. Benzene remained elevated up to 

approximately 900–1000 m over land and generally exhibited a weaker vertical gradient than the more reactive 300 

aromatic VOCs.  

Across the operational PBL threshold of 1100 m, benzene decreased from 0.25 ± 0.15 within the PBL to 0.08 ± 

0.06 ppbv above the PBL over land, corresponding to a reduction of about 70 %. Over the Yellow Sea, however, 

the decrease was much weaker, from 0.19 ± 0.09 to 0.15 ± 0.07 ppbv, corresponding to a reduction of about 21 %. 

Elevated benzene was also observed near 2000 m over the Yellow Sea, and back trajectory analysis of these 305 

observations showed air mass pathways extending toward continental regions to the west and northwest, 

consistent with transported continental influence at these altitudes (Fig. S4).  

Acetone, the most abundant target VOC during the campaign, also decreased with altitude over land, from 1.10 ± 

0.68 ppbv within the PBL to 0.41 ± 0.22 ppbv above the PBL. Over the sea, acetone showed weaker vertical 

variability and remained near 0.82 ± 0.25 ppbv above the PBL. This behavior is consistent with the relatively long 310 

atmospheric lifetime of acetone and the contribution of regional and secondary sources (Singh et al., 2004). 

Acetonitrile showed the weakest vertical and land–sea variability among the measured VOCs. Mean 

concentrations were similar over land and sea, at 0.095 ± 0.077 and 0.084 ± 0.024 ppbv, respectively. Occasional 

enhancements below approximately 1000 m over land may reflect localized plume influences, but the overall 
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weak vertical and regional gradients indicate that acetonitrile was dominated by a regional background component 315 

during the campaign. 

 

Figure 2: Vertical profiles of major VOCs (toluene, C₈ aromatics, MEK-equivalent signal, benzene, acetone and 

acetonitrile) measured by the 1900D aircraft over the entire campaign period. VOC mixing ratios (ppbv) are separated 

into land (red) and Yellow Sea (blue) observations, with the classification based on the Korean coastline boundary. 320 
Bold lines and markers indicate mean values calculated within 200-m altitude intervals; error bars represent one 

standard deviation (1σ) of the observations within each interval.  

Together, the vertical profiles show a clear contrast between short-lived, source-sensitive VOCs and longer-lived 

or more regionally mixed compounds. Toluene, C₈ aromatics, and MEK-equivalent signal were strongly enhanced 

in low-altitude source-influenced air masses, whereas benzene, acetone, and acetonitrile showed weaker land–sea 325 

contrasts and more persistent vertical distributions, particularly over the Yellow Sea. 

 

3.2.2 Geographical distributions 

The vertical profiles demonstrated that several VOCs were strongly enhanced in low-altitude source-influenced 

air masses. To further examine regional differences in VOC composition, we compared observations within the 330 

PBL between the Seoul region and the Yellow Sea. The Seoul region was defined as 37.4–37.7° N and 126.7–

127.2° E, while the Yellow Sea region was defined as 36.0–38.0° N and 124.0–125.5° E, excluding the western 

coastal industrial corridor.  
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Mean Σ₇VOCs mixing ratios were 3.66 ± 2.44 ppbv over Seoul and 1.55 ± 0.50 ppbv over the Yellow Sea, 

indicating that Seoul concentrations were approximately 2.4 times higher. Acetone was the most abundant target 335 

VOC in both regions, with mean concentrations of 1.07 ± 0.58 ppbv over Seoul and 0.77 ± 0.30 ppbv over the 

Yellow Sea. In Seoul, acetone was followed by toluene (0.96 ± 0.95 ppbv) and MEK-equivalent signal (0.75 ± 

0.61 ppbv), whereas over the Yellow Sea it was followed by MEK-equivalent signal (0.26 ± 0.10 ppbv) and 

benzene (0.18 ± 0.09 ppbv). 

The VOC composition differed substantially between the two regions. Over Seoul, toluene was comparable to 340 

acetone and represented a major component of Σ₇VOCs. Over the Yellow Sea, acetone accounted for nearly half 

of Σ₇VOCs, and benzene contributed a larger fraction than over Seoul. In contrast, toluene and C₈ aromatics were 

much lower over the Yellow Sea, consistent with dilution, chemical aging, and weaker influence from fresh 

aromatic emissions (Parrish et al., 2007; Warneke et al., 2013). Among the measured VOCs, acetonitrile showed 

the smallest regional difference, with mean concentrations of 0.10 ± 0.07 ppbv over Seoul and 0.09 ± 0.02 ppbv 345 

over the Yellow Sea. This weak regional contrast suggests that acetonitrile largely represented a regional 

background component during the campaign, with only limited influence from localized plume events. 

Ground-based measurements at the Korea University campus in Seoul (37.585° N, 127.026° E) provide additional 

context for the airborne observations (Table 3). Because the ground site represents a fixed urban surface location, 

whereas the aircraft sampled a broader metropolitan domain including the southwestern industrial corridor, direct 350 

comparison should be interpreted qualitatively. Ground-based mixing ratios were generally higher than those 

observed in the Seoul airborne measurements for most species, consistent with stronger near-surface source 

influence at the fixed urban site. MEK was lower at the ground site, with a mean mixing ratio of 0.34 ± 0.36 ppbv 

compared with 0.75 ± 0.61 ppbv for the airborne MEK-equivalent signal. This difference suggests that the airborne 

observations over Seoul captured MEK-equivalent enhancements associated with broader metropolitan and 355 

coastal industrial plume influences that were not fully represented at the fixed Korea University site.  

Overall, the regional comparison reinforces the vertical profile results. Toluene, C₈ aromatics, and MEK-

equivalent signal were strongly enhanced over Seoul and source-influenced low-altitude air masses, whereas 

benzene, acetone, and acetonitrile showed weaker Seoul–Yellow Sea contrasts. These differences provide the 

observational basis for examining VOC source signatures and lifetime-dependent variability in the following 360 

sections. 
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Table 3: VOC mixing ratios observed over the Yellow Sea (36–38° N, 124–125.5° E), Seoul (37.4–37.7° N, 126.7–127.2° 

E), and at the ground-based Korea University site (37.585° N, 127.026° E). Values are given as mean ± standard 

deviation, median, and maximum for the airborne observations, and as mean ± standard deviation for the ground-365 
based measurements. Dash indicates a value not reported. 

 

3.3 Source signatures of VOCs 

3.3.1 Inter-species relationships 

The vertical and geographical distributions presented in Sect. 3.2 show that toluene, C₈ aromatics, and MEK-370 

equivalent signal were strongly enhanced over the Seoul Metropolitan Area (SMA) and in low-altitude coastal or 

inland plumes, whereas benzene exhibited a weaker land–sea contrast. To further examine the roles of source 

composition and atmospheric processing, inter-species relationships were analyzed for observations within the 

operational PBL (<1100 m). Observations were classified into four regions: Seoul, southern inland, coastal, and 

Yellow Sea. The coastal region included the western industrial corridor extending from the Ansan–Sihwa 375 

industrial complex toward the Daesan petrochemical complex, where industrial VOC emissions have been 

reported previously (Fried et al., 2020; Kim et al., 2020; Sarkar et al., 2021; Shin et al., 2024).  

Benzene and toluene were used as reference species because they represent different atmospheric lifetimes and 

source characteristics. Benzene has a longer atmospheric lifetime than the more reactive aromatics and therefore 

provides a useful reference for more regionally persistent combustion-related or aged air masses (Atkinson, 2000; 380 

Parrish et al., 2007). Toluene is more reactive and more sensitive to fresh aromatic emissions, including traffic 

and solvent-related sources (Warneke et al., 2013; Yuan et al., 2010). MEK-equivalent signal represents a mixed 

oxygenated VOC signal that may include contributions from both direct emissions and secondary formation 

(Singh et al., 2004). 

The inter-species relationships differed substantially by region and reference species (Fig. 3). When benzene was 385 

used as the reference species, C₈ aromatics over Seoul formed a relatively compact relationship (slope = 1.11 ± 

0.02, r² = 0.65; Fig. 3a), whereas toluene and MEK-equivalent signal showed broader and more structured 

distributions. The MEK-equivalent-to-benzene slope also showed a strong regional contrast, with a slope of 2.41 

over Seoul compared with 0.65 over the Yellow Sea. These contrasts indicate that toluene and MEK-equivalent 

signal were strongly enhanced relative to benzene in source-influenced air masses over the SMA. 390 

When toluene was used as the reference species, C₈ aromatics showed clearer separation within the Seoul 

observations. This behavior is consistent with varying aromatic source mixtures within the metropolitan region. 

In particular, enhanced toluene and C₈ aromatics together are consistent with non-combustion aromatic emissions, 

 Yellow Sea (ppbv) Seoul (ppbv)  Ground (ppbv) 

Species Mean Median Max Mean Median Max Mean 

C₈ aromatics 0.04 ± 0.02 0.04 0.53 0.24 ± 0.20 0.21 1.11 0.81 ± 0.73 

MEK-equivalent 0.26 ± 0.10 0.23 0.85 0.75 ± 0.61 0.54 2.82 0.34 ± 0.36 

Toluene 0.11 ± 0.07 0.10 1.10 0.96 ± 0.95 0.69 4.79 1.79 ± 1.77 

Benzene 0.18 ± 0.09 0.15 0.86 0.28 ± 0.15 0.24 1.18 0.51 ± 0.21 

Acetonitrile 0.09 ± 0.02 0.08 0.46 0.10 ± 0.07 0.09 1.20 0.33 ± 0.15 

Trimethylbenzenes 0.12 ± 0.04 0.12 0.74 0.28 ± 0.17 0.25 1.62 0.11 ± 0.11 

Acetone 0.77 ± 0.30 0.71 2.84 1.07 ± 0.58 1.09 5.70 2.32 ± 1.67 

Σ₇VOCs 1.55 ± 0.50 — — 3.66 ± 2.44 — — — 
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including potential solvent-related contributions, in addition to traffic-related sources (Simpson et al., 2020). In 

the MEK-equivalent relationships (Fig. 3d, e), some Seoul observations showed continuity with coastal and 395 

southern inland observations, suggesting that part of the Seoul-domain MEK-equivalent enhancement was 

associated with air masses influenced by the broader western coastal industrial corridor. 

In contrast, Yellow Sea observations were concentrated within lower concentration ranges for most inter-species 

relationships. This pattern indicates weaker influence from fresh local aromatic emissions and a larger 

contribution from aged or regionally mixed air masses. Acetonitrile exhibited broadly dispersed distributions 400 

without clear regional separation. Although several high-concentration points extended from Seoul and coastal 

regions, the overall weak regional structure suggests that acetonitrile was dominated by a regional background 

component during the campaign, with occasional localized plume influence. 

 

Figure 3: Relationships among major VOC species using benzene and toluene as reference variables for 1900D 405 
observations during ASIA-AQ. Observations within the PBL (<1100 m) are classified into the Yellow Sea, coastal, 

southern inland, and Seoul Metropolitan Area (SMA) regions. Panels show (a) C₈ aromatics–benzene, (b) C₈ aromatics–

toluene, (c) toluene–benzene, (d) MEK-equivalent–benzene, (e) MEK-equivalent–toluene, and (f) acetonitrile–benzene 

relationships.  

 410 

Hourly distributions of C₈ aromatics, toluene, MEK-equivalent signal, and benzene within the SMA PBL provided 

additional context for the observed source-sensitive variability (Fig. 4). These distributions should be interpreted 

as hour-of-day distributions from sampled flight periods rather than as a complete diurnal cycle. C₈ aromatics 

increased around midday and then decreased during the afternoon, whereas toluene showed the largest variability 

and episodic enhancements after noon. MEK-equivalent signal increased during a similar period but remained 415 

elevated for a broader portion of the afternoon. Benzene showed the weakest hourly variability, consistent with 

its longer lifetime and larger regional background contribution. 

Together, the inter-species and hourly distributions indicate that VOC variability within the SMA PBL was not 

controlled solely by boundary-layer dilution. Instead, the observed relationships reflect a combination of source 

composition, atmospheric lifetime, and intermittent sampling of source-influenced plumes. The stronger 420 
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enhancement of toluene, C₈ aromatics, and MEK-equivalent signal relative to benzene points to fresh or recently 

emitted VOC mixtures within the SMA and adjacent western coastal corridor. 

 

Figure 4: Hourly distribution of VOC mixing ratios within the planetary boundary layer (PBL; <1100 m) over the 

Seoul Metropolitan Area (SMA) during the ASIA-AQ winter campaign. Boxplots represent hourly distributions of (a) 425 
C₈ aromatics, (b) MEK-equivalent, (c) toluene, and (d) benzene using 1 h bins in local time (KST). Boxes indicate the 

interquartile range (25th–75th percentiles), horizontal lines denote medians, and points indicate outliers. 

 

3.3.2 Variability in relation to photochemical lifetime 

To evaluate whether the regional VOC contrasts were related to atmospheric reactivity, we compared the Seoul-430 

to-Yellow Sea ratio of VOC-to-benzene regression slopes, defined as 

(ΔVOCᵢ/ΔBenzene)Seoul/(ΔVOCᵢ/ΔBenzene)YS, with 1/τ (Fig. 5). The lifetimes were calculated using OH reaction 

rate constants and a fixed 12-h daytime average OH concentration of 2.0 × 10⁶ molecules cm⁻³, representative of 

wintertime urban and suburban photochemical conditions (Kanaya et al., 2007; Ren et al., 2006; Stone et al., 

2012). The 1/τ value was used as a relative reactivity indicator, with larger values corresponding to shorter-lived 435 

and more reactive VOCs. The OH reaction rate constants and representative lifetimes used in this analysis are 

summarized in Table S4. 

Overall, the Seoul-to-Yellow Sea slope ratio increased with 1/τ, indicating that more reactive VOCs generally 

showed stronger regional contrasts. The empirical relationship was expressed as Rᵢ = 2.06 log10[(1/τᵢ)/(1 d⁻¹)] + 
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5.90, where Rᵢ is the Seoul-to-Yellow Sea slope ratio. The fit explained part of the observed variability (r² = 0.42), 440 

indicating that atmospheric lifetime contributed to the regional differences among VOCs. However, this 

relationship should be interpreted as an empirical trend rather than as a direct representation of chemical loss, 

because the observed ratios also reflect differences in emission source composition, dilution, and transport 

pathways. 

Longer-lived compounds generally showed smaller regional contrasts. Acetone and acetonitrile had low slope 445 

ratios of 1.70 ± 0.05 and 1.10 ± 0.06, respectively, consistent with their relatively weak Seoul–Yellow Sea 

gradients. The MEK-equivalent signal showed an intermediate ratio of 3.7 ± 0.1, consistent with its mixed source 

characteristics. In contrast, toluene and C₈ aromatics showed positive deviations from the fitted reactivity trend. 

Their observed slope ratios were 11.3 ± 0.3 and 9.3 ± 0.2, respectively, compared with their fitted values of 

approximately 5.2 and 6.1 at their corresponding 1/τ values. Toluene showed the largest Seoul-to-Yellow Sea 450 

slope ratio despite having a longer lifetime than C₈ aromatics, indicating that its distribution was strongly 

influenced by source composition in addition to atmospheric reactivity. The elevated ratio of C₈ aromatics 

similarly supports the influence of fresh or recently emitted aromatic VOCs within the SMA.  

The trimethylbenzenes, represented by a lifetime of 0.3 days in the fit, showed a lower ratio of 5.6 ± 0.2 and fell 

below the fitted trend. This deviation further indicates that differences among reactive aromatic VOCs cannot be 455 

explained solely by OH reactivity. The lower-than-expected trimethylbenzene ratio may reflect larger 

measurement uncertainty, because trimethylbenzenes were not directly calibrated, as well as differences in source 

composition and rapid dilution of localized plumes. 

This relative enrichment of toluene in Seoul is also reflected in the toluene-to-benzene (T/B) ratio. Within the 

SMA PBL, the mean T/B ratio was 5.14 ± 2.52, about 30 % lower than the value of 7.6 ± 4.9 reported below 460 

500 m during the 2016 KORUS-AQ campaign (Simpson et al., 2020), but the mean ± SD intervals overlapped. 

Although KORUS-AQ was conducted in May–June and the present observations were made in winter, the 

overlapping ranges indicate that toluene remained strongly enhanced relative to benzene in Seoul during ASIA-

AQ. In contrast, ship-based observations over the Yellow Sea reported T/B ratios close to unity (Wang et al., 

2023), consistent with a more aged marine background. These results show that the Seoul-to-Yellow Sea contrast 465 

reflects both reactivity-dependent processing and source-specific emissions. Atmospheric lifetime helps explain 

the weaker gradients of longer-lived compounds such as acetone and acetonitrile, whereas the positive deviations 

of toluene and C₈ aromatics indicate additional influence from urban aromatic source signatures. Therefore, the 

regional VOC distributions observed during ASIA-AQ were shaped jointly by chemical lifetime, source 

composition, and transport history. 470 
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Figure 5: Regression slope ratio between Seoul and the Yellow Sea as a function of 1/τ. The ratio is defined as 

(ΔVOCi/ΔBenzene)Seoul/(ΔVOCi/ΔBenzene)YS. Green markers indicate the slope ratios with propagated standard errors, 

and the red dashed line shows the empirical fit Rᵢ = 2.06 log10[(1/τᵢ)/(1 d⁻¹)] + 5.90 (r² = 0.42). OH-reaction rate constants 475 
and representative lifetimes are provided in Table S4. 

 

3.4 Comparison with CAPSS emission inventory 

To examine whether the VOC spatial patterns observed by the 1900D were broadly consistent with available 

emission information, we compared selected airborne observations with the 2021 Clean Air Policy Support 480 

System (CAPSS) emission inventory over the SMA (Fig. 6). This comparison is intended as a qualitative source-

context analysis rather than a direct evaluation of the inventory. CAPSS represents annual, surface-level bottom-

up emissions, whereas the 1900D observations represent selected wintertime flight periods at varying altitudes. 

Therefore, differences between the two datasets can reflect not only emission uncertainties but also differences in 

season, sampling altitude, meteorology, chemical processing, and temporal representativeness. 485 

The comparison focused on toluene and benzene because these two species showed contrasting behavior in the 

1900D observations. Toluene was strongly enhanced over Seoul and showed large positive deviation from the 

lifetime-based regional trend, indicating strong sensitivity to source composition. Benzene, in contrast, exhibited 
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weaker spatial variability and a larger regional background component. For toluene, the CAPSS field shown in 

Fig. 6 represents the SAPRC07 ARO1 lumped aromatic category, which includes lower-reactivity aromatics, 490 

primarily toluene and other monosubstituted benzenes. The comparison should therefore be interpreted as a 

toluene-related aromatic source context, not as a one-to-one comparison with measured toluene. 

CAPSS ARO1 emissions showed several prominent source regions within and around Seoul, including central 

Seoul, the northwestern suburban area near Goyang and Paju (Kim, 2024; Lee et al., 2022), and southeastern 

Seoul. Elevated airborne toluene concentrations were frequently observed over central and southeastern Seoul, 495 

broadly consistent with these inventory hotspots. The southeastern enhancement is also consistent with reported 

local source information, including automobile painting facilities and other urban-industrial activities in this part 

of the metropolitan area (Chun et al., 2021; Lee et al., 2024). In contrast, the 1900D flight tracks passed south of 

the northwestern Goyang-Paju hotspot and were generally at higher altitude over western Seoul than over 

southeastern Seoul. These sampling differences likely reduced the sensitivity of the aircraft observations to near-500 

surface emissions in the northwestern hotspot. 

Benzene showed a more spatially uniform distribution across the SMA than toluene. This pattern is consistent 

with the longer atmospheric lifetime of benzene and its larger regional background contribution inferred from the 

vertical and regional distributions. The weaker spatial correspondence between airborne benzene and localized 

CAPSS emission features therefore does not necessarily imply disagreement with the inventory; rather, it reflects 505 

the stronger influence of atmospheric persistence, dilution, and regional mixing on the observed benzene field. 

Temporal differences between the inventory year and the ASIA-AQ observations provide an additional limitation. 

CAPSS data used here correspond to 2021, whereas the airborne observations were conducted in February–March 

2024. Ground-based PAMS statistics indicate that VOC levels changed between 2021 and later years. For example, 

at Jung-gu in central Seoul, mean toluene increased from 4.2 ppbv in 2021 to 5.2 ppbv in 2023, whereas mean 510 

toluene at Bucheon decreased from 2.7 ppbv to 1.7 ppbv over the same period (NIER, 2024). These changes 

indicate that discrepancies between CAPSS and airborne observations may partly reflect changes in VOC 

emissions or concentrations after the inventory year, in addition to spatial allocation and altitude-sampling 

differences.  

Overall, the CAPSS comparison supports the interpretation that toluene was strongly influenced by localized 515 

urban and industrial aromatic sources, whereas benzene reflected a more regionally mixed component. The 

airborne observations captured localized and temporally variable VOC enhancements that are difficult to represent 

fully in an annual surface emission inventory. Thus, results indicate that the 1900D data provide complementary 

observational constraints on the spatial heterogeneity of VOC source influences over the SMA, while the CAPSS 

inventory provides useful source context for interpreting the observed aromatic VOC patterns. 520 
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Figure 6: Comparison of airborne observations (points; February–March 2024) and inventory-based (background; 

2021) VOC distributions over the Seoul Metropolitan Area for (a) toluene and (b) benzene. Background color maps 

represent 2021 CAPSS emission inventory data (mol s⁻¹ km⁻²). Panel (a) shows the SAPRC07 ARO1 lumped aromatic 525 
category, which includes toluene and other lower-reactivity aromatic compounds, whereas panel (b) shows the benzene 

emission field. Overlaid scatter points indicate VOC mixing ratios (ppbv) measured from all 1900D flights over the 

SMA during ASIA-AQ. White lines indicate administrative boundaries of Seoul. Both axes are shown in Universal 

Transverse Mercator (UTM) coordinates. 

 530 

3.5 Estimation of eastward VOC transport across the Yellow Sea   

The preceding sections showed that benzene and toluene exhibited contrasting spatial behavior. Toluene was 

strongly enhanced within the SMA and in low-altitude coastal or inland plumes, whereas benzene showed weaker 

spatial variability, a larger regional background component, and more persistent concentrations over the Yellow 

Sea. These differences suggest that regional transport may be more important for longer-lived benzene than for 535 

more source-sensitive toluene. Back trajectory analysis of the highest benzene concentration observed over the 

Yellow Sea on 2 March 2024 showed a clear pathway from continental regions to the west, providing additional 

support for the regional transport interpretation (Fig. S5). To examine this contrast quantitatively, we estimated 

the order of magnitude of eastward benzene and toluene transport across the Yellow Sea using the 1900D 

observations.  540 

The flux calculation was performed at the 124° E meridional cross section using PTR-ToF-MS VOC 

concentrations and AIMMS wind observations. The calculation was restricted to the operational PBL layer from 

the surface to 1100 m, because this layer is most directly coupled to near-surface air quality over the Korean 

Peninsula. The integration was also restricted to the Seoul latitude band from 37.43° N to 37.70° N. For each VOC 

species, the eastward transport flux was estimated by integrating the product of the interpolated mass 545 

concentration field and the eastward wind component across the vertical cross section: 

𝐹𝑖 = ∫ ∫ 𝑢 (𝑦, 𝑧)𝐶𝑖  (𝑦, 𝑧)
𝑦𝑛

𝑦𝑠

𝑧2

𝑧1
 𝑑𝑦𝑑𝑧 (1)  

where Cᵢ(y,z) is the interpolated mass concentration of species i, and u(y,z) is the eastward wind component for 

grid cells with u(y,z) > 0. Grid cells with non-positive wind speeds were excluded from the inflow calculation. 

The resulting values therefore represent gross eastward transport equivalents across the 124° E section rather than 550 

net VOC fluxes or closed receptor budgets for Seoul (Fig. 7). 
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Within the PBL and over the Seoul latitude band, the integrated eastward transport equivalents at 124° E were 

280 Mg per month for benzene and 250 Mg per month for toluene. These values represent the transport potential 

across the sampled Yellow Sea section during the campaign period. Because the 124° E section is located offshore, 

the calculated fluxes cannot be interpreted directly as the amount reaching the Seoul Metropolitan Area. We 555 

therefore applied an empirical distance-based scaling to estimate the equivalent transport toward the Korean coast. 

The scaling factor was derived from the observed offshore-to-coastal concentration gradients (Fig. S6) using the 

log-linear function in Eq. (2). 

𝐶𝑖(𝑑) = 𝐶𝑖,0 ∙ exp(𝑘𝑖𝑑) (2) 

where d is the geodesic distance from the nearest Korean coastline, Cᵢ(d) is the concentration of species i at 560 

distance (d), Cᵢ,₀ is the fitted concentration at the coastline, and ki is the fitted spatial gradient coefficient. A 

positive ki indicates higher fitted concentrations farther offshore and therefore a decrease toward the Korean coast. 

Because this coefficient was derived from the observed spatial variability, it should be interpreted as an apparent 

gradient that combines chemical loss, dilution, vertical and horizontal mixing, deposition, and transport variability. 

It is not a species-specific chemical loss rate.  565 

Applying the fitted coastline-to-124° E concentration ratio to the PBL-integrated transport yielded distance-scaled 

eastward transport equivalents of 88 Mg per month for benzene and 110 Mg per month for toluene. For source-

context comparison, these values were compared with Seoul CAPSS emissions (Table 4). The distance-scaled 

benzene transport equivalent of 88 Mg per month corresponded to approximately 30 % of Seoul CAPSS benzene 

emissions, whereas the corresponding value for toluene was approximately 6 %. This contrast indicates that 570 

Yellow Sea transport can represent a non-negligible contribution to wintertime benzene loading, while toluene 

remains more strongly controlled by local and domestic emissions.  

The absolute values should be interpreted cautiously. The calculation depends on the operational PBL threshold, 

limited flight sampling, interpolation across the 124° E cross section, and empirical distance-based scaling. 

Sensitivity tests using PBL thresholds of 900–1300 m shifted the benzene transport equivalent from 21.5 % to 575 

34.4 % of Seoul CAPSS benzene emissions and the toluene equivalent from 4.9 % to 7.6 % of Seoul CAPSS 

toluene emissions. Although the distance-scaling regressions showed high r2 values, the observed distance range 

was limited, and the fitted gradient may include transport and mixing variability in addition to chemical processing. 

Despite these uncertainties, the species contrast is robust. Benzene and toluene showed comparable gross eastward 

transport at 124° E, but their distance-scaled equivalents were very different relative to Seoul emissions because 580 

of differences in atmospheric lifetime, domestic emission magnitude, and source localization. The flux analysis 

therefore supports the broader interpretation from the vertical, regional, and inter-species analyses: longer-lived 

benzene is more sensitive to regional transport across the Yellow Sea, whereas toluene is more strongly influenced 

by localized urban and industrial sources within Korea. 

 585 
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Figure 7: Spatial distribution of (a) zonal wind speed (m s-1), (b) benzene mass concentration (µg m-³), and (c) benzene 

flux (µg m-² s-1) measured at 124° E. Wind speed was measured by the AIMMS-30 meteorological system onboard the 

aircraft. The right side of each plot shows mean vertical profiles averaged across latitude: (a) wind speed, (b) benzene 

concentration, and (c) benzene flux. 590 

Table 4: Comparison of eastward VOC transport equivalents across the Yellow Sea and Seoul CAPSS emissions (unit: 

Mg per month).  

a The PBL-integrated eastward transport equivalents were calculated at 124° E over 0–1100 m. 

b The distance-scaled values were estimated using the fitted concentration ratio between the Korean coastline and the 

124° E cross section. The distance-scaled values represent equivalent transport toward the Korean coast rather than a 595 
direct receptor budget for Seoul.  

c CAPSS values represent emissions from Seoul. 

 

4 Regional chemical context from NASA DC-8 observations 

The 1900D observations provide the primary basis for interpreting wintertime VOC distributions over the Seoul 600 

Metropolitan Area (SMA), adjacent western coastal industrial regions, and the Yellow Sea. The preceding sections 

showed that source-sensitive VOCs, particularly toluene, C₈ aromatics, and MEK-equivalent signal, were strongly 

enhanced in low-altitude source-influenced air masses, whereas benzene, acetone, and acetonitrile exhibited 

weaker regional contrasts and more persistent distributions. Here, NASA DC-8 observations collected during the 

same campaign period are used to place these 1900D-based interpretations within a broader regional and vertical 605 

chemical context. 

The DC-8 and the 1900D conducted observations over Korea and the Yellow Sea on four common dates during 

ASIA-AQ, corresponding to five 1900D flights. Because the two aircraft were not co-located in time, altitude, or 

horizontal position, their observations are interpreted as complementary views of the regional VOC field rather 

than as paired platform comparisons. The DC-8 sampled broader regional and vertical domains over the Yellow 610 

Sea and inland Korea, whereas the 1900D repeatedly sampled lower-altitude air masses within the planetary 

VOC Eastward transport equivalent at 

124° E (0–1100 m)a 

Distance-scaled eastward 

transport equivalent (0–1100 m)b 

Seoul CAPSS 

emissionsc 

Benzene 280 88 308 

Toluene 250 110 1678 
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boundary layer over the SMA and adjacent western coastal industrial regions (Figs. 1 and S2). Detailed 

descriptions of the DC-8 VOC and trace gas measurements used in this analysis are provided in Sect. S3 and Table 

S3. 

The DC-8 CO/CO₂ and O₃/NOx observations showed distinct chemical phase-space distributions depending on 615 

geographic region (Fig. 8a). The O₃/NOx ranges proposed by Morgan et al. (2010) were used as a reference for 

interpreting chemical gradients associated with differences in source influence and atmospheric processing. 

Yellow Sea observations occupied a broad portion of the phase space and extended into a distinct higher CO/CO₂ 

branch, with generally higher O₃/NOx values than Seoul observations, suggesting differences in source influences 

and transport histories between the sampled air masses. In contrast, Seoul observations were concentrated 620 

primarily under lower O₃/NOx conditions. These patterns indicate that the Yellow Sea air masses sampled during 

ASIA-AQ included combustion-influenced continental outflow and regionally processed air masses, whereas 

Seoul observations more strongly reflected fresher, NOx-influenced urban conditions.  

Within this geographic framework, benzene and toluene showed contrasting distributions in the same chemical 

phase space (Fig. 8b, c). Benzene enhancements extended toward higher CO/CO₂ values and were observed across 625 

a broader range of chemical conditions, including conditions frequently sampled over the Yellow Sea. This 

behavior is consistent with the longer lifetime of benzene and its association with regionally transported 

combustion-influenced air. In contrast, the largest toluene mixing ratios were concentrated primarily in lower 

O₃/NOx and lower to moderate CO/CO₂ conditions, consistent with fresher source-influenced air masses sampled 

closer to urban or industrial regions. 630 

This DC-8 chemical context is consistent with the regional contrasts identified from the 1900D observations. The 

extension of benzene enhancements into the higher CO/CO₂ branch supports the interpretation that benzene was 

more strongly influenced by regional transport over the Yellow Sea. Conversely, the concentration of high toluene 

mixing ratios under more source-influenced conditions is consistent with the strong toluene enhancements 

observed over the SMA and adjacent industrial regions. Taken together, the 1900D and DC-8 observations provide 635 

complementary perspectives on wintertime VOC variability over Korea and the Yellow Sea. The 1900D 

measurements resolved low-altitude source-influenced VOC gradients within the SMA and adjacent coastal 

industrial corridor, while the DC-8 observations placed these gradients within a broader regional chemical context. 

The combined evidence supports the central conclusion that wintertime VOC variability over the SMA and 

Yellow Sea was shaped jointly by chemical lifetime, source specificity, and regional transport. Longer-lived 640 

species such as benzene were more sensitive to regional transport and Yellow Sea inflow, whereas shorter-lived 

aromatic VOCs such as toluene were more strongly controlled by localized urban and industrial emissions. 
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Figure 8: CO/CO₂–O₃/NOx phase-space distributions from NASA DC-8 observations during the four common flight 645 
dates with the 1900D aircraft: 17 February, 26 February, 8 March, and 10 March 2024. Panel (a) shows geographical 

classification of the DC-8 observations into Yellow Sea, Seoul, and other sampled regions. Panels (b) and (c) show the 

same phase space colored by Trace Organic Gas Analyzer time-of-flight mass spectrometer (TOGA-TOF) benzene and 

toluene mixing ratios, respectively. Horizontal dashed lines in panels (b) and (c) indicate O₃/NOₓ boundaries of 1, 10, 

50, and 100, corresponding to the air mass categories proposed by Morgan et al. (2010): near-urban, near-source, near-650 
outflow, far-outflow, and background. Light-gray points in panels (b) and (c) represent all valid merged DC-8 trace-

gas observations, while colored points indicate records with corresponding TOGA-TOF VOC measurements. 

 

5 Conclusions 

This study investigated wintertime VOC distributions over the Seoul Metropolitan Area (SMA), adjacent western 655 

coastal industrial regions, and the Yellow Sea using high-resolution PTR-ToF-MS observations aboard the 1900D 

during the ASIA-AQ campaign. The 1900D observations provided repeated low-altitude sampling within the 

planetary boundary layer, allowing source-influenced VOC gradients over the SMA and nearby industrial regions 

to be compared with more regionally mixed air masses over the Yellow Sea.  
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Mean Σ₇VOCs were approximately 2.4 times higher over Seoul than over the Yellow Sea. Toluene, C₈ aromatics, 660 

and MEK-equivalent signal showed strong enhancements within the PBL, particularly in low-altitude source-

influenced air masses over urban, coastal and inland regions. By comparison, benzene, acetone, and acetonitrile 

exhibited weaker contrasts between land and sea, while their vertical distributions were more persistent.  

Inter-species relationships further indicated that Seoul VOC enhancements could not be explained by boundary-

layer dilution alone. Toluene and C₈ aromatics were strongly enriched relative to benzene over Seoul, whereas 665 

Yellow Sea observations were concentrated within lower concentration ranges and showed weaker influence from 

fresh aromatic emissions. The slope ratios between Seoul and the Yellow Sea generally increased with chemical 

reactivity, indicating that atmospheric lifetime contributed to the regional VOC contrasts. However, toluene and 

C₈ aromatics showed positive deviations from this trend, indicating additional influence from urban aromatic 

source signatures. These results suggest that non-combustion aromatic emissions, including potential solvent-670 

related contributions, remain important for reactive VOC variability in wintertime Seoul. MEK-equivalent 

enhancements were associated with broader metropolitan, coastal, and southern inland plume influences, although 

quantitative source apportionment would require additional tracers. 

Comparison with the 2021 CAPSS emission inventory provided qualitative source context for the observed 

aromatic VOC patterns. CAPSS ARO1 emissions showed prominent source regions in central, northwestern, and 675 

southeastern parts of the SMA, and elevated airborne toluene concentrations were frequently observed over central 

and southeastern Seoul. Because CAPSS represents annual surface emissions whereas the aircraft observations 

represent selected wintertime flight periods at varying altitudes, this comparison should not be interpreted as a 

direct inventory evaluation. Rather, it indicates that the 1900D observations captured localized and temporally 

variable aromatic VOC enhancements that are difficult to represent fully in an annual emission inventory. 680 

An order-of-magnitude flux analysis was used to examine the species-dependent role of Yellow Sea transport. 

Gross eastward transport equivalents calculated at the 124° E cross section were comparable for benzene and 

toluene, but their distance-scaled transport equivalents differed substantially relative to Seoul CAPSS emissions. 

The benzene transport equivalent was approximately 30 % of Seoul CAPSS benzene emissions, whereas the 

corresponding toluene value was approximately 6 % of Seoul CAPSS toluene emissions. These values should be 685 

interpreted as order-of-magnitude transport equivalents rather than closed receptor budgets for Seoul, because 

they depend on the operational PBL threshold, limited flight sampling, interpolation, and empirical distance-based 

scaling. Nevertheless, the contrast between benzene and toluene indicates that regional transport across the Yellow 

Sea can be more important for longer-lived VOCs, while toluene remains more strongly controlled by local and 

domestic emissions.  690 

NASA DC-8 observations provided broader regional and vertical context for the 1900D-based interpretation. The 

DC-8 chemical phase space distributions showed that Yellow Sea observations occupied a broad portion of the 

distribution and extended toward higher CO/CO₂ conditions, whereas Seoul observations were more concentrated 

in lower O₃/NOx conditions. Within this chemical space, benzene enhancements extended toward higher CO/CO₂ 

conditions and were observed across a broader range of conditions, while toluene enhancements were more closely 695 

associated with fresher source-influenced conditions. These complementary observations support the 

interpretation that benzene retained a larger regional transport component, whereas toluene was more sensitive to 

localized source influences. Overall, the ASIA-AQ 1900D observations show that wintertime VOC distributions 

over the SMA and Yellow Sea were shaped jointly by chemical lifetime, emission source specificity, and regional 
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transport. The results highlight the importance of low-altitude airborne observations for resolving spatially 700 

heterogeneous VOC source influences in megacity environments. For wintertime VOC management in Seoul, 

domestic urban and industrial aromatic emissions remain central for reactive VOCs such as toluene and C₈ 

aromatics, while longer-lived compounds such as benzene require consideration of both local emissions and 

regional transport across the Yellow Sea. 
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