
1 
 

Impact of urban-industrial air pollution on chemically reactive 
greenhouse gases is highly sensitive to organic nitrate formation 

Calum P. Wilson1 and Michael J. Prather1 
1Department of Earth System Science, University of California, Irvine, Irvine, 92697, United States of America 

Correspondence to: Calum P. Wilson (calumw@uci.edu) 5 

Abstract. We compute net tropospheric ozone production (P-O3) and methane oxidation (L-CH4) caused by 45 days of South 

Korean emissions using a chemistry-transport model (CTM) and a hybrid modelling system (HMS). The CTM has global 1° 

x 1° resolution; the HMS has detailed chemical mechanisms and a refined regional grid (0.1° x 0.1°), but simplified, staged 

transport. The emissions cause +22.1 Gmol P-O3 and +2.0 Gmol L-CH4 in the CTM vs. +31.2 Gmol P-O3 and +4.3 Gmol L-

CH4 in the HMS. Differences are attributed to lower volatile organic compound (VOC) reactivity in the CTM, thus decreased 10 

organic nitrate export to the free troposphere. Time-integrated O3 mass perturbations (𝛿O3) are similar in both models and 

constitute a globally-averaged +0.03 DU summertime O3 enhancement. Due to contrasting L-CH4, the net steady-state effective 

radiative forcing sustained by the emissions is +0.49 mW m-2 in the CTM and -0.25 mW m-2 in the HMS. 

1 Introduction 

Tropospheric ozone (O3) and methane (CH4) are short-lived greenhouse gases whose atmospheric abundances have risen since 15 

the preindustrial era (Szopa et al., 2023). Methane growth has been driven primarily by fossil fuel and agricultural emissions 

(Saunois et al., 2025), likely offset by growth in the main CH4 sink, the hydroxyl radical (OH) (Isaksen and Hov, 1986; 

Stevenson et al., 2020). Ozone is both produced and destroyed through atmospheric chemistry. Ozone growth since the 1980s 

is attributed to intensified precursor emissions including nitrogen oxides (NOx), carbon monoxide (CO), and volatile organic 

compounds (VOCs), which are driven by industrialisation, most recently across Asia (Gaudel et al., 2018; Ziemke et al., 2019). 20 

In this work, we investigate the global CH4 and O3 perturbations caused by anthropogenic air pollution from South Korea 

using a global chemistry-transport model (CTM), and compare the results with those from a regional, hybrid modelling system 

(HMS; Wilson and Prather, 2026) with refined horizontal resolution and highly detailed chemical mechanisms. 

Greenhouse gas budgets for O3 and CH4 are sensitive to the distribution of polluted air in the free troposphere (Guo et al., 

2023). Chemistry-transport models are effective tools for computing CH4 and O3 budgets in response to pollution because they 25 

seamlessly integrate the transport and chemistry of the emissions. However, the computational cost of global-scale modelling 

requires model compromises such as simplified chemical mechanisms and coarsened spatial resolution. Our work with the 

HMS addressed these issues via a regional study limited to South Korea with refined boundary-layer horizontal resolution and 

a nearly complete set of chemical reactions. Pollution plumes transported beyond the model domain were treated in a 
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subsequent box modelling stage, after which residual pollutants were linearly dispersed. This approach captured the budget 30 

terms over the full lifespan of the emissions, but introduced discontinuities between the modelling stages and did not simulate 

plume trajectories beyond South Korea. 

 We use a standard UC Irvine CTM simulation (Prather, 2024; Prather and Zhu, 2024; Prather, 2025) with an added 

45-day South Korean emission perturbation at the 10% level of anthropogenic emissions used in the HMS work. We 

accumulate the total loss of CH4 (L-CH4, Gmol) from those added emissions as well as the integrated O3 perturbation (Gmol 35 

days). Deriving total net production of O3 (P-O3, Gmol) from the O3 perturbation (Gmol days) requires knowledge of the O3 

lifetime (days), which varies from 6 to 26 days based on altitude and season (Prather and Zhu, 2024). We calculate these 

lifetimes for the Pacific troposphere by simulating the decay of artificial O3 releases from four vertically stacked boxes 

downwind of South Korea in May. 

 We discuss the modelling parameters and O3 lifetime determination in Section 2, derive the budgets and radiative 40 

forcings in Section 3, and present our findings in Section 4. 

2 Methodology 

2.1 Chemistry-transport modelling 

The control CTM run uses the same meteorology, chemical mechanisms, and emission inventories as described in Prather 

(2025). The run consists of a 92-day study period 01 May to 01 August (midnight UTC) using the available meteorology for 45 

year 2000 and fully spun up initial conditions for 01 May 2000. The control inventories include the MEGAN-MACC biogenic 

emissions (Sindelarova et al., 2014; Guenther et al., 2012) and CMIP6 emissions for anthropogenic, biofuel, and biomass 

burning (Hoesly et al., 2018) for the following species: carbon monoxide (CO), nitric oxide (NO), ethane (C2H6), ‘alkane’ 

(propane and higher alkanes), ‘alkene’ (ethene and higher alkenes), formaldehyde (HCHO), acetaldehyde (CH3CHO), acetone 

(CH3COCH3), and isoprene (C5H8). Lightning NO emissions are also included. The CTM tropospheric chemical mechanism 50 

includes 24 species and 86 reactions in addition to dry deposition and washout. 

The emission run includes the KORUS v5 anthropogenic (Woo et al., 2020) and GFED5 biomass burning (Chen et al., 2023) 

inventories used in the HMS. These emissions are converted from SAPRC format (Carter, 2010) to CTM species (see Table 

1). Lumped SAPRC species are each assigned a single molecular weight based on the most abundant component (see Wilson 

and Prather, 2026) and converted from mol s-1 to kg m-2 s-1 units. Aromatic species (ARO1 and ARO2) are not included in the 55 

CTM chemistry, but here we add these into the ‘Alkene’ emission category as they generally oxidise to form alkenyl products. 

The 45-day “KORUS-AQ” emission period follows the timeframe of the Korea-US Air Quality mission from 01 May to 14 

June (midnight UTC) and is followed by a spin-down period for the remaining 47 days simulated in the control run. After day 

92, we have reached about 97% of the total chemical impact of the emission period and can easily extrapolate the residual 

chemical perturbations driven by long-lived CO chemistry. 60 
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Table 1: The mapping of KORUS v5 and GFED5 emission inventories (01 May - 15 June) to UCI CTM species. 

UCI CTM surrogate species SAPRC emitted species (MCM surrogates) CTM cumulative emissions (kt) 

NO NO 92 

NO2 NO2 19 

CO CO 205 

Isoprene Isoprene 0.5 

MVKMACR Methyl vinyl ketone 
Methacrolein 
Total 

0.0 
0.0 
0.5 

Formaldehyde Formaldehyde 1.1 

Acetaldehyde Acetaldehyde 
Glyoxal 
Methylglyoxal 
Benzaldehyde 
Diacetyl 
RCHO (Propanaldehyde) 
Total 

0.6 
0.2 
0.1 
0.0 
0.0 
0.3 
1.2 

Ethane ALK1 (Ethane) 3.7 

Alkane ALK2 (Propane) 
ALK3 (Butanes) 
ALK4 (3/4 Pentanes + 1/4 Hexanes) 
ALK5 (Heptanes) 
Acetone 
Methyl ethyl ketone 
Total 

4.8 
3.3 
10.5 
15.1 
0.4 
0.6 
34.7 

Alkene Ethene 
OLE1 (Propene) 
OLE2 (1,3-Butadiene) 
ARO1 (1/3 Benzene + 2/3 Toluene) 
ARO2 (2/3 Xylenes + 1/3 Trimethylbenzenes) 
Total 

8.3 
4.1 
5.5 
34.4 
18.3 
70.6 

KORUS v5 emissions (Woo et al., 2020) were converted from mol s-1 emissions to kg m-2 s-1 emissions. Moles are converted to mass using 
the molecular weights of the emitted species, and emissions are re-gridded to 0.5°x0.5° in CMIP6 format for the CTM. Lumped SAPRC 
species are represented in the HMS by MCM surrogates (parenthesised), whose molecular masses are used in the CTM unit conversion. 65 
Emissions from oceanic grid cells in the 0.1°x0.1° HMS model are not included in the Wilson and Prather (2026) calculations, nor the CTM 
calculations here. 
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2.2 Hybrid modelling system 

The goal of the HMS is to simulate the full life cycle of the KORUS-AQ air pollution emissions, with best available chemical 

mechanisms from MCM v3.3.1 (Bloss et al., 2005; Jenkin et al., 1997; Jenkin et al., 2003; Jenkin et al., 2015; Saunders et al., 70 

2003) while tracking the resulting CH4 and O3 budget perturbations. The HMS consists of three separate stages that emulate 

the chemical evolution of pollution instead of the continuous chemistry and 3D transport afforded by the CTM. As described 

in Wilson and Prather (2026), “the boundary layer-residual layer (BL-RL) stage processes the emissions, photochemistry, 

deposition, aerosol reactivity, and transport over terrestrial South Korea at 0.1°×0.1° with hourly resolution. The plume (PL) 

stage continues to integrate the chemistry of air masses from the BL-RL stage as they are transported offshore, simulating 75 

offshore pollution plumes observed by aircraft. After three days of chemical aging in non-diluting plumes, the pollution 

remnants are dispersed (DP stage) into the background atmosphere and integrated until the pollution disappears.” Ozone 

lifetimes in the HMS are computed for a four-layer (2, 4, 6, and 8 km), statically maintained background atmosphere 

composition constrained by observations from the Atmospheric Tomography mission (ATom). 

2.3 Structural model differences 80 

Structural differences between the two models inevitably bias the budgets with respect to one another. For example, the CTM 

mixes emissions into 10,000 km2 grid cells vs. 100 km2 in HMS, thereby missing the extreme non-linear chemistry near source 

regions. Emitting NOx pollution over larger areas reduces NOx saturation and O3 titration (Zakoura and Pandis, 2018; Li et al., 

2023) and increases the NOx-efficiency of P-O3 and L-CH4 (Charlton-Perez et al., 2009; Wild et al., 2004). The CTM 

continuously dilutes pollution plumes through resolved divergent flow and other unresolved mixing. In contrast, pollution 85 

plumes in the HMS remain isolated in the free troposphere for 0-3 days before they are instantly mixed into the background. 

The varying atmospheric conditions that drive chemistry downwind of the boundary layer (i.e. temperature, pressure, water 

vapor, J-values) are not resolved in the HMS.  

The chemistry in the UCI CTM lacks aromatic mechanisms and does not accurately represent higher-mass VOCs and their 

diverse oxidised intermediates. The only fast-reacting VOC in the CTM is the alkene species (C2H4), used as a surrogate for 90 

all alkene and aromatic emissions. Thus, the CTM underrepresents VOC-OH reactivity and O3 production, thereby sustaining 

NOx-saturated conditions at lower NOx abundance. Another consequence of reduced VOC reactivity is much lower production 

of organic nitrates (Fischer et al., 2014), represented in the CTM only by peroxyacetyl nitrate (PAN). The HMS includes 94 

additional peroxyacyl nitrate species, 340 alkyl nitrates, and 57 aromatic nitrates. Organic nitrates sequester NOx and deliver 

it to the remote troposphere where it is more effective at increasing P-O3 and L-CH4 (Singh, 1987; Hudman et al., 2004; Fischer 95 

et al., 2010). 

We compare probability distributions of vertical profiles (lower, median, and upper quartiles) from the control CTM run with 

in situ observations from the 10 s merge DC-8 KORUS-AQ data (KORUS-AQ Science Team, 2019) alongside the HMS 

boundary layer data (Fig. 1). At each CTM level, quantiles are extracted from 45 daily average values over the 6 CTM grid 
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cells that lie predominantly over South Korea (126.5°E-129.8°E and 34.8°N-38.1°N). The HMS boundary-layer data 100 

comprises 45x24 instantaneous hourly data points for 1092 terrestrial grid-cells. The quantiles extracted from this data are 

mass-weighted to account for fluctuations in boundary-layer height. Aircraft quantiles are computed from all South Korean 

data (55,696 flight segments) within separate vertical bins matching the CTM edge-level pressures. The models and 

observations show good agreement on NOx and O3. Ozone disagreement near the surface is explained by daytime-only 

sampling by the aircraft, positively biasing the observations below 2 km (see Fig. 6 from Crawford et al., 2021). Both models 105 

underestimate CO, HCHO, CH3CHO, and PAN, as did other modelling studies (e.g., supplement from Oak et al., 2019; Table 

4 from Kim et al., 2024). Model underestimates are more pronounced in the CTM, where HCHO, CH3CHO, and PAN in the 

lowest 2 km are lower than observations by a factor of 2. This is indicative of underestimated VOC reactivity, which reduces 

PAN abundance due to feedbacks on O3 and NO2 (Fischer et al., 2014). Differences between HMS and CTM also reflect the 

HMS choice of clean-air background that excludes the influence of transboundary air pollution on South Korea (Miyazaki et 110 

al., 2019; Kim et al., 2024).  

 

Figure 1: Vertical profiles of observed (black) and CTM (blue) mole fractions with HMS boundary-layer data. Dots are medians and 
horizontal bars are lower and upper quartiles KORUS-AQ in situ DC-8 data were sampled from 08:00 to 18:00 UTC+09 between the mean 
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edge-level pressures of the CTM on 21 flight days over South Korea (see Figure 3 from Crawford et al., 2021). Model data (CTM: daily 115 
diurnal averages; HMS: hourly) are sampled every day from 01 May to 15 June starting 00:00 UTC (HMS: 15:00 UTC) in a box from 
126.5°E-129.8°E and 34.8°N-38.1°N. 

2.4 Ozone lifetime in the CTM 

We estimate the perturbation lifetime of tropospheric O3 in a broad box (29.2-49.3°N, 128.8-149.1°E) enveloping the region 

of largest O3 perturbations in the CTM. The box is vertically partitioned into four pressure intervals by level number: 1000-120 

800 hPa (L1-10), 800-600 hPa (L11-16), 600-400 hPa (L17-21), and 400-300 hPa (L22-24). Beginning 01 May 2000 at 00:00 

UTC, we release a ‘puff’ of O3 into each vertical box partition, adding +10% O3 mass to each constituent 3D cell. We integrate 

61 days of chemistry-transport against a control run. The O3 lifetime in each vertical partition is computed from the time-

integral of the O3 mass perturbation divided by the initial perturbation mass. The tail of the O3 decay beyond 61 days is 

extrapolated by a least-squares exponential fit using the last 10 days of data. The O3 lifetimes in the four partitions (lowest to 125 

highest altitude) are 11.4, 13.7, 15.9, and 19.1 days. After 20 days, the CTM O3 perturbations at all levels decay with an e-fold 

of around 13 days (see Fig. 2) as expected from vertical mixing rates in the troposphere (Prather 2025). These CTM lifetimes 

contain the feedbacks from chemistry and transport, whereas the lifetimes in the HMS, 5.8, 10.8, 17.9, and 24.2 days, were 

computed at fixed altitudes of 2 km, 4 km, 6 km, and 8 km without intermixing. 

 130 

Figure 2: The decay of four CTM ozone releases at 1000-800 hPa (blue), 800-600 hPa (red), 600-400 hPa (magenta), and 400-300 
hPa (green). Perturbations are normalised to the initial O3 release. Ozone perturbations are diagnosed daily as diurnally averaged (between 
00:00 UTC) grid-box masses and spatially integrated to obtain the perturbation lifetimes (legend). The area under each curve is the 
perturbation lifetime. The long-term unified decay-lifetime is around 13 days.  
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3 Results and discussion 135 

The total pollution-driven changes in O3 and CH4 from the CTM and HMS can be directly compared, but the individual 

modelling stages of the HMS do not have a direct CTM analogue. The CTM can approximately emulate the BL-RL stage by 

integrating L-CH4 and the O3 perturbations (δO3; Gmol day) in a box containing grid cells in the South Korean boundary layer 

(33°-39°N, 125-131°E, and layers 1-8, i.e., >860 hPa). Boundary-layer (BL) pollution in the CTM disperses without a clear 

distinction between plumes (PL) and dispersed pollution (DP) as in the HMS. We define a PL box containing plumes in the 140 

CTM that extends the BL-RL box by 5° upwind to the West, 10° in the other directions, and from surface to 600 hPa. A 

distance of 10° represents about one day of transport at 10 m s-1. The CTM BL box is embedded within this PL box and 

subtracted from the PL box budgets. The DP domain is the global atmosphere, subtracting the BL and PL budgets. These 

domains, and the CTM budget perturbations, are illustrated in Fig. 3. 

 145 

Figure 3: Time-integrated inert tracer abundance (left), integrated O3 perturbation (middle), and CH4 loss (L-CH4; right) over 92 
days from the start of emissions. Inert tracer is emitted with a NOx pattern over the 45-day emission period. Data are column densities 
(top) or mole fractions (centre and bottom) averaged over all latitudes (middle) or all longitudes (bottom). Prior to normalisation, inert tracer 
and O3 data have units of mol m-2 day (top) and mol mol-1 day (middle and bottom), and L-CH4 data have units of mol m-2 (top) and mol 
mol-1 (middle and bottom). All data are normalised to one at the map centre (+). Negative perturbations, i.e. in the Korean boundary-layer 150 
(black box) and plume region (purple box), are not shown. 
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3.1 Budgets 

Table 2 shows the CTM and HMS budget terms (δO3, P-O3 and L-CH4). The δO3 mass perturbations are similar in both models 

and constitute a near steady-state +0.03 DU global O3 enhancement during the 45-day emission period. The CTM P-O3 is, 

however, only 71% that of the HMS (+22.2 vs. +31.2 Gmol) because the lifetime of an O3 perturbation in the CTM is longer. 155 

The CTM CH4 loss (L-CH4) is also smaller at 47% that of HMS (+2.0 vs. +4.3 Gmol). The HMS calculation is based on 3-day 

aging for the PL stage before dispersion; if we assume 1-day plumes, the model discrepancies widen by about 10 percentage 

points (see Table 2). With 1-day plumes, the partitioning of L-CH4 between PL and DP stages is similar in both models and 

likely reflects the size of PL diagnostic box in the CTM, which is based on one-day of transport distance. The dilution of 

emissions into coarser CTM grid-cells should nominally raise P-O3 and L-CH4 over the fine-grid HMS (e.g., Charlton-Perez 160 

et al., 2009; Holmes et al., 2014), but our results show the opposite. We attribute this to the very different VOC mechanisms. 

To compare the atmospheric compositions in the models, we examine the CTM control run (without the 10% added KORUS 

emissions) and the HMS pollution run, both of which simulate full South Korean emissions. The OH mole fraction in the entire 

BL domain, sampled over the first 10 days, is 0.06 ppt in the CTM vs. 0.11 ppt in the HMS. This is, once again, unexpected 

because mixing pollution over the coarse-grid CTM should raise OH (Li et al., 2023). The HO2 mole fraction (the dominant 165 

component of HOx = HO2 + OH) is similar in both models (4.2 vs. 4.4 ppt, respectively) with about the same overall loss 

frequency (1/49 vs. 1/56 s-1) for radical-radical termination (i.e., excluding OH-VOC reactions). However, the dominant 

termination reaction in the CTM is H2O2 formation, whereas in the HMS, it is HNO3 formation. 

As the pollution plumes age after leaving the BL, NOx decays faster than VOCs, and ozone production efficiency rises (OPE 

= moles of O3 produced per moles of HNO3 formed; Liu et al., 1987). In the HMS, the greatest, but not the most efficient, 170 

daily O3 production is driven by the intense NOx-VOC chemistry on day 1 of the PL stage (+8.0 Gmol at 7.6 OPE). Days 2 

and 3 produce a combined +8.3 Gmol O3 at 19.9 and 20.9 respective OPEs. At this stage, most of the reactive NOx comes from 

organic nitrate decomposition. After day 3, in the DP stage, the dispersed plumes produce +10.9 Gmol O3, at 27.8 OPE (NOx 

alone) or 35.3 OPE (all pollution). The OPE over the full emission lifespan is 8.9. Over the combined PL and DP domains of 

the CTM, the OPE is 17.1, and over the full pollution lifespan, it is 6.3. The lower total OPE of the CTM is explained by the 175 

NOx budget. Both models emit a total of 3.51 Gmol NOx to the BL over 45 days. Of these emissions, the HMS exports 1.27 

Gmol NOx plus 0.47 Gmol organic nitrates (including 0.25 Gmol PAN) to the PL stage as plumes. The PL NOx then decays 

to 0.08 Gmol by end of day 1 while organic nitrates increase to 0.60 Gmol (0.39 Gmol PAN). The CTM, on the other hand, 

exports 1.17 Gmol NOx and just 0.08 Gmol PAN to the PL domain. The CTM pollution exiting the PL domain contains 0.22 

Gmol NOx and 0.12 Gmol PAN. The low yield of PAN in the CTM greatly reduces the amount of NOx that reaches the clean, 180 

higher OPE environment. A study of US NOx pollution during July computed a total OPE of 7 in the global troposphere (Jacob 

et al., 1993) which intermediates our CTM and HMS values. High PAN abundance in the boundary-layer was a noted problem 

in the US study, in contrast with the low PAN over South Korea (see Figure 1). 
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We analyse L-CH4 by defining methane destruction efficiency similarly to OPE (MDE = moles of CH4 lost per moles of HNO3 

formed; Holmes et al., 2014). In the HMS, the total MDE is 1.2 over the whole model. The MDEs in the individual model 185 

stages are: 0.2 in the BL; 0.5, 2.4, and 3.5 on days 1-3 of PL aging; and 10.0 (NOx alone) in the DP stage, or 7.3 (all pollution). 

In the CTM, the overall MDE is 0.6, with negative MDE in the BL (-0.1), 0.2 MDE in the PL, and 9.1 MDE in the DP domain. 

The overall range of MDEs is similar to that of the HMS. We once again attribute the low L-CH4 in the CTM vs. HMS to low 

organic nitrate yield. 

Compared with a maritime shipping plume study (Holmes et al., 2014), the HMS OPEs and MDEs are similar. In fresh shipping 190 

plumes (<0.5 day-aged), the respective OPEs and MDEs are 1.7 and 0.4; and globally, they are 8.5 and 3.1. Overall, our MDEs 

are lower because the CO:NOx ratio of South Korean emissions is 10 times greater than that of the shipping emissions in 

Holmes et al. (2014). The efficiency terms are defined with respect to NOx loss; however, the O3 and OH chemistry is sensitive 

to the co-emitted VOC and CO pollution. 

 195 

Table 2: Methane and ozone budgets from the KORUS-AQ period of emissions. 

Time-integrated 

diagnostics 

CTM HMS: 3 days (1 day) plume aging 

Total BL box PL box DP region Total BL-RL PL DP 

L-CH4 (Gmol) +2.0 -0.2 +0.2 +2.0 +4.3 (+5.8) +0.3 +1.7 (+0.5) +2.3 (+5.0) 

P-Ox (Gmol) +21.4 +3.0 +6.6 +11.8 N/A N/A N/A N/A 

L-Ox (Gmol) +15.1 +0.0 +1.5 +13.6 N/A N/A N/A N/A 

δO3 (Gmol days) +327 +1 +14 +312 +320 (+389) +2 +34 (+8) +284 (+379) 

P-O3 (Gmol) +22.2 +0.1 +22.1 +31.2 (+35.8) +4.0 +16.3 (+8.0) +10.9 

(+23.8) 

OPE 6.3 0.0 17.7 8.9 (10.2) 2.3 11.2 (7.6) 27.8 

MDE 0.6 -0.1 0.2 9.1 1.2 (1.7) 0.2 1.2 (0.4) 10.0 

UCI-CTM diagnostics were calculated for a 10% KORUS-AQ emission perturbation (KORUS v5 + GFED5) in a 6°x6° degree box (100 
km resolution), scaled to 100% by a factor of 10. The hybrid modelling system diagnostics were calculated for a 100% perturbation of the 
same emissions, but at 10 km resolution. The UCI-CTM model was run for 45 emission days + 47 spin-down days, after which the residuals 
were extrapolated via a least-squares exponential fit. In the CTM, the ‘BL’ (33°-39°N, 125-131°E, ＞860 hPa), ‘PL’ (23°-49°N, 120-141°E, 200 
860-600 hPa), and ‘dispersed’ (global excluding ‘BL’ and ‘plume’ boxes) domains are spatial regions. In the hybrid model, these domains 

https://doi.org/10.5194/egusphere-2026-4590
Preprint. Discussion started: 21 August 2026
c© Author(s) 2026. CC BY 4.0 License.



10 
 

are separate modelling stages featuring chemistry, emissions, and transport in the terrestrial South Korean boundary layer and residual layer 
(BL), chemical integration on plumes transported offshore (PL), and dilute linearised chemistry of three-day-aged plumes (DP). 

3.2 Radiative Forcing 

We compute the steady-state effective radiative forcing (ERF) from the integrated O3 and CH4 perturbations sustained during 205 

the 45-day emission period studied here. The chemical perturbations occur out to 120 days with the remaining O3 perturbations 

decaying within a month but with the accumulated CH4 perturbations decaying over the perturbation lifetime for global CH4 

of 12.4 years (Prather et al., 2012). The global steady-state 𝛿O3 enhancement per day of emissions is 0.03 DU in both models, 

calculated from time-integrated perturbation from initial emissions to final decay in DU-days divided by 45 days. At the end 

of the chemical integration the accumulated 𝛿CH4 perturbations are 11.6 ppt in the CTM and 25.0 ppt in the HMS. To derive 210 

the steady-state 𝛿CH4 sustained by the emissions, we divide the accumulated 𝛿CH4 by 45 days and then multiply by 12.4 years 

to obtain -1.17 ppb and -2.52 ppb respectively. 

The O3 ERF is a combination of the spatially resolved 𝛿O3 in the CTM with the May-to-August averaged ERF kernels from 

Oslo CTM (Søvde et al., 2012), mapping the Oslo 5.5° resolution onto the 1.1° UCI CTM grid via nearest neighbour 

interpolation. The per-day O3 ERF is +1.13 mW m-2. The CH4 ERF uses the errata-corrected value from IPCC AR6 WGI (550 215 

mW m-2 ppm-1), which includes induced stratospheric H2O and tropospheric O3 increases, plus tropospheric feedbacks. Thus, 

the per-day CH4 ERFs are -0.64 and -1.38 mW m-2, for CTM and HMS respectively. The combined per-day ERFs are therefore 

+0.49 and -0.25 mW m-2, respectively. 

4 Conclusion  

We benchmark the production of O3 and destruction of CH4 caused by 45 days of South Korean air pollution using the UCI 220 

global chemistry-transport model (CTM) against a hybrid modelling system (HMS). The CTM adopts a simplified chemical 

mechanism designed for clean-air chemistry. The HMS has extremely detailed chemical mechanisms but simplifies the 

transport and mixing of pollution after it departs the boundary-layer. The models produce similar integrated 𝛿O3 mass 

perturbations, both equivalent to a steady-state +0.03 DU global enhancement over the 45-day emission period. However, the 

net O3 production in the CTM is 71% that of the HMS because of the different O3 lifetimes in each model. The CTM loss of 225 

CH4 is half that of HMS. Combining O3 increases (warming) with CH4 decreases (cooling), the emissions cause net warming 

in the CTM (+0.49 mW m-2 per-day ERF) and net cooling in the HMS (-0.25 mW m-2).  

The smaller overall CTM perturbations to both O3 and CH4 reactivities are surprising because, nominally, we expect coarser 

resolution to rapidly dilute NOx pollution and enhance the GHG reactivities (e.g., Charlton-Perez et al., 2009; Holmes et al., 

2014). Instead, we find that (1) the Korean NOx pollution is intense enough to suppress O3 in some 100-km grid cells, lowering 230 

local OPE and enhancing HNO3 production in the boundary layer and (2) the low VOC reactivity in the CTM causes low PAN 

yields in the polluted air, hence less NOx reaches the cleaner atmosphere where OPE and MDE are high. The role of PAN in 
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transporting pollution NOx to the free troposphere and thus altering the oxidising capacity of the atmosphere is well recognized 

(e.g., Singh, 1987; Hudman et al., 2004), and this work emphasizes the consequences for the O3 and CH4 budgets. 

South Korean air pollution is notably rich in aromatic species, which increase PAN (and other organic nitrates) when included 235 

in the chemical mechanism (Fischer et al., 2014; Oak et al., 2019), and this is found with our HMS chemistry. Adopting the 

MCM mechanism in the CTM is not feasible, but introducing aromatic surrogates for toluene and the xylene family would 

improve OH-VOC chemistry and increase PAN production. The HMS performs a reasonably seamless chemical integration 

over the boundary-layer and offshore plumes; however, the instantaneous dispersion in the free troposphere creates a sharp 

discontinuity in the chemical environment which enhances P-O3 and L-CH4 to an unknown degree. The transition could instead 240 

be mediated by background-air dilution steps, interspersed with chemistry steps, using theoretical dilution timescales (e.g., 

Prather and Jaffe, 1990). Evaluating the dynamical lifespans of pollution plumes, i.e., until the onset of rapid background 

mixing, is a challenging problem and was found to be a major source of uncertainty in HMS budgets (Wilson and Prather, 

2026). Another HMS issue is the fixed clean-air boundary condition imposed on free tropospheric air entering the BL; this 

approach fails to account for transboundary pollution. A time-varying background composition could be derived from 245 

assimilated chemical data (e.g., Miyazaki et al., 2019), although such data is limited for species that are not remotely sensed. 

 Our results suggest that skilful modelling of organic nitrate chemistry is a requirement for obtaining correct CH4 and 

O3 budgets. Field campaigns such as KORUS-AQ and the recent Airborne and Satellite Investigation of Asian Air Quality 

(ASIA-AQ) mission (Crawford et al., 2022) provide useful model diagnostics (e.g. speciated organic nitrates) for atmospheric 

chemistry simulations in intensely polluted regions. A multi-model ensemble of pollution reactivities supported by airborne 250 

campaign data would give further insight into factors controlling the CH4 and O3 budgets and the generality of our conclusions 

here. 
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