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Table S1 - Translation of KORUSv5 emissions inventory to GEOS-Chem mechanism1 

SAPRC99 # Carbons in SAPRC99 GEOS-Chem2 # Carbons in GEOS-Chem Scale factor4 

NO N/A NO N/A 1 

NO2 N/A NO2 N/A 1 

CO 1 CO 1 1 

HCHO 1 CH2O 1 1 

MEOH 1 MOH 1 1 

MVK 4 MVK 4 1 

MGLY 3 MGLY 3 1 

MEK 4 MEK 4 1 

PRD2 6 MEK 4 6/4 

MACR 4 MACR 4 1 

ISOP 5 ISOP 5 1 

ETHE 2 C2H4 2 1 

GLY 2 GLYX 2 1 

BACL 4 BACL 4 1 

ACET 3 ACET 3 1 

CRES 7 CRES 7 1 

BALD 7 BALD 7 1 

PHEN 6 PHEN 6 1 

RCHO 3 RCHO 3 1 

SO2 N/A SO2 N/A 1 

SULF N/A SO2 N/A 1 

NH3 N/A NH3 N/A 1 

ALK1 2 C2H6 2 1 

ALK2 3 C3H8 3 1 

ALK3 4 ALK4 4.3 4/4.3 

ALK4 5 ALK4 4.3 5/4.3 

ALK5 8 ALK4 4.3 8/4.3 

OLE1 5 PRPE 3 5/3 

OLE2 5 PRPE 3 5/3 



SAPRC99 # Carbons in SAPRC99 GEOS-Chem2 # Carbons in GEOS-Chem Scale factor4 

CCHO 2 ALD2 2 1 

IPRD 5 IPRD 5 1 

TERP 10 MTPA 10 1 

PSO4 N/A SO4 N/A 1 

ARO1 7 BENZ 6 0.13 

ARO1 9 TOLU 7 0.93 

ARO2 9 XYLE 8 9/8 

PEC 1 BC 1 1 

PNO3 N/A NIT N/A 1 

HCOOH 1 HCOOH 1 1 

1Model translation of KORUSv5 emissions inventory based on these documents - 

http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.25.293&rep=rep1&type=pdf 

https://www.atmos-chem-phys.net/14/5617/2014/acp-14-5617-2014.pdf 
2GEOS-Chem species definitions are provided here: http://wiki.seas.harvard.edu/geos-

chem/index.php/Species_in_GEOS-Chem 
3Pers. Communication, Isobel Simpson 
4Conversion from SAPRC99 species carbon number to GEOS-Chem species carbon number 

 

Table S2 - Halogen heterogeneous reactions leading to the formation of HNO3
1 

BrNO3 + H2O = HOBr + HNO3 

BrNO3 + HCl = BrCl + HNO3 

ClNO3 + H2O = HOCl + HNO3 

ClNO3 + HCl = Cl2 + HNO3 

ClNO3 + HBr = BrCl + HNO3 

ClNO3 + BrSALA = BrCl + HNO3 

ClNO3 + BrSALC = BrCl + HNO3 

ClNO3 + BrSALC = BrCl + HNO3 

IONO2 = 0.85ICl + 0.15IBr + HNO3  

1GEOS-Chem species definitions are provided here: http://wiki.seas.harvard.edu/geos-

chem/index.php/Species_in_GEOS-Chem  
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S1 Impact of dust on PM2.5 during KORUS-AQ 

 

Significant dust concentrations, which could degrade the use of PM1 to interpret PM2.5, were observed at surface sites 

during the first part of the campaign (before May 9th), as discussed in Heim et al. (2020). Figure S1 shows the 

divergence of PM10 from PM2.5 at Olympic Park (a) and across Seoul (b) before May 9th while during the rest of the 

campaign they are highly correlated confirming the lack of surface dust influence after this period. We exclude dust 

from our analysis of PM2.5 composition and assume that PM1 composition can be used to investigate the drivers of 

PM2.5 pollution during the different meteorological periods of the campaign. Dust was similarly unimportant to PM2.5 

levels during a haze event analyzed using speciated PM1 and PM2.5 observations in Seoul in March 2019 (Schlosser et 

al., 2022). 

 
Figure S1. PM2.5 vs. PM10 at the Olympic Park AirKorea site (b) and for the Seoul Region (b).  The dashed line 

indicates the 1-1 line.  

 

S2 Speciation of observed PM2.5 mass using PM1 composition  

 

Measured composition from the KIST HR-ToF-AMS instrument (Table 1), representative of PM1 (Guo et al., 2021), 

is used to speciate daily average PM2.5 from the AirKorea sites (Fig. 1a). Jordan et al. (2020) showed that speciated 

PM1 was generally representative of PM2.5 mass throughout KORUS-AQ, except for the Transport/Haze period when 

PM2.5 exceeded PM1. The strong correlation between PM2.5 and PM1 during the campaign implied growth of PM1 to 

larger sizes. Dust is not a major component of PM2.5 at the surface after May 9th, as further discussed in Section S1. 

Therefore, PM1 composition likely represents the composition of PM2.5 with the exception of a small contribution 

from primary aerosol species. This was shown to be true in Seoul using speciated PM1 and PM2.5 observations in 

March 2019 (Schlosser et al., 2022). Sun et al. (2020) showed that PM2.5 can be up to 50% greater than PM1 in polluted, 

humid environments due to growth of secondary species (not BC or POA). We remove BC and POA from observed 

PM2.5 and scale the remaining components (SNA, SOA) to the remaining PM2.5. 

 

https://paperpile.com/c/xrthuF/dOPa/?noauthor=1


 
Figure S2. Data density of flight tracks in each GEOS-Chem grid box in the study domain. Map tiles by Stamen 

Design , under CC BY 3.0. Data by OpenStreetMap, under  ODbL. 

 

http://stamen.com/
http://stamen.com/
http://creativecommons.org/licenses/by/3.0
http://openstreetmap.org/
http://www.openstreetmap.org/copyright


 
Figure S3. The same as Fig. 3 for SO2, HNO3, and relative humidity.   

 

 

 



 
Figure S4. Daily precipitation for 2016 in Seoul from https://www.ncdc.noaa.gov/cdo-web/datasets.  

 

 

S3 Discussion of HNO3 loss pathways 

 

The revised GEOS-Chem wet scavenging scheme improved annual average simulations of HNO3 concentrations by 

50% (Luo et al., 2019). Figure 4b shows the impact of reverting to the old wet scavenging scheme on model HNO3, 

where the new scheme results in reduced daytime (nighttime) nitric acid of -330 ppt (-100 ppt) or 12% in the daily 

average. This reduction is less than the result from Luo et al. (2019), which we attribute to the lower amount of 

precipitation during May-June in this region than on an annual average. Along the flight tracks (Fig. 6), HNO3 

decreases by only ~8% below 0.5 km. This reflects both the sampling bias towards clear-sky conditions in the aircraft 

observations and the larger impact of the revised wet scavenging on washout (below-cloud scavenging), which impacts 

surface concentrations, compared to rainout (in-cloud scavenging), that has a larger impact on concentrations aloft. 

Figure 4a shows that the daily average reduction in nitrate (-38%) is approximately three times greater than that of 

HNO3 (-12%), likely due to the longer nitrate lifetime against dry deposition (~1 week) compared to HNO3 (<2 days) 

allowing for infrequent precipitation to have a larger impact. This rapid loss to deposition suggests that the model bias 

in HNO3, present during most of the campaign, cannot be resolved by wet scavenging.  

 

Other loss pathways for HNO3, such as uptake to dust (Fairlie et al., 2010), are not expected to play a large role during 

KORUS-AQ as dust concentrations were low after the first week of the campaign (Heim et al., 2020). We calculate 

10% of average nitrate below 0.5 km across all periods of the campaign (Fig. 3, 0.8 µg m-3) to be equivalent to 

approximately ~270 ppt of HNO3, or <20% of the model bias. In certain locations around the world, seasalt uptake of 

HNO3 may be another pathway to reduce model HNO3 biases (Wang et al., 2019). This uptake results in displacement 

of HCl that is transported inland and participates in R2 to produce ClNO2. We estimate the potential for seasalt to 

reduce model HNO3 levels by determining the observed excess Na+
 available to form NaNO3 by subtracting the 

available Cl- to form NaCl (Fig. S5). The excess Na+ below 0.5 km is 0.001 µmol m-3 or 0.03 µg m-3. This corresponds 

to an associated mixing ratio of HNO3 of only 30 ppt. Therefore, seasalt uptake of HNO3 would be expected to have 

a negligible impact on the model bias. We test a recent model version (12.9.3, doi:10.5281/zenodo.3959279) 

unavailable at the time of our original study that includes seasalt (Wang et al., 2021) and dust uptake of acids (Fairlie 

et al., 2010). Figure S6 confirms the negligible effect that dust and seasalt uptake HNO3 has on the model bias.  

 

Studies have hypothesized that production of ClNO2 from N2O5 hydrolysis (R2) could reduce nitrate by decreasing 

the yield of HNO3 (Sarwar et al., 2012; Qiu et al., 2019). During KORUS-AQ, high levels of ClNO2 were observed at 

Olympic Park in the early part of the night (Jeong et al., 2019). We use the model version described above (12.9.3) 

that includes an observationally-constrained mechanism for ClNO2 production on SNA (R2), OA, and seasalt (Wang 

et al., 2020) to test the impact of production of ClNO2 on the model nitrate bias. Figure S7 shows that nighttime nitrate 

is reduced when ClNO2 is in best agreement with the observations (early morning hours). However, the model is 

missing the early nighttime ClNO2 peak also described by Jeong et al. (2019). This peak supports the finding from 

Jordan et al. (2020) that N2O5 hydrolysis should be rapid throughout the campaign. Therefore, the impact of ClNO2 

https://www.ncdc.noaa.gov/cdo-web/datasets
https://paperpile.com/c/xrthuF/xg1T
https://paperpile.com/c/xrthuF/xg1T/?noauthor=1
https://paperpile.com/c/xrthuF/nsdj
https://doi.org/10.5281/zenodo.3959279
https://paperpile.com/c/xrthuF/SiTh
https://paperpile.com/c/xrthuF/SiTh
https://paperpile.com/c/xrthuF/Y7EJ+fw7g
https://paperpile.com/c/xrthuF/FZd9
https://paperpile.com/c/xrthuF/FZd9/?noauthor=1


production could be somewhat larger if the model successfully represented the importance of R2 (N2O5 hydrolysis) 

over R4 (NO2 uptake, Fig. 5c). We discuss the reasons for the errors in model nighttime production pathway in Section 

5.3 (main text). 

 

 
Figure S5. Excess Na+ calculated as described in Section 5.2 for the domain of Fig. 3 below 0.5 km. 

 

 
Figure S6. Mean vertical profile of observed and modeled nitric acid as described in Section 5.2 for the same 

domain as Fig. 3.  

 

 
Figure S7. Mean diurnal cycle of modeled and observed ClNO2, nitrate (KIST), and modeled N2O5 and HNO3. The 

sensitivity studies are described in Section 5.2 and Section S3 above. 

 

 



 
Figure S8. Mean diurnal cycle of model dry deposition velocity (VdHNO3) from May 1 to June 7, 2016. The 

sensitivity test is described in Section 5.2. 

 

 
Figure S9. Hourly timeseries of ozone for the a) Dynamic, b) Stagnant, c) Transport/Haze, and d) Blocking Periods 

at the AirKorea sites in the gridbox (Fig. 1b). The median value (black) and interquantile range (grey) are compared 

against the model (red) for the campaign period. The beginning of frontal passes is shown in blue, and the 

Transport/Haze Period is highlighted in grey. The dashed lines indicate 20 ppb and 2 ppb. 

 



S4 Calculation of TNO3 deposition velocity from aircraft 

 

To estimate the HNO3 deposition velocity, a similar approach was taken as described by Neuman et al. (2004). 

However, as plume sampling was not part of the flight strategy in the SMA (described in Section 4), the approach to 

investigate production and losses were similar to Nault et al. (2018). We calculate atmospheric loss for NOx (to 

determine its lifetime against conversion to total nitrate, (TNO3 = HNO3 + pNO3) and binned observations of TNO3 

as well as total peroxy nitrates (ΣPNs) and the sum of alkyl- and multi-functional nitrates (ΣANs). We calculate 

photochemical age in a similar manner as in Perring et al. (2010). However, instead of n-butane and 2-butyl nitrate, 

we use propene and propene hydroxynitrate as propene has a higher rate constant to better capture the rapid 

photochemistry occurring in SMA (Parrish et al. 2007) and propene was co-emitted with NOx from transportation 

sources (Simpson et al. 2020). 

 

The following equation relates the production of propene hydroxynitrate from propene to photochemical age: 

         

 Eq. S1 

 

 

 

 

Here, [RONO2] is the mixing ratio of the propene hydroxynitrate at photochemical time, t, [RH] is the mixing ratio of 

propene at time, t, kB is the loss rate for hydroxynitrate, kA is the loss rate for propene, and α is the nitrate branching 

ratio. For α, we use the value of 0.041 from Teng et al. (2015). For kA, the pressure and temperature dependent rate 

constant for OH + propene is from Atkinson et al. (2006) along with the average [OH] measured over SMA. For kB, 

the rate constant 1×10-12 cm3 molec.-1 s-1 for OH + propene hydroxynitrate (Saunders et al. 2003; Jenkin et al. 1997) 

along with [OH] measured over SMA and an assumed photolysis rate constant of ~1×10-6 s-1 (Perring et al. 2010). 

 

For all calculations, we use an average OH across the SMA of 5.2×106 molec cm-3 at an average temperature of 290.6 

K and 1 atm. The NOx first order lifetime was derived by fitting a least-orthogonal-distance exponential fit to the ratio 

ΔNOx/ΔCO shown in Fig. 8. TNO3 vs. photochemical age was fit using Eq. 3, where ꞵ was the unknown as a function 

of photochemical age, and c (= pTNO3 = pHNO3 = kR1[OH]) is a constant 0.21 hr-1 using the SMA average OH. 

 

S5 Weather Sonde Description and Mixed Layer Height Estimation 

 

The weather sondes used are launched regularly at 00:00, 06:00, 12:00, and 18:00 UTC (+9 KST) at the Osan Air 

Force Base, located in Pyeongtaek, South Korea, (station #47122). The sondes launched between May 1 and June 10, 

2016 were used in the analysis. All sondes launched at the same time were combined, and the median values were 

used for the profiles shown in Figure S10. The Richardson’s Number was derived using the following equation, 

              

Eq. S2 

 

 

where g is the acceleration due to gravity, z0 is the initial height of the sonde upon launch above sea level, z is the 

measurement altitude above sea level, θ is the potential temperature, and u(z) and v(z) are the zonal and meridional 

wind components, respectively. Richardson’s number of 0.21 was used to define mixed layer height (MLH). 

Richardson’s number can be subject to uncertainty for conditions of general stagnant conditions, e.g., nighttime.  

 

To further evaluate the value and potential uncertainty associated with estimating the MLH with the Richardson’s 

number, profiles of relative humidity (RH), ambient temperature, and potential temperature were also investigated 

(Figure S10). Potential temperature is most appropriate for estimating daytime MLH while ambient temperature and 

https://paperpile.com/c/XY3Urq/UuUw/?noauthor=1
https://paperpile.com/c/XY3Urq/a2xG/?noauthor=1
https://paperpile.com/c/XY3Urq/5h9F
https://paperpile.com/c/XY3Urq/nOeG
https://paperpile.com/c/XY3Urq/BLHC
https://paperpile.com/c/XY3Urq/ykOr+tDbv


Time Richardson’s Number Relative Humidity Air Temperature or Potential Temperature 

09:00 KST 467 466 466 

15:00 KST 1266 1743 1404 

21:00 KST 339 325 Not Defined 

03:00 KST 119 282 282 

 

 
Figure S10. Median profiles of (a) Richardson’s Number, (b) Relative Humidity, and (c) Air Temperature and 

Potential Temperature, for weather sondes launched between 01-May-2021 and 10-June-2021 at at Osan Air Force 

Base (Pyeongtaek, South Korea, station #47122) for 00:00 (black), 06:00 (red), 12:00 (blue), and 18:00 (grey) UTC. 

The vertical line in (a) shows the Richardson’s Number limit for the MLH (~0.2) (Fairall et al. 2006). 

 

RH can be used to verify potential temperature and Richardson’s number. For the potential temperature, the MLH was 

estimated at the altitude where the potential temperature equaled the potential temperature at the lowest altitude (291 

K for 00:00 UTC/09:00 KST and 298 K for 06:00 UTC/15:00 KST). For ambient temperature, the MLH is estimated 

as the height of the temperature inversion (see Table S4). For RH, the altitude was selected either where RH at altitude 

equaled the RH at lowest altitude (06:00 UTC/15:00 KST), the altitude where RH remained constant with height 

before decreasing (00:00 UTC/09:00 KST and 12:00 UTC/21:00 KST), or the altitude that showed lower decrease of 

RH with altitude after a rapid decrease in altitude (18:00 UTC/03:00 KST) (see Table S4). 

 

The estimated MLH from the median profiles in Figure S10 for each launch time during KORUS-AQ is summarized 

in Table S4. For the mid-morning and mid-evening (09:00 and 21:00 KST) sondes, the estimated MLH from 

Richardson’s number and either RH and/or air temperature agree within 10%. Larger variability is observed during 

the time period of most mixing (15:00 KST) and least mixing (03:00 KST). The disagreement between the derived 

MLH at 03:00 KST is not surprising, as discussed above. Due to the uncertainty in the Richardson’s number/MLH at 

03:00 KST, the MLH derived from RH and air temperature represent a more realistic value. 

 

Table S3. Estimated boundary layer height (m) from weather sondes launched between May 1 and June 10, 2016 at 

Osan Air Force Base (Pyeongtaek, South Korea, station #47122) for 00:00 (09:00), 06:00 (15:00), 12:00 (21:00), and 

18:00 (03:00) UTC (KST). 



 
Figure S11. Mean diurnal cycle for the mixed layer height (MLH) from the model at Osan Air Force base compared 

against the values derived in Table S4. 

 

Section S6 Impact of adjustments to mixed layer height and minimum eddy diffusivity on ozone diurnal cycle 

The increase in nighttime mixing in urban vs. rural regions has been addressed in the CMAQ model (Li and 

Rappenglueck, 2018) by using a higher value for the minimum mixing strength (eddy diffusivity) over urban areas. 

However, we find that this approach is insufficient to address model ozone titration without increasing the sensible 

heat flux to a positive value to produce an unstable mixed layer. This is illustrated in Fig. S12, where we scale the 

model MLH to match the profile at Olympic Park (Fig. 10a) and raise the model minimum eddy diffusivity from 0.01 

m2 s-1 to 1 m2 s-1 over the SMA. Reducing the collapse of the evening MLH without a change to the drivers of mixing 

(i.e., heat fluxes, friction velocity) has negligible impact on decreasing model ozone titration (Fig. S12b). In addition, 

the MLH at Olympic Park in the early morning hours appears inconsistent with observed ozone, likely due to the 

uncertainties in the measurement technique discussed above and supported by the lower values obtained from 

radiosonde profiles (Fig. S11). 

 

 
Figure S12. The same as Fig. 10a and 9a but including the sensitivity study described in Section S6. The 

observations are described in Table 1.  



 
Figure S13. Relative humidity during the Transport/Haze period at Olympic Park from the observations (black) 

compared against the model (red). The grey shading indicates 6pm to 6am.  

 

 
Figure S14. Boundary layer height (PBLH) during the Transport/Haze period from the Olympic Park CLH (black), 

SNU CLH (grey), and model (red). The grey shading indicates 6pm to 6am.  

 



 
Figure S15. Fraction of particle nitrate (NO3) to total nitrate (gas- and particle-phase, HNO3 and NO3) (ε(NO3)) 

versus sulfate (SO4), from a model run using E-AIM IV. Input into the model was the average meteorological 

conditions (RH = 80%, T = 288 K) and average nitrate (16 µg m-3), ammonium (8 µg m-3), nitric acid (1800 pptv), 

and ammonia (3000 pptv) during the transport/haze event. Sulfate varied between ~5 to 100 µg m-3. The results from 

the E-AIM model are shown as the black line, and the average values from GEOS-Chem and observations during 

the haze event are highlighted for comparison. 

 

 
Figure S16. Low cloud fraction (>680 hPa) from the nearest Automated Surface Observation System (ASOS) 

station (RKSS) converted from oktas (eighths of sky) for comparison against the model. The timing of the frontal 

passages is shown in light blue, and the haze buildup is shown in grey. 
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