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Carolyn E. Jordan*,†, James H. Crawford†, Andreas J. Beyersdorf†,‡, Thomas F. Eck§,‖, 
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Bruce E. Anderson†, Richard H. Moore†, Luke D. Ziemba†, Marta A. Fenn†,††††, Johnathan 
W. Hair†, Ralph E. Kuehn‡‡‡‡, Robert E. Holz‡‡‡‡, Gao Chen†, Katherine Travis†,‖, 
Michael Shook†, David A. Peterson§§§§, Kara D. Lamb††,‖‖‖‖ and Joshua P. Schwarz‖‖‖‖

The Korea – United States Air Quality Study (May – June 2016) deployed instrumented aircraft and 
ground-based measurements to elucidate causes of poor air quality related to high ozone and aerosol 
concentrations in South Korea. This work synthesizes data pertaining to aerosols (specifically, particulate 
matter with aerodynamic diameters <2.5 micrometers, PM2.5) and conditions leading to violations of South 
Korean air quality standards (24-hr mean PM2.5 < 35 µg m–3). PM2.5 variability from AirKorea monitors across 
South Korea is evaluated. Detailed data from the Seoul vicinity are used to interpret factors that contrib-
ute to elevated PM2.5. The interplay between meteorology and surface aerosols, contrasting synoptic-scale 
behavior vs. local influences, is presented. Transboundary transport from upwind sources, vertical mixing 
and containment of aerosols, and local production of secondary aerosols are discussed. Two meteorologi-
cal periods are probed for drivers of elevated PM2.5. Clear, dry conditions, with limited transport (Stagnant 
period), promoted photochemical production of secondary organic aerosol from locally emitted precursors. 
Cloudy humid conditions fostered rapid heterogeneous secondary inorganic aerosol production from local 
and transported emissions (Transport/Haze period), likely driven by a positive feedback mechanism where 
water uptake by aerosols increased gas-to-particle partitioning that increased water uptake. Further, 
clouds reduced solar insolation, suppressing mixing, exacerbating PM2.5 accumulation in a shallow boundary 
layer. The combination of factors contributing to enhanced PM2.5 is challenging to model, complicating 
quantification of contributions to PM2.5 from local versus upwind precursors and production. We recom-
mend co-locating additional continuous measurements at a few AirKorea sites across South Korea to help 
resolve this and other outstanding questions: carbon monoxide/carbon dioxide (transboundary transport 
tracer), boundary layer height (surface PM2.5 mixing depth), and aerosol composition with aerosol liquid 
water (meteorologically-dependent secondary production). These data would aid future research to refine 
emissions targets to further improve South Korean PM2.5 air quality.
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1. Introduction
The joint Korea – United States Air Quality Study (KORUS-
AQ) conducted in May–June 2016 was tasked with clarify-
ing the causes of poor air quality in South Korea, which 
is principally associated with high ozone (O3) and aerosol 
concentrations (Crawford et al., 2020). In this work, we 
focus on the aerosol influence by providing a synthesis 
of PM2.5 (particulate matter with aerodynamic diameter 
≤2.5 µm) observed across the national AirKorea moni-
toring network, along with more detailed aerosol com-
position data in the vicinity of Seoul from ground-based 
monitoring stations and NASA’s DC-8 airborne platform. 
Over the course of the study period from May 1st through 
June 10th, exceedances of the daily-average PM2.5 air qual-
ity standard of 50 µg m–3 were limited primarily to the 
last week of May (Rapid Science Synthesis Report, 2017; 
Crawford et al., 2020). Recent lowering of the standard in 
South Korea to 35 µg m–3 would bring some portion of 
the AirKorea network into noncompliance on a daily basis. 
Aerosol composition measurements show secondary spe-
cies account for ~75% of PM2.5 (Rapid Science Synthesis 
Report, 2017), highlighting the need to understand the 
chemical and physical influences on PM2.5 variability.

The KORUS-AQ observations provide a rich dataset for 
interpreting the factors contributing to PM2.5 variability. 
This includes detailed trace gas and aerosol composition, 
both on the ground and from aircraft, and meteorological 
data at local and synoptic scales (Crawford et al., 2020; 
Peterson et al., 2019). These focused observations allow 
for an exploration of the following factors influencing 
PM2.5 at the surface and aerosol properties throughout the 
boundary layer:

1)	 Transboundary transport of aerosol pollution from 
upwind sources

2)	 Changes in vertical mixing and containment of 
local aerosol pollution

3)	 Local processes that result in secondary production 
of aerosol

Each of these processes are subject to the influence of 
meteorological parameters, such as solar radiation; sur-
face and air temperatures; relative humidity; the presence 
of haze, fog, and clouds; diurnal variations of the bound-
ary layer depth; and horizontal transport regimes, whether 
long-range (i.e., transboundary) or local (e.g., land-sea 
breezes). Analysis of the KORUS-AQ observations is aided 
by the occurrence of four distinct synoptic meteorological 
periods during the study. These periods are discussed in 

more detail by Peterson et al. (2019) but are summarized 
here as follows:

Dynamic period (1–16 May), characterized by a 
succession of frontal passages that limited the 
accumulation of aerosol at the surface.

Stagnant period (17–22 May), during which dry 
conditions under a persistent anticyclone led to 
clear skies, a wide diurnal temperature range, and 
limited transport into South Korea from external 
sources, such that local emissions and atmospheric 
processes dominated surface observations of 
atmospheric constituents.

Transport/Haze period (25–31 May), which 
included four frontal passages, weaker than those 
during the dynamic period, that brought polluted 
air from China to the Korean peninsula, but with 
more limited vertical motion, which focused hori-
zontal transport near the surface. Each front was 
associated with extensive cloud cover, and high 
humidity, which promoted low visibility due 
to haze and fog development within a shallow 
boundary layer.

Blocking period (1–7 June), during which a Rex 
Block (Peterson et al., 2019, and references therein) 
limited transport, resulting in occasional stag-
nant conditions that did not persist long enough 
to accumulate surface pollutants to the extent 
observed during the Stagnant period.

Previous analyses of aerosols during KORUS-AQ have 
been more narrowly focused on a specific site (Kim et 
al., 2018) or component of aerosol composition such as 
organic aerosol (Nault et al., 2018) or black carbon (Lamb 
et al., 2018). This work builds on these previous studies 
by offering a more comprehensive evaluation of aerosol 
observations and supporting data from the breadth of 
airborne and ground-based observations, including regu-
latory monitors, collected during the study period. This 
broader analysis is of particular importance for under-
standing shortfalls in previous studies showing that 
despite the ability of large-scale models to reproduce 
the general behavior of PM2.5 in South Korea during the 
KORUS-AQ period, models still fail to capture peak PM2.5 
mass loadings and variability in aerosol composition 
(Choi et al., 2019). Using the GEOS-Chem model Choi 
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et al. were unable to reproduce either the strong second-
ary organic aerosol (SOA) production that resulted in 
PM2.5 exceeding the mandated 24-hr average of 35 µg m–3 
during the Stagnant period, or the combined increases of 
organic and inorganic aerosol components that exceed 
that standard during the Transport/Haze period. The 
limitations in reproducing SOA production during the 
Stagnant period were discussed in detail by Choi et al. 
and are related to incomplete knowledge of the photo-
chemical pathways from which SOA is produced from 
myriad local gas-phase volatile organic compound (VOC) 
precursors under the clear skies and stagnant conditions 
of this period. This is further explored by Nault et al. 
(2018) in an analysis of KORUS-AQ aerosol observations 
from the NASA DC-8 and is also consistent with previ-
ous studies (e.g., Heald et al., 2010; Hodzic et al., 2016, 
2020; Schroder et al., 2018; Woody et al., 2016). The 
underprediction of observed aerosol concentrations dur-
ing the Transport/Haze period has not been explored in 
detail, but a combination of factors has been suggested 
for the aerosol observations involving both transport 
and enhanced local aerosol production under the cloudy 
moist conditions during this period (Kim et al., 2018; 
Peterson et al., 2019).

Given the charge to the KORUS-AQ team to assess poor 
air quality related to aerosols and offer guidance that can 
help policy makers in South Korea take steps to improve 
air quality, we present aerosol observations obtained dur-
ing the KORUS-AQ campaign, with a focus on the contrast 
between the two meteorological periods when persistent 
high PM2.5 mass loadings were the most acute: Stagnant 
and Transport/Haze (Peterson et al., 2019). We begin with 
an examination of the peninsula-wide PM2.5 observations 
from the ground-based AirKorea network to broadly char-
acterize the role of synoptic meteorology on PM2.5. Then, 
we supplement those observations with more detailed 
data sets from Seoul obtained at ground sites and from 
vertical profiles over the city by the DC-8. The contrast 
in the meteorological conditions between the Stagnant 
and Transport/Haze periods are used to highlight differ-
ent pathways that lead to elevated PM2.5 in South Korea. A 
short springtime field campaign is insufficient to resolve 
all of the outstanding questions related to poor air qual-
ity due to aerosols and the various factors involved in 
enhanced PM2.5 throughout the year. Nevertheless, the 
density and breadth of observations collected during 
KORUS-AQ and the observed gradients in fine particle pol-
lution with changes in meteorological conditions serve 
to advance understanding. Specifically, the data obtained 
during KORUS-AQ and its analysis sheds light on priorities 
for routine data collection at a subset of AirKorea network 
sites that hold the greatest promise for resolving out-
standing uncertainties.

2. Methods
A brief synopsis of the data and calculations employed in 
this work is provided here, with the reader encouraged to 
see the accompanying references for further details. All 
data are available from the KORUS-AQ data archive via 
the digital object identifier (doi) 10.5067/Suborbital/
KORUSAQ/DATA01.

2.1. Data sources
2.1.1. AirKorea PM2.5 data
The AirKorea network is operated by South Korea’s 
National Institute of Environmental Research (NIER). 
Hourly PM2.5 mass loadings (µg m–3) were measured 
with BAM-1020 instruments (Met One Instruments, Inc., 
Grants Pass, OR, USA) that use beta-ray attenuation (Choi 
et al., 2019).

2.1.2. Korea Institute of Science and Technology (KIST) data
Sampling was conducted on the 5th floor of a building on 
the KIST campus (37.6015°N, 127.0452°E) about 11 km 
northwest of Olympic Park, north of the Han River (Kim 
et al., 2018). An Aerodyne Research, Inc., (Billerica, MA, 
USA) high resolution time-of-flight aerosol mass spec-
trometer (HR-ToF-AMS) (DeCarlo et al., 2006) was used 
to measure non-refractory PM1 (particulate matter with 
aerodynamic diameter ≤1 µm) composition (nitrate, sul-
fate, ammonium, chloride, and organic aerosol), while 
a Thermo Fischer Scientific (Waltham, MA, USA) multi-
angle absorption photometer (MAAP) was used to meas-
ure black carbon (BC) (Kim et al., 2017, 2018). The inflow 
to these instruments passed through a PM2.5 cyclone 
(URG Corp., Chapel Hill, NC, USA) and a Nafion dryer 
(PermaPure LLC, Lakewood, NJ, USA). Meteorological 
data (from the Korea Meteorological Administration) to 
accompany the KIST measurements were obtained from 
the nearby Jungreung site (37.61°N, 127.00°E). For details 
see Kim et al. (2017, 2018).

2.1.3. Olympic Park data
The Olympic Park site was operated by the Seoul 
Metropolitan Government Research Institute of Public 
Health and Environment during KORUS-AQ (Choi et al., 
2019). Located in the middle of Seoul on the south side 
of the Han River (37.5216°N, 127.1242°E; 26 m above 
sea level), the site was set up in a temporary shelter out-
side the Seoul Historiography Institute building. Meas-
urements commenced May 8th, a week after the start of 
the airborne campaign. A Teledyne API T640 light spec-
trometer (Teledyne API, Inc., San Diego, CA, USA) was 
used to measure PM2.5 at a comparable time resolution 
(5 min) to the AMS (Aerodyne Research, Inc., Billerica, MA, 
USA) measurement at this site. Hourly measurements of 
temperature (T) and relative humidity (RH) were made 
with a Met One 083D-1-35 instrument (Met One Instru-
ments, Inc., USA). Hourly solar radiation measurements 
were made with Met One 096-1 (Met One Instruments, 
Inc., USA) instrument. An Ecotech (Melbourne, Australia) 
model EC9841 was used to measure hourly nitric oxide 
(NO) and nitrogen dioxide (NO2), while model EC9810 was 
used to measure O3. Hourly nitric acid (HNO3) was meas-
ured using two methods: a MARGA ADI 2080 instrument 
(Doga, Ltd., Ankara, Turkey), along with a custom high 
efficiency denuder scrubber (HEDS) coupled to two ion 
chromatograph (IC) systems (Song et al., 2009). Aerosol 
backscatter profiles were measured at 910 nm by a CL51 
ceilometer (Vaisala Corp., Helsinki, Finland) set up about 
4 m above the ground. Mixing layer heights (MLH) were 
derived from gradients in aerosol backscatter profiles by 
the Vaisala BLView software (Knepp et al., 2017).
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2.1.4. DC-8 data
Aerosol optical properties for particles up to 5 μm in 
diameter were measured by a suite of instruments includ-
ing TSI Inc. model 3563 nephelometers (Shoreview, MN, 
USA) for aerosol scattering, a Radiance Research particle 
soot absorption photometer (Seattle, WA, USA) for absorp-
tion, and a Laser Aerosol Spectrometer (LAS, model 3340, 
TSI, Inc., Shoreview, MN, USA) for aerosol size distribu-
tion between 100 nm and 5 μm. Speciated non-refractory 
PM1 was sampled with a highly customized (University of 
Colorado-Boulder) Aerodyne Research, Inc. (Billerica, MA, 
USA) HR-ToF-AMS (DeCarlo et al., 2006). Details of this 
HR-ToF-AMS for the KORUS-AQ campaign can be found 
in Nault et al. (2018). Refractory BC concentrations, size 
distributions, and microphysical state in the accumula-
tion mode were measured with a single particle soot 
photometer (SP2, Droplet Measurement Technologies, 
Longmont, CO, USA) (Lamb et al., 2018). A modified LI-
COR 6252 (LI-COR, Inc., Lincoln, NE, USA) instrument 
(Vay et al., 2003) was used to measure CO2 and the NASA 
DACOM instrument (Sachse et al., 1987; Sachse et al., 
1991) was used to measured CO, see Halliday et al. (2019) 
for details. OH was measured by Laser Induced Fluores-
cence (Faloona et al., 2004). RH was calculated based on 
measurements of water vapor concentration by an open-
path diode laser hygrometer (Diskin et al., 2002) coupled 
with static temperature and pressure data provided by 
the DC-8 meteorological measurement system.

2.2. Calculation to estimate PM1 Aerosol Liquid Water 
(ALW)
For Olympic Park and KIST, the thermodynamic Extended 
Aerosol Inorganic Model (E-AIM) Model II (Clegg et al., 
1998; Massucci et al., 1999; Wexler and Clegg, 2002) was 
used to calculate ALW mass concentration for PM1 aerosol. 
Inputs into the model were aerosol nitrate, sulfate, ammo-
nium, gas-phase HNO3, RH, and T. ALW from Olympic Park 
includes HNO3 in the calculation; however, HNO3 was not 
measured at KIST. A sensitivity analysis found there was no 
difference in ALW whether HNO3 was included or not in 
the thermodynamic model for Olympic Park, suggesting 
the calculation at KIST was acceptable. Model II only con-
siders the inputs listed above, and not aerosol chloride, 
providing a wider RH and T range to calculate ALW (Friese 
and Ebel, 2010). The ALW calculated with E-AIM generally 
agrees well with that from other aerosol thermodynamic 
models (Metzger et al., 2016).

2.3. Estimation of the nitrate (NO3) radical and 
dinitrogen pentoxide (N2O5) at Olympic Park
Estimation of the NO3 radical and N2O5 abundance relies 
on measurements of NO, NO2, O3, alkenes, aerosol surface 
area, and N2O5 uptake. At Olympic Park there were only 
measurements of NO, NO2, and O3, which greatly limits the 
ability to determine NO3 radical and N2O5 steady state con-
centrations. Continual fresh emissions of NO and alkenes 
further complicate calculations, as NO3 radicals may never 
reach steady state at Olympic Park. Additionally, high mix-
ing ratios of NO2 also limit the ability for NO3 radicals and 
N2O5 to reach steady state (Brown et al., 2003). Nonethe-
less, the production of NO3 radicals (Eq. 1), relative losses 

of NO3 radicals (Eqs. 2 and 3), and N2O5 heterogeneous 
uptake rate constant (Eq. 4) can be estimated.

	     3 2 3P NO k NO O � (Eq. 1)

	  3( )NOL NO k NO � (Eq. 2)

	  
23 2( )NOL NO k NO � (Eq. 3)

	  
2 5 2 5

1
4

N O Ak c N O S � (Eq. 4)

Here, all rate constants related to the NO3 radical (Eqs. 
1–3) were obtained from Burkholder et al. (2015). For the 
heterogeneous uptake of N2O5 to aerosol (Eq. 4), SA is the 
surface area of aerosol (calculated based on the LAS size 
distribution, see Section 2.1.4, assuming spherical aero-
sols), with mean values from the DC-8 data set used here, 
as SA was limited to <250 nm at the ground site. γ is the 
N2O5 uptake, calculated using the parameterization from 
Bertram and Thornton (2009), along with the measured 
chloride and nitrate from the Olympic Park AMS and cal-
culated ALW (Section 2.2). Finally, c̅ is the mean molecular 
speed of N2O5 determined from gas kinetic theory and the 
observed ambient T.

3. Observations
3.1. Overview of PM2.5 behavior during KORUS-AQ
South Korea has an extensive network of air monitoring 
sites (AirKorea, Figure 1) that record PM2.5 (see Section 
2.1.1). To assess the variability of PM2.5 across the penin-
sula, the sites were grouped into five geographic sectors 
(Figure 1) with the mean hourly PM2.5 calculated for each 
sector during the KORUS-AQ campaign (Figure 2). Sites 
in the city of Seoul were separated from the surround-
ing provinces of Incheon and Gyeonggi, which together 
encompass the greater Seoul Metropolitan Area (SMA). 
The southeastern portion of the peninsula included sites 
in the cities of Busan and Ulsan and surrounding areas. 
The southwest sector included the city of Gwangju as well 
as Jeju island. The remaining sites across the central part 
of the peninsula were designated as the Rest of Korea.

The time series of hourly average PM2.5 for these sectors 
is shown in Figure 2, with the four major synoptic peri-
ods from Peterson et al. (2019) annotated across the top 
of the figure. There are several noteworthy features in the 
time series, the first of which is the similarity in the large-
scale temporal variability across each of the sectors. This 
similarity in large-scale temporal variability can be quanti-
fied by comparing the daily-average PM2.5 at each site with 
the daily-average PM2.5 across the entire AirKorea network. 
The regression in Figure S1 shows that about two-thirds 
of the variability (r2 = 0.64) in PM2.5 at individual sites can 
be explained by the daily average across the peninsula. A 
second regression in Figure S2 examines whether there 
are any persistent spatial differences by comparing the 
daily-average PM2.5 values at each site against its own long-
term average value during the KORUS-AQ study period. 
The low correlation (r2 = 0.13) indicates that there are no 
sectors that consistently experience higher PM2.5 than the 
rest of the peninsula. This is emphasized in Figure S2 by 
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Figure 1: Map of AirKorea sites divided into five sectors. The Seoul Metropolitan Area (SMA) encompasses Seoul City, 
Incheon, and Gyeonggi. Southeastern coastal sites include Busan and Ulsan. Southwestern sites include Gwangju 
and Jeju island. Sites across central S. Korea are referred to as “Rest of Korea”. The number of sites in each sector are 
provided in parentheses. DOI: https://doi.org/10.1525/elementa.424.f1

Figure 2: Time series of hourly PM2.5 concentrations averaged across each of the five sectors shown in Figure 1. The 
four major meteorological periods identified in Peterson et al. [2019] are annotated across the top of the figure. DOI: 
https://doi.org/10.1525/elementa.424.f2

D
ow

nloaded from
 http://online.ucpress.edu/elem

enta/article-pdf/doi/10.1525/elem
enta.424/441631/424-7271-1-pb.pdf by guest on 02 N

ovem
ber 2021

https://doi.org/10.1525/elementa.424.f1
https://doi.org/10.1525/elementa.424.f2


Jordan et al: Investigation of factors controlling PM2.5 variability across the 
South Korean Peninsula during KORUS-AQ

Art. 28, page 6 of 26  

highlighting the data for the sites in Seoul which do not 
exhibit any tendency toward higher average PM2.5 values. 
Average sector values of PM2.5 for the entire study period 
differed by less than 1 µg m–3 from the peninsula-wide 
average of 28.4 µg m–3. These comparisons indicate that 
the daily variability in PM2.5 across the AirKorea network 
depended less on location than on temporal changes in 
synoptic meteorology.

An example of synoptic influence across the Korean 
peninsula is seen in the minimum PM2.5 levels observed 
for all sectors due to removal during precipitation events 
on May 3rd, 16th, and 24th (Figure 2). Other meteorologi-
cal factors affecting PM2.5 include transboundary trans-
port (see Section 3.2.1), land/sea breeze circulations 
(see Sections 3.2.1 and 3.2.3), boundary layer depth (see 
Section 3.2.2), T, and RH (see Section 3.2.4). These factors 
contribute not only to the coherence of PM2.5 across the 
peninsula, but to the differences observed among the 
sectors as well, since a particular transport pathway, the 
extent of cloud cover, fog occurrence, or other phenom-
ena may not encompass the entire country. For example, 
Gwangju/Jeju sites exhibited elevated PM2.5 compared to 
the other sectors on May 4th–5th (Dynamic period) and 
June 1st–3rd (Blocking period), whereas Busan/Ulsan sites 
were elevated on May 8th–10th (Dynamic period) and June 
8th–9th (Figure 2). The SMA tended to have higher PM2.5 
than the rest of the peninsula when PM2.5 exceeded 50 µg 
m–3, which occurred several times between May 20th and 
June 1st (Stagnant and Transport/Haze periods, Figure 2).

Given the focus on better understanding of the drivers 
of poor air quality related to aerosol, the remainder of this 

work investigates the factors contributing to the highest 
PM2.5 mass loadings, which were more prevalent during 
the Stagnant and Transport/Haze periods (Figure 2), with 
the highest concentrations occurring in the SMA. These 
two periods will be contrasted in terms of meteorologi-
cal conditions and aerosol observations from the AirKorea 
network and will take advantage of the greater informa-
tion available for the SMA from research-grade measure-
ments at the KORUS-AQ ground sites and onboard the 
NASA DC-8 aircraft.

3.2. Evidence for drivers of PM2.5 pollution episodes
3.2.1. Transboundary transport
The highest PM2.5 concentrations occurred during the 
Transport/Haze period (Figure 2) with a mean (±1σ stand-
ard deviation) of 47.9 ± 0.1 µg m–3 for the entire AirKorea 
network over that period. In contrast, the network mean 
for the Stagnant period was 30.7 ± 0.1 µg m–3. The differ-
ence of 17 µg m–3 is substantial, and this difference nearly 
doubled to 32 µg m–3 for the PM2.5 peak observed on May 
26th. The difference in mean PM2.5 between these two peri-
ods might be considered to represent only the additional 
contribution from upwind sources, given the limited 
transboundary transport of the Stagnant period versus 
the weak frontal passages of the Transport/Haze period 
bringing aerosols into the region from China described 
by Peterson et al. (2019). However, the role of transport 
alone is challenged when focusing on the details of the 
time series of hourly sector means of PM2.5 during the 
Transport/Haze period shown in Figure 3. PM2.5 rapidly 
increased across the peninsula following a rain-induced 

Figure 3: Subset of the time series in Figure 2 focusing on the Transport/Haze period. DOI: https://doi.org/10.1525/
elementa.424.f3

D
ow

nloaded from
 http://online.ucpress.edu/elem

enta/article-pdf/doi/10.1525/elem
enta.424/441631/424-7271-1-pb.pdf by guest on 02 N

ovem
ber 2021

https://doi.org/10.1525/elementa.424.f3
https://doi.org/10.1525/elementa.424.f3


Jordan et al: Investigation of factors controlling PM2.5 variability across the 
South Korean Peninsula during KORUS-AQ

Art. 28, page 7 of 26

minimum of less than 10 µg m–3 on May 24th. The increase 
occurred much more quickly in Seoul and surrounding 
provinces than across the rest of the peninsula. Seoul City 
PM2.5 increased faster and reached concentrations that 
were ~20 µg m–3 greater than Incheon/Gyeonggi during 
the initial increases on May 25th–27th and again on May 
31st (Figure 3). If the changes in PM2.5 were solely due to 
transboundary transport, increases across the SMA would 
be expected to be similar. The substantially higher PM2.5 in 
Seoul versus Incheon/Gyeonggi deserve further scrutiny.

Figure 4 provides greater detail on AirKorea sites in 
the SMA by separating the Incheon and Gyeonggi sites. 
The Incheon sites occupied the coastal zone to the west of 
Seoul, while Gyeonggi sites occupied an arc around the city 
to the north, east, and south. Differences in PM2.5 across 
the SMA are quantified in Figure 5 by taking the differ-
ence between the Seoul sector PM2.5 and the surrounding 
provinces of Incheon and Gyeonggi. Here, a 12-hr run-
ning mean of the hourly average PM2.5 is applied to more 
clearly show the differences between these sectors.

Figure 4: Locations of AirKorea sites in the SMA divided into three sectors: Seoul City, Incheon, and Gyeonggi. DOI: 
https://doi.org/10.1525/elementa.424.f4

Figure 5: Time series of the difference between average PM2.5 concentrations for AirKorea sites in Seoul City and sites in 
Incheon and Gyeonggi. A 12-hr running mean has been applied to the hourly differences. As in Figure 2, meteorologi-
cal periods are annotated at the top of the figure. DOI: https://doi.org/10.1525/elementa.424.f5
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Sector differences in Figure 5 stand out during the 
Transport/Haze period with the difference between Seoul 
and Incheon PM2.5 averaging 9.6 ± 0.9 µg m–3 over the 
entire period. The largest daily mean difference between 
these sectors was observed on May 26th with Seoul exceed-
ing Incheon by 23.6 ± 1.7 µg m–3. With the Incheon sites 
positioned directly to the west of Seoul, this difference 
suggests that a substantial increment of PM2.5 in Seoul 
was not due to transport. The higher concentration of 
aerosol precursors in Seoul, especially for reactive nitro-
gen, points to the potential for local sources to drive the 
higher PM2.5 in Seoul during the Transport/Haze period. 
The difference with Gyeonggi was smaller but still signifi-
cant with a mean enhancement of 4.2 ± 0.5 µg m–3 over 
the entire period.

Large negative differences also occur in the time series, 
particularly during the Stagnant period when PM2.5 in 
Incheon exceeded Seoul by 4.8 ± 0.9 ug/m3. The most 
significant difference during this period occurred on May 
20th, when a substantial land/sea-breeze circulation trans-
ported pollution offshore early in the day (land breeze) 
and returned it inland by late afternoon (sea breeze). This 
event is described in detail by Peterson et al. (2019). It is 
expected that local land/sea-breeze influences would be 
more prevalent during the Stagnant period when synop-
tic-scale dynamics were weakest. Land/sea-breezes are 
indicative of the strong influence of local transport on 

PM2.5, even in the absence of influences from transbound-
ary transport from upwind Asian sources. Under such con-
ditions local emissions controls could reduce precursors 
carried west over the water where secondary products are 
formed in the marine boundary layer and hence, could 
help to reduce pollutants subsequently brought back 
onshore later in the day.

For the Dynamic and Blocking periods, differences were 
both smaller and more evenly distributed between posi-
tive and negative values, such that average differences 
were on the order of 1 µg m–3 or less. The lack of a clear 
tendency for these two periods provides an important 
contrast to the gradients across the SMA that character-
ized the Transport/Haze and Stagnant periods. A similar 
analysis using both PM2.5 and AERONET data supports this 
assessment (Eck et al., 2020).

While the above analysis suggests that local emissions 
and atmospheric processing played an important role 
in determining PM2.5 during the Transport/Haze period, 
it does not eliminate the expectation that the period 
was also influenced by transport from China. To further 
examine the role of transboundary transport during the 
KORUS-AQ study, a metric based on the covariance of CO 
and CO2 observations from the DC-8 is shown along with 
the time series of the hourly average PM2.5 of the Seoul 
City sector in Figure 6. Halliday et al. (2019) developed 
this metric by examining slopes for high-resolution (1 Hz) 

Figure 6: Time series of the hourly average PM2.5 concentrations during the KORUS-AQ period for AirKorea sites in Seoul 
City. Median CO/CO2 slopes are shown for DC-8 flight days and are taken from descent profiles over Seoul. Statistics for 
the CO/CO2 slopes (median and interquartile range) are shown for 1-minute data periods with slopes having a signifi-
cant correlation (R2 > 0.5). Symbol size is proportional to the fraction of data having significant CO/CO2 correlation. 
Statistics are shown for both the boundary layer (BL, orange) and lower free troposphere (LFT, green). As in Figure 2, 
meteorological periods are annotated at the top of the figure. DOI: https://doi.org/10.1525/elementa.424.f6
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CO/CO2 measurements over a rolling one-minute period. 
This metric is useful for distinguishing sources of combus-
tion in this region, since sources in China differ in their 
emissions profile from those in South Korea. Halliday et 
al. (2019) provides a detailed discussion of the evidence 
for these differences in emissions based on both pub-
lished observations as well as concurrent airborne obser-
vations conducted in China’s Hebei province during the 
ARIAs (Air Chemistry Research in Asia) study (He et al., 
2017) which are also archived with the KORUS-AQ data. To 
summarize the metric, higher slopes in CO/CO2 indicate 
inefficient combustion, with values as high as 4% in fresh 
emissions from China. Values closer to 1% are consistent 
with South Korean emissions. Negative values can also 
occur when air has experienced strong CO2 uptake due 
to biogenic activity. CO2 was not measured at the ground 
sites in Seoul, so a complete time series of this metric is 
not available, nonetheless, the DC-8 observations provide 
evidence of transboundary transport influencing Seoul 
throughout the KORUS-AQ study period.

Looking at this metric in Figure 6, there are several 
notable behaviors that are consistent with expectations 
for each meteorological period. The highest CO/CO2 slopes 
in the boundary layer (BL) occurred during the Dynamic 
and Transport/Haze periods when the potential for trans-
boundary influence was the greatest. Median values during 
the Transport/Haze period were not much larger than dur-
ing the initial Dynamic period, but the larger symbol sizes 
indicate a more robust relationship and the upper end of 
the interquartile range reached higher values during the 
Transport/Haze period, demonstrating the greatest trans-
boundary influence during this time. Similarly, the statis-
tics for the CO/CO2 metric in the lower free troposphere 
(LFT) also exhibited values during the Transport/Haze and 
Dynamic periods well above those observed at other times, 
consistent with the frontal lifting of pollution and expec-
tation for greater transport overhead than at the surface. 
Vertical profiles of BC also showed higher loading of BC in 
the lower free troposphere than at the surface during the 
Transport/Haze period (Lamb et al., 2018).

During the Stagnant period, the initially high CO/CO2 
slope decreased over time in both the BL and LFT, consist-
ent with the gradual dilution of transboundary influence 
as contributions from local sources grew the longer the air 
mass over the South Korean peninsula was isolated from 
outside sources. Values varied little during the Blocking 
period, with similar values to the late Stagnant period, 
suggesting local sources were important at these times. 
While the CO/CO2 behavior is generally consistent with 
the expectation and timing of transboundary influences 
per Peterson et al. (2019), it is insufficient to quantify the 
magnitude of PM2.5 attributable to transport from sources 
outside South Korea. It also does not negate the questions 
raised by the differences between Seoul and the rest of SMA 
(Figure 5) that point to additional factors related to local 
emissions and processes contributing to PM2.5 variability.

3.2.2. Boundary layer influences
An examination of boundary layer height provides an 
indication of the degree to which local sources are con-
tained, with lower heights leading to greater pollution 

experienced at the surface as emissions are mixed into a 
smaller volume. Here, the boundary layer height (typically 
described meteorologically) is characterized by a laser-
based methodology (see Section 2.1.3) that detects the 
near-surface pollution layer using the observed aerosol 
gradient (Knepp et al., 2017). For clarity, the term mixed 
layer height (MLH) is used for this approach. MLH pro-
vides a useful metric related to the same particle pollu-
tion being measured by the surface PM2.5 monitors. The 
time series of both MLH and Seoul City PM2.5 are shown in 
Figure 7. Hourly average MLH values exhibit strong diur-
nal variability, with low values at night and higher values 
during the day, as expected. Less day-to-day variability is 
observed for nighttime MLH than is observed for daytime 
MLH throughout the KORUS-AQ study period. The Trans-
port/Haze period in particular exhibits a sustained period 
of low daytime MLH values, highlighted using a 24-hour 
running mean. This suggests containment of local pol-
lution within a shallow mixed layer throughout the day 
played a role in the observed increase in PM2.5 during the 
Transport/Haze period. For additional confidence, BL 
depth diagnosed from daily soundings at Osan Air Base at 
3 p.m. local time are also shown in Figure 7. Not shown 
are CL51 MLH data collected concurrently at the Taehwa 
Forest research site that closely corroborates the Olympic 
Park ceilometer. The similarity between Olympic Park, 
Osan Air Base (50 km to the south), and Taehwa Forest 
(30 km to the southeast) confirm the coherence in bound-
ary layer behavior across the SMA as it responded to mete-
orological conditions.

Direct evidence of containment cannot be derived from 
PM2.5, given that it is influenced by both primary emis-
sions and secondary production. NOx (the sum of NO and 
NO2) provides a much more effective measure as it has a 
strong local source emission with no appreciable second-
ary sources and a short lifetime to preclude large influ-
ences from transboundary transport. However, evidence 
for containment of NOx is complicated by its diurnal vari-
ability (Fig. S3), as nighttime values depend heavily on 
available O3 levels to drive nighttime conversion of NOx 
to HNO3 (see Section 4.2.1). As will be discussed later, the 
NOx lifetime changes substantially at night throughout 
the KORUS-AQ period, with less nighttime NOx during the 
Transport/Haze period (Fig. S3). Since the dynamics of the 
nocturnal boundary layer are not well represented by the 
aerosol gradients detected by the ceilometer, there is lit-
tle information to discern subtle differences in nighttime 
mixing. Thus, the lack of O3 titration is one of the best 
indicators of a deeper nocturnal boundary layer. These 
events also coincide with cloud cover and warmer night-
time temperatures which may contribute to sustaining a 
deeper nocturnal boundary layer.

Focusing on afternoon conditions, NOx values are 
greater during the Transport/Haze period than during 
other periods of the KORUS-AQ study. Afternoon is the 
time of greatest contrast as it represents the culmination 
of daytime boundary layer growth. Average afternoon 
NOx (12:00–17:00 local time) during the Transport/Haze 
period at Olympic Park was 41.7 ± 1.5 ppbv, nearly 12 
ppbv (or 40%) greater than observed during the rest of 
the KORUS-AQ period (29.9 ± 1.0 ppbv). This suggests that 
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containment alone could have had a substantial influ-
ence on surface PM2.5, but it is also important to assess the 
effect of meteorological conditions on atmospheric pro-
cesses involved in secondary aerosol formation from local 
sources (see Section 3.2.3 and Section 4).

The suppressed boundary layer growth during the 
Transport/Haze period resulted in reduced entrainment 
from the lower free troposphere. This is consistent with 
the larger differences in CO/CO2 slopes observed between 
the BL and LFT during the Transport/Haze period 
(Figure 6). While a full evaluation of the meteorological 
factors governing the changes in boundary layer depth 
are beyond the scope of this paper, the dominant factor 
driving the low values during the transport period was 
likely the heavier cloud cover during this period leading to 
observed reductions in surface insolation and less surface 
heating to drive mixing (Eck et al., 2020).

3.2.3. Aerosol composition across meteorological periods
Differences in aerosol chemical composition for the vari-
ous meteorological periods of the campaign observed 
from the DC-8 and at the ground sites in Seoul offer 
another source of insight into the factors governing PM2.5 
abundance. The chemical composition measurements 
here are limited to the PM1 size fraction which excludes 

aerosols in the 1–2.5 µm diameter range that contribute 
to the PM2.5 measurements presented in the preceding 
sections. Generally, there was little difference between 
the hourly PM1 and PM2.5 mass loadings at Olympic Park 
throughout the campaign (Fig. S4). Larger differences 
were found during the Transport/Haze period, the impli-
cations of which will be discussed further in Section 3.2.4. 
The mean PM1 aerosol composition observed at KIST in 
Seoul shown in Figure 8 provides an illustration of the 
differences found during the Dynamic, Stagnant, Trans-
port/Haze, and Blocking periods.

A more quantitative comparison is offered in Tables 1 
and 2 by contrasting mass concentrations of each con-
stituent during the four meteorological periods of the 
campaign to overall means observed at the KIST site 
from April 14th to June 15th. First, little difference in pri-
mary concentrations (primary organic aerosol, POA, and 
black carbon, BC) was found throughout the campaign, 
suggesting that the dominant processes driving aerosol 
variability involved secondary production rather than 
primary emissions. Second, the Transport/Haze period 
exhibited by far the largest mass concentrations of the 
major inorganic aerosol ions, exceeding April–June aver-
ages by more than a factor of two (ammonium, 116%, 
sulfate, 116%, and nitrate, 117% greater than the means). 

Figure 7: Time series of the hourly average PM2.5 during the KORUS-AQ period for AirKorea sites in Seoul (top panel). 
Time series of hourly average mixed layer height (MLH) measured at Olympic Park in Seoul by a CL51 ceilometer 
(bottom panel) along with a 24-hr running mean showing MLH over the previous 24 hrs. BL depth based on daily 
soundings in the afternoon (3 p.m. local time) at Osan Air Base are also shown in the bottom panel. As in Figure 2, 
meteorological periods are annotated at the top of the figure. DOI: https://doi.org/10.1525/elementa.424.f7
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By contrast, the mass concentrations of these ions dur-
ing the Stagnant period were lower than April–June 
averages by 16%, 26%, and 3%, respectively. Similarly, 
ALW was calculated to be enhanced by 138% during the 

Transport/Haze period and reduced by 70% during the 
Stagnant period compared to the April–June mean. The 
relationship between the inorganic ions and ALW is dis-
cussed in Section 3.2.4. Third, SOA increased both during 

Table 1: PM1 aerosol composition measured at KIST, along with meteorological parameters and calculated ALW. 
Means ± standard deviations with the number of values in the mean in parentheses. DOI: https://doi.org/10.1525/
elementa.424.t1

 April–June Mean Dynamic Period Stagnant Period Transport Period Blocking Period

POA (μg m–3) 3.85 ± 3.18
(11605)

3.35 ± 3.25
(2803)

4.17 ± 2.66
(1200)

4.57 ± 3.29
(1478)

3.19 ± 2.26
(1858)

Black Carbon (μg m–3) 1.52 ± 0.82
(28758)

1.21 ± 0.70
(7090)

1.74 ± 0.83
(2879)

2.09 ± 0.88
(3639)

1.48 ± 0.81
(4553)

Ammonium (μg m–3) 2.56 ± 2.16
(14403)

1.60 ± 1.16
(3562)

2.14 ± 2.28
(1440)

5.54 ± 2.78
(1821)

2.07 ± 1.06
(2276)

Sulfate (μg m–3) 4.40 ± 3.26
(14403)

2.99± 1.83
(3562)

3.25 ± 2.72
(1440)

9.50 ± 4.12
(1821)

3.92 ± 1.52
(2276)

Nitrate (μg m–3) 3.78 ± 4.20
(14403)

2.30 ± 2.58
(3562)

3.66 ± 4.95
(1440)

8.20 ± 5.86
(1821)

2.70 ± 2.33
(2276)

SOA (μg m–3) 5.91 ± 4.63
(11605)

4.78 ± 2.98
(2803)

10.4 ± 6.06
(1200)

8.04 ± 3.69
(1478)

5.51 ± 2.79
(1858)

Total PM1 (μg m–3) 22.1 ± 13.0
(14403)

16.3 ± 8.80
(3562)

25.4 ± 12.5
(1440)

38.0 ± 15.6
(1821)

18.9 ± 7.89
(2276)

Temperature (°C) 19.7 ± 4.5
(10773)

17.2 ± 5.0
(3562)

22.0 ± 5.0
(1439)

20.1 ± 3.4
(1820)

22.3 ± 3.3
(2275)

Relative Humidity (%) 60.1 ± 21.3
(10773)

66.3 ± 22.4
(3562)

40.5 ± 17.9
(1439)

70.2 ± 16.4
(1820)

61.3 ± 17.2
(2275)

ALW (μg m–3) 12.5 ± 21.9
(10773)

11.4 ± 21.6
(3562)

3.8 ± 7.3
(1439)

29.8 ± 30.4
(1820)

9.5 ± 18.3
(2275)

Abreviations: POA = Primary Organic Aerosol, SOA = Secondary Organic Aerosol, PM1 = Particulate Matter with aerodynamic diameters 
<1 µm, ALW = Aerosol Liquid Water.

Figure 8: Mean PM1 composition observed at the KIST ground site in Seoul for each of the 4 meteorological periods 
during KORUS-AQ. The size of the pie charts is scaled to the total mean aerosol concentration of the period. The 
outer black arc on each pie signifies primary aerosols, while the green outline encompasses secondary aerosols. DOI: 
https://doi.org/10.1525/elementa.424.f8
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the Stagnant period and the Transport/Haze period, but 
the increase was far greater for the former (76%) than the 
latter (36%). The Transport/Haze period was character-
ized by overcast and/or partly cloudy conditions (often 
with fog over the adjacent Yellow Sea) with haze/high-
humidity (mean surface RH = 70.2%, Table 1) in a shallow 
boundary layer, with horizontal surface winds bringing air 
to the Korean peninsula from across the Yellow Sea. The 
Stagnant period, however, was clear and dry (mean sur-
face RH = 40.5%, Table 1) under a high-pressure system 
with limited import of air from external Asian sources. 
The role of enhanced photochemical production during 
the Stagnant period with limited removal via transport 
or deposition resulted in the peak SOA concentrations 
discussed in more detail in Section 4.1. The differences 
in Tables 1 and 2 show that meteorology influenced not 
just the abundance of PM2.5, but its composition as well, 
providing further avenues for investigating the physical 
and chemical processes behind the variability in PM2.5 
observed by the AirKorea network.

The time series of PM1 aerosol composition, along 
with the sum of the individual components, measured 
at the KIST site shows the variability of aerosol composi-
tion throughout the KORUS-AQ campaign (Figure 9, top 
panel). There are two key features to note in this figure. 
First, OA dominated PM1 in the latter half of the stagnant 
period, driving the gradual PM1 accumulation over this 
period. This was a time when PM2.5 violated South Korean 
air quality standards (Peterson et al., 2019). Second, there 
was less OA during the Transport/Haze period than 
during the Stagnant period, but that component was 
accompanied by nearly equal amounts of nitrate, sul-
fate, and ammonium, such that the sum resulted in the 
largest concentrations of aerosol during the campaign 
(Figure 9, top panel, and Table 1). The PM2.5 air qual-
ity standards were also violated throughout this period 
(Peterson et al., 2019). In addition to these two features, 
it is also interesting to note a feature at the start of the 

Stagnant period (May 17th and 18th) that resembles the 
Transport/Haze period, i.e., equal parts of the inorganic 
components with the organic component such that the 
sum resulted in elevated PM1. The larger CO/CO2 ratios at 
the start of the Stagnant period (before the decrease to 
lower values later in the period, Figure 6) suggests that 
transboundary transport and enhanced inorganic aerosol 
were important to the large total values of observed PM1 
both early during the Stagnant period and throughout the 
Transport/Haze period. Hence, the mean values for the 
Stagnant period (Figure 8 and Table 1) include contri-
butions from transport and do not solely represent local 
aerosol under stagnant conditions.

An extensive suite of measurements was made at 
Olympic Park (the main ground-based observatory in 
Seoul for KORUS-AQ) including gases (NOx, NOy, HONO, 
O3, CO, SO2, HCHO, and a large number of VOCs) and aero-
sols (composition, PM1, PM2.5, and PM10). For this reason, 
further examination of the factors that contributed to 
the observed PM2.5 air quality violations during the cam-
paign will focus on the measurements at Olympic Park, 
along with DC-8 profiles over that site. The time series 
of Olympic Park AMS data throughout the campaign 
(Fig. S5, similar to the top panel of Figure 9) shows that 
observations between the two sites were typically in good 
agreement.

As noted above, for most of the campaign the PM1 frac-
tion dominated the hourly PM2.5 mass loading (Fig. S4). 
Calculations of mean aerosol volume size distributions 
from DC-8 observations also show that PM1 dominated the 
aerosol mass for most of the campaign (Fig. S6). However, 
this was not always the case, especially throughout the 
Transport/Haze period (Fig. S4). Volume size distributions 
retrieved from ground-based AERONET remote sensing 
measurements during the Transport/Haze period were 
consistent with the DC-8 observations, with both showing 
enhanced concentrations of large fine mode particles (i.e., 
enhanced PM2.5 compared to PM1) (Eck et al., 2020). This 

Table 2: Differences in the means shown in Table 1, between those observed during each meteorological period from 
the campaign as a whole. Bold values highlight the largest differences from the campaign mean that occurred during 
the Stagnant and Transport/Haze periods. DOI: https://doi.org/10.1525/elementa.424.t2

 Dynamic Period Stagnant Period Transport Period Blocking Period

POA (μg m–3) –0.5 0.3 0.7 –0.7

Black Carbon (μg m–3) –0.3 0.2 0.6 0.0

Ammonium (μg m–3) –1.0 –0.4 3.0 –0.5

Sulfate (μg m–3) –1.4 –1.2 5.1 –0.5

Nitrate (μg m–3) –1.5 –0.1 4.4 –1.1

SOA (μg m–3) –1.1 4.5 2.1 –0.4

Total PM1 (μg m–3) –5.8 3.3 15.9 –3.2

Temperature (°C) –2.5 2.3 0.4 2.6

Relative Humidity (%) 6.2 –19.6 10.1 1.2

ALW (μg m–3) –1.1 –8.7 17.3 –3.0

Abreviations: POA = Primary Organic Aerosol, SOA = Secondary Organic Aerosol, PM1 = Particulate Matter with aerodynamic diameters 
<1 µm, ALW = Aerosol Liquid Water.
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raises the question of whether PM1 composition measure-
ments may be properly used to infer drivers of PM2.5 vari-
ability. To assess this question, PM2.5 measured at the same 
temporal resolution as the AMS measurements at Olympic 
Park were compared (Figure 9 bottom panel). Although 
there was limited data from this high resolution PM2.5 meas-
urement during the Stagnant period, both this and the AMS 
clearly captured the temporal evolution of the May 20th sea 
breeze event during which PM1 accounted for ~35 µg m–3 of 
the ~45 µg m–3 increase in PM2.5 (Figure 9 bottom panel). 
Further, the 5 min PM2.5 measurement was in good agree-
ment with the magnitude of the Seoul City mean hourly 
PM2.5 increase (Figures 2 and 5) for this event. Throughout 

the first half of the Transport/Haze period for which both 
data sets are available, the variability of PM2.5 followed the 
variability of the sum of Olympic Park AMS constituents 
(Figure 9 bottom panel). There are some differences in the 
curves, particularly towards the end of the first half of the 
Transport/Haze period, but the observed agreement sug-
gests that the PM1 AMS measurements reasonably repre-
sent PM2.5 composition.

3.2.4. Relationships among ALW, RH, and inorganic aerosol 
mass fraction
The PM1 aerosol composition observed using an AMS 
instrument described in the preceding section excludes 

Figure 9: Top panel: campaign time series of KIST AMS data shown with meteorological periods annotated at the top of 
the figure as in Fig. 2. The sum of the individual constituents (black) is used as a proxy for PM1 aerosol over the entire 
KORUS-AQ campaign. Bottom panel: Olympic Park AMS Stagnant and 1st half of Transport/Haze periods only, along 
with 5 min PM2.5 concentrations. DOI: https://doi.org/10.1525/elementa.424.f9
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the contribution to the aerosol mass provided by water. 
ALW is a ubiquitous component of aerosol (Nguyen et 
al., 2016), but it is still challenging to directly measure 
(Nguyen et al., 2014). Two methods to estimate it involve 
using either a thermodynamic model (see Section 2.2) 
(Nguyen et al., 2014, Guo et al., 2015) or a method based 
on the difference in measured scattering at wet and dry 
RH (Beyersdorf et al., 2016). Good agreement was found 
from these two approaches for the KORUS-AQ data set 
(not shown), but the model approach using ground-based 
data offered more complete temporal coverage than the 
measured scattering approach using DC-8 data. Hence, 
the former ALW estimates will be used in this discus-
sion. Nonetheless, the scattering methodology offers the 
potential for future measurement-based studies of ALW. 
The presence of ALW is controlled by RH, aerosol composi-
tion, and fog/cloud droplet processes (Hodas et al., 2014; 
Xue et al., 2014; Pan et al., 2016; Wu et al., 2018) with the 
inorganic portion of the aerosol being more hygroscopic 
than the organic (Massoli et al., 2009; Guo et al., 2015; 
Battaglia et al., 2019). Recent experimental evidence indi-
cates that nitrate plays a dominant role in initiating for-
mation of ALW (Sun et al., 2018).

Observations from the DC-8 vertical profiles over Seoul 
illustrate the relationship between RH and the inorganic 
mass fraction of aerosols. First, mean vertical profiles 
of RH were starkly different between the Stagnant and 
Transport/Haze periods with RH ranging from ~60–80% 
from the ground up to 7 km for the latter period, while 
it was <40% throughout the entire vertical column dur-
ing the Stagnant period (Figure 10, left panel). Note, the 

DC-8 did not fly every day during the campaign. Hence, 
the Stagnant mean includes data collected from the 
Seoul spirals on May17th, 18th, 20th, and 22nd, while the 
Transport/Haze mean includes one spiral from May 25th 
and two on May 26th. Although the DC-8 flew on May 30th 
and 31st (the second half of the Transport/Haze period), 
those flights were over the Yellow Sea. As a result, the 
DC-8 data over Seoul was limited to the first half of the 
Transport/Haze period. Second, the term f(RH) (defined 
as the ratio of aerosol scattering at 80% RH to that at dry, 
<40%, RH) is an empirical metric of the inherent ability of 
aerosols to take up water (Quinn et al., 2005; Beyersdorf 
et al., 2016), independent of the ambient RH on a par-
ticular day. Mean values from the DC-8 vertical profiles 
over Seoul show f(RH) is a function of the mass fraction 
of inorganics in the aerosol (Figure 10, right panel). 
The large inorganic aerosol mass fraction during the 
Transport/Haze period resulted in values of f(RH) among 
the highest of the campaign, while the lowest inorganic 
mass fractions observed at the end of the Stagnant period 
(May 20th and 22nd) resulted in the lowest f(RH) values of 
the campaign. Note, the two blue dots representing the 
Stagnant period that fall near the Transport/Haze period 
dots were from May 17th and 18th, the period described in 
Section 3.2.3 with elevated inorganic mass fractions simi-
lar to the Transport/Haze period (Figure 9).

With the varying synoptic conditions, aerosol compo-
sition, and f(RH) over the course of the Stagnant period, 
some care needs to be taken when discussing this period 
about which set of conditions were prevalent for a specific 
date within that period. Given the limited transboundary 

Figure 10: Left panel: All DC-8 vertical profiles of RH (gray curves) over Seoul during KORUS-AQ with mean profiles for 
Stagnant (blue) and Transport/Haze (orange) periods. Right panel: mean f(RH) and inorganic aerosol mass fraction 
over Seoul for each flight day (Stagnant flight days in blue, Transport/Haze in orange). The Stagnant mean includes 
data collected from Seoul spirals on May17th, 18th, 20th, and 22nd, while the Transport/Haze mean includes one spiral 
from May 25th and two on May 26th. DOI: https://doi.org/10.1525/elementa.424.f10

D
ow

nloaded from
 http://online.ucpress.edu/elem

enta/article-pdf/doi/10.1525/elem
enta.424/441631/424-7271-1-pb.pdf by guest on 02 N

ovem
ber 2021

https://doi.org/10.1525/elementa.424.f10


Jordan et al: Investigation of factors controlling PM2.5 variability across the 
South Korean Peninsula during KORUS-AQ

Art. 28, page 15 of 26

transport during the Stagnant period, it has been conveni-
ent to treat this period as representing the baseline of 
local air quality, which is not entirely appropriate. Even 
relying on just the latter half of the period to character-
ize local emissions and secondary production of PM2.5 only 
considers one type of local aerosol production pathway, 
i.e., photochemical production of SOA. This neglects other 
local production (and growth) processes involving aque-
ous and heterogeneous pathways that arise under more 
humid, hazy conditions.

Ground-based observations of the diurnal variability 
of T, RH, and UV radiation (Fig. S7) show large differ-
ences between the Stagnant and Transport/Haze periods. 
The reduced UV is consistent with the extensive cloud 
cover on May 24th and 26th as discussed in Peterson et al. 
(2019). In addition, fog was present over the Yellow Sea 
west of the SMA (Peterson et al., 2019; Eck et al., 2020). 
The low clouds and fog early during the Transport/Haze 
period may have contributed to the observed shift in the 
fine volume fraction of aerosols towards larger sizes (i.e. 
enhanced PM2.5 compared to PM1) as discussed in Section 
3.2.3 (Eck et al., 2020). The fine mode volume retrieved 
from ground-based AERONET observations was an order of 
magnitude larger during the Transport/Haze period than 
the Stagnant period (Eck et al., 2020) and is consistent 

with aerosol growth arising from the hygroscopicity of 
inorganic aerosol compounds.

The time series of ALW calculated using the E-AIM 
thermodynamic model (Section 2.2) covaries with nitrate 
(Figure 11). High humidity and low temperatures shift 
the Henry’s Law partitioning from gas-phase NH3 and 
HNO3 to aerosol ammonium nitrate (NH4NO3) (e.g., Wu 
et al., 2018). Further, the mixture of salts lowers the deli-
quescence (Wexler and Seinfeld, 1991) and efflorescence 
(Shaw and Rood, 1990) RH of the aerosol. The hygroscopic 
nature of particulate nitrate promotes uptake of water 
into the particle (Guo et al., 2017a). This promotes further 
partitioning of gas phase NH3 and HNO3 into the parti-
cle phase, causing a positive feedback cycle (Hodas et al., 
2014; Xue et al., 2014; Pan et al., 2016; Wu et al., 2018; 
Ge et al., 2019). This positive feedback creates a tightly 
coupled system, leading to dramatic increases in ALW and 
particulate nitrate. Similarly, gas-phase SO2 and particulate 
sulfate participate in this positive feedback mechanism as 
well. However, once formed sulfate is not semivolatile as 
is nitrate, hence, the sulfate curve is less tightly coupled to 
ALW than the nitrate curve (Figure 11).

The extended period of elevated RH and relatively low 
T (Figures 11 and S7), with limited diurnal variability 
of the MLH (Figure 7), in the presence of fog and low 

Figure 11: Time series of Olympic Park T and RH (top panel) and ALW with nitrate and sulfate (bottom panel) during 
the Stagnant and 1st half of Transport/Haze periods. ALW calculated from E-AIM thermodynamic model. DOI: https://
doi.org/10.1525/elementa.424.f11
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clouds early in the Transport/Haze period, contrasts the 
much drier, warmer, and clear conditions of the Stagnant 
period with greater diurnal changes in MLH. These differ-
ences resulted in a profound difference in ALW for these 
periods. Adding ALW to the PM1 composition shown in 
Figure 8 reveals that only 13% of the mean PM1 mass con-
centration was apportioned to water during the Stagnant 
period versus 44% during the Transport/Haze period 
(Figure 12). ALW is generally considered to be secondary 
in origin and mostly anthropogenic (Carlton and Turpin, 
2013), since the amount of ALW depends on the inorganic 
aerosol components and their precursors in polluted 
regions are dominantly anthropogenic (NOx and SO2). 
Hence, control of precursor emissions would be expected 
to both limit the formation of inorganic aerosol compo-
nents and the accumulation of ALW, and thereby improve 
visibility during haze events. The short atmospheric life-
time of NOx makes it unlikely to have been transported 
into the SMA from abroad. In the analysis of Nault et al. 
(2018) less than 10% of NOx over Seoul was attributed to 
transboundary sources. Hence, local emissions account 
for the rapid production of nitrate via the heterogene-
ous mechanism described above (see also Section 4.2.1). 
Production of sulfate may be due to both transported and 
local precursors (see Section 4.2.2).

4. Meteorological influences on the rates of 
secondary aerosol formation
In the Choi et al. (2019) modeling study the largest discrep-
ancies (30–40 µg m–3) between simulated and observed 
PM2.5 were found during the Stagnant and Transport/Haze 
periods. Given the distinct meteorological conditions and 
aerosol composition observed between the Stagnant and 
Transport/Haze periods (Section 3), along with the vio-
lations of the South Korean air quality standards due to 

elevated PM2.5 during these periods (Peterson et al., 2019), 
the role of meteorology in determining rates of secondary 
aerosol formation deserves more detailed discussion. Sev-
eral studies have examined the causes of the differences 
between modeled and observed PM2.5 during the Stagnant 
period finding that the enhanced PM2.5 was driven by local 
SOA production under clear conditions conducive to pho-
tochemistry. A brief synopsis of these previous results is 
provided in Section 4.1. However, the differences found 
during the Transport/Haze period have received scant 
attention in the literature thus far, so will be discussed 
at greater length in Section 4.2. In short, enhanced PM2.5 
during the Transport/Haze period was driven by heteroge-
neous secondary inorganic aerosol production under high 
relative humidity and cloudy conditions (Section 4.2).

4.1. Stagnant period PM2.5 pollution: Photochemical 
production of SOA
SOA was an important fraction of the dry PM1 mass 
throughout the campaign, but during the Stagnant 
period this component dominated the mass (Figure 8). 
With little difference between PM1 and PM2.5 mass load-
ings during the Stagnant period (Fig. S4), the sources 
and mechanisms controlling SOA were responsible for 
the violations of South Korean PM2.5 air quality standards 
that occurred late in this period (Peterson et al., 2019). 
Published studies (Nault et al., 2018; Kim et al. 2018; 
Choi et al., 2019) from the KORUS-AQ science team have 
already explored various factors that contributed to the 
accumulation of SOA during the Stagnant period. Using 
observations from the DC-8 over the SMA, Nault et al. 
(2018) found the majority of the SOA produced was from 
photooxidation of local VOC emissions. These authors 
also directly quantified the SOA formation potential in air 
flowing in from China and found it to be much lower than 

Figure 12: PM1 composition as in Figure 8, but with calculated ALW included in the total mass concentrations and 
pie charts (light blue wedges). ALW calculated from E-AIM thermodynamic model. DOI: https://doi.org/10.1525/
elementa.424.f12
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for the local emissions. In particular, VOCs with short life-
times (<1 day, e.g., xylenes, toluene, trimethylbenzenes, 
and semi- and intermediate-volatile organic compounds 
(S/IVOC)) accounted for ~80% of the observed SOA 
enhancement over SMA (Nault et al., 2018). This is simi-
lar to NOx, as discussed in Section 3.2.2, in that the short 
lifetimes indicated minimal influence from transport on 
the precursors that produced SOA throughout the cam-
paign. However, further research is needed to identify the 
compounds and sources of S/IVOC, as these compounds 
were not directly measured during the campaign, and can 
originate both from fossil fuel and volatile chemical prod-
ucts (e.g., solvents, adhesives, personal care products, pes-
ticides, etc.) (McDonald et al., 2018).

That the increase in SOA was mainly due to rapid pho-
tooxidation of locally emitted VOCs was supported by 
strong correlations with T, solar radiance, VOC concen-
trations, and other photochemically produced pollutants 
and products, such as O3, formaldehyde, and peroxy acyl 
nitrate (Kim et al., 2018; Nault et al., 2018). However, 
fully representing SOA production in chemical transport 
models is an ongoing challenge due to the wide variety 
of potential precursors in the VOC class and the myriad 
photochemical reaction pathways they undergo (Hallquist 
et al., 2009; Shrivastava et al., 2017). This problem was dis-
cussed as it specifically applied to the KORUS-AQ Stagnant 
period (Choi et al., 2019), with various aspects of the 
broader challenges explored in numerous prior studies 
(e.g., Heald et al., 2010; Hodzic et al., 2016, 2020; Woody 
et al., 2016; Schroder et al., 2018). Here, the GEOS-Chem 
model underestimated total PM2.5 during the Stagnant 
period in SMA, especially from May 20th–May 22nd when 
PM2.5 exceeded the South Korean air quality standard 
(Choi et al., 2019). Potential causes for the underesti-
mate of SOA in chemical transport models, include emis-
sions (e.g., Woody et al., 2016), transport and dilution of 
emissions (e.g., Woody et al., 2016), amount of oxidant 
and thus speed of production (Woody et al., 2016), SOA 
scheme (Hodzic and Jimenez, 2011; Woody et al., 2016; 
Ma et al., 2017; Pai et al., 2020), and spatial resolution (Pai 
et al., 2020). Additional studies to further evaluate these 
parameters in a chemical transport model with observa-
tions collected throughout the Korean peninsula during 
KORUS-AQ would provide insights to improve under-
standing of sources and mechanisms controlling SOA 
over SMA. While the mechanistic specifics of the produc-
tion of SOA remain under investigation, the relationships 
revealed in the KORUS-AQ data set make it clear that emis-
sion controls of VOCs would reduce locally produced SOA 
contributing to PM2.5. Detailed measurements to improve 
VOC identification are needed to elucidate key precursors 
and subsequent photochemical SOA production in order 
to better constrain emission control targets.

4.2. Transport/Haze period PM2.5 pollution: 
Heterogeneous production of secondary inorganic 
aerosol
Nitrate concentrations are routinely overestimated by 
models compared to observations (e.g., Thakur et al., 
1999; Park, 2004; Fairlie et al., 2010; Heald et al., 2012; 

Zhang et al., 2012; Bian et al., 2017). Yet, the opposite is 
the case for sulfate where model concentrations underes-
timate observations (e.g., Wang et al., 2014; Zheng et al., 
2015; Cheng et al., 2016; Li, L., et al., 2018). These oppos-
ing errors may be offsetting such that overall inorganic 
aerosol concentrations may be in reasonable agreement, 
but the model mechanisms are not properly captur-
ing ambient atmospheric processes. The following sec-
tions discuss the KORUS-AQ observations presented in 
Section 3 for the Transport/Haze period within the con-
text of heterogeneous production of secondary inorganic 
aerosol. Section 4.2.1 describes the tightly coupled pro-
cess that links nitrate production to aerosol liquid water 
uptake. Section 4.2.2 provides a brief overview of the state 
of the science regarding the rapid production of sulfate 
aerosols in Asian haze events and how the heterogeneous 
production of both nitrate and sulfate during such events 
occurs within a positive feedback mechanism involving 
the meteorological conditions that promote haze devel-
opment and persistence.

4.2.1. Nitrate production pathways
Modeling studies generally overestimate nitrate con-
centrations compared to observations (Bian et al., 2017; 
Fairlie et al., 2010; Heald et al., 2012; Park, 2004; Thakur 
et al., 1999; Zhang et al., 2012), and this has largely been 
attributed to excess HNO3 but the cause is unclear. During 
the Transport/Haze period, nitrate was one of the highest 
contributors to PM1 and the primary driver of ALW that 
contributes greatly to the low visibility during haze events.

Daytime production of HNO3 is photochemical (R1) as 
the NO3 radical (R2 and R3) has a short photolytic lifetime 
(seconds) (Orlando et al., 1993).

	 2 3OH NO HNO  � (R1)

Reactions R2–R4 are most important at night for HNO3 
production (e.g., Yun et al., 2018; Kelly et al., 2018; Wang 
et al., 2018), where M is any third body reactant.

	 2 3 3 2NO O NO O   � (R2)

	 2 3 2 5NO NO N OM M    � (R3)

	 2 5 3N O aerosol 2 HNO   � (R4)

Other reactions (R5 and R6) compete with R3 for the NO3 
radical, which can reduce the HNO3 produced via R4. Also, 
R3 is reversible, as N2O5 can thermally dissociate at warm 
temperatures (R7).

	 3NO alkenes products  � (R5)

	 3 2NO NO 2 NO   � (R6)

	 2 5 2 3N O NO NOM M    � (R7)

While there were no ground-based hydroxide (OH) meas-
urements to assess the importance of R1, the DC-8 day-
time observations showed that OH in the boundary 
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layer was approximately a factor of 2 lower during the 
Transport/Haze versus Stagnant period suggesting that less 
HNO3 was produced via R1 during that period. Hence, the 
enhanced nitrate observed during Transport/Haze cannot 
be attributed to R1 and subsequent partitioning to aero-
sol. To assess nighttime chemistry, observations at Olympic 
Park provide useful constraints on reactions involving the 
NO3 radical (R2–R7). The NO3 radical and N2O5 are most 
likely not in steady state in the boundary layer, due to con-
tinued emissions of NO (R6) and alkenes (R5), and high 
concentrations of NO2 (Brown et al., 2003). However, the 
production rate of the NO3 radical, its relative loss rates via 
R3 versus R6, and the rate of R4 can be calculated to inves-
tigate if R4 can be an important source of HNO3, and, thus, 
aerosol nitrate during the Transport/Haze period.

The production of NO3 radical (P(NO3), see Section 2.3) 
is highest as the sun sets during the Stagnant period, 
decreasing to ≤0.5 ppbv hr–1 by 00:00, local time (black 
curve, Figure 13). This is due to an excess of NOx with 
respect to O3 (Fig. S3), limiting available nighttime O3 
to continue producing NO3 via R2. In contrast, during 
Transport/Haze, there is sufficient O3 at night (Fig. S3) to 
allow for P(NO3) = 1–2 ppbv hr–1 (black curve, Figure 13). 

As noted earlier, the greater availability of O3 during the 
Transport/Haze period is likely due to deeper nocturnal 
mixing during this period reducing the concentrations 
of NO that would titrate O3. Models may have difficulty 
representing this mechanism due to uncertainties in mix-
ing schemes especially at night (i.e., Zhao et al., 2019). The 
fractional loss of NO3 radical via the competition between 
R3 (reaction with NO2 to form N2O5) versus R6 (reaction 
with NO to form NO2) remains roughly constant between 
the Stagnant and Transport/Haze periods (blue curve, 
Figure 13), with a slight upward trend of R3 becoming 
more important during the latter period. Finally, the cal-
culated rate constant for R4 was higher (~40% increase) 
during Transport/Haze than Stagnant (dotted green curve, 
Figure 13) due to increased surface area and increased 
ALW during Transport/Haze. These results suggest there 
is more NO3 radical, N2O5, and hence, HNO3 formed from 
the R2–R4 nocturnal pathway during the Transport/Haze 
than Stagnant period, leading to more particle nitrate 
production.

Using the typical N2O5 lifetime measured in Seoul a year 
prior to KORUS-AQ (0.2–0.8 hrs, (Brown et al., 2017)), the 
N2O5 concentration and in turn particle nitrate production 

Figure 13: Top blue curve: fraction of the NO3 radical lost via its reaction with NO2 (reaction R3 in text) versus NO 
(reaction R6 in text). Lower black curve: production of the NO3 radical (P(NO3) in ppbv/hr). Lower dotted green curve: 
heterogeneous reaction rate of N2O5. Shaded yellow curve: solar radiation (W/m2). DOI: https://doi.org/10.1525/
elementa.424.f13

D
ow

nloaded from
 http://online.ucpress.edu/elem

enta/article-pdf/doi/10.1525/elem
enta.424/441631/424-7271-1-pb.pdf by guest on 02 N

ovem
ber 2021

https://doi.org/10.1525/elementa.424.f13
https://doi.org/10.1525/elementa.424.f13


Jordan et al: Investigation of factors controlling PM2.5 variability across the 
South Korean Peninsula during KORUS-AQ

Art. 28, page 19 of 26

can be estimated with the values shown in Figure 13. 
Equation 5 (from Brown et al. (2017)) is used to estimate 
N2O5 concentration,

	    
2 52 5 3N ON O P NO  � (Eq. 5)

where 2 5N O  is the lifetime of N2O5 (0.2–0.8 hrs) 
and P(NO3) is the production of nitrate radical from 
Figure 13. This is used to calculate the integrated par-
ticle nitrate production each night to compare between 
the Stagnant and Transport/Haze periods. The integrated 
production is approximately a factor 3 higher during the 
Transport/Haze than Stagnant period due to the enhanced 
nitrate radical production and increased N2O5 heterogene-
ous rate constant from the greater ALW and larger surface 
area. This further supports the impact of local emissions 
in exacerbating the Transport/Haze PM2.5 pollution event. 
This is being investigated further in ongoing studies.

The overall results of the thermodynamic calculations 
presented here are consistent with recent studies that 
found that NOx emissions enhance haze events in South 
Korea (Jung et al., 2019), the United States (Baasandorj et 
al., 2017), and China (e.g., Pan et al., 2016; Li, H., et al., 
2018; An et al., 2019; Xu et al., 2019). The high levels of 
ammonia present in Seoul attributed to vehicle traffic 
(Song et al., 2009; Phan et al., 2013; Link et al., 2017) 
and regional agriculture (Kim et al., 2011), including rice 
patties (Das et al., 2009), would be expected to result in 
NOx-limited nitrate formation during our study period. 
However, models should be assessed as to whether they 
can reproduce the nitrate production pathways here, par-
ticularly during the Transport/Haze period when ozone 
remains elevated at night.

There are some limitations to this analysis. For example, 
the impacts of organics on both ALW and N2O5 hetero-
geneous uptake were not considered. As shown in prior 
studies, organics can contribute up to 40% to ALW (Guo 
et al., 2015; Battaglia et al., 2019). Here, assuming a factor 
of 2 increase in the ALW only led to an increase in the N2O5 
heterogeneous uptake by 3%; therefore, we do not expect 
an organic contribution to ALW to impact the rates above. 
More importantly, organics can inhibit the uptake of N2O5 
to aerosol (e.g., Anttila et al., 2006; Gaston et al., 2014; 
Liu et al., 2019). During the Stagnant period, this inhibi-
tion may have been important as organics contributed a 
large fraction of the PM1 dry mass (41%, Figure 8). Hence, 
the heterogeneous uptake rate shown in Figure 13 is an 
upper limit, as is its subsequent contribution to particle 
nitrate formation. However, during the Transport/Haze 
period organics contributed only 21% to the dry mass 
(Figure 8); so, the inhibition of N2O5 by organics would 
have been less than that during the Stagnant period. In 
addition to those two limitations, the dry surface area 
used here to estimate the N2O5 uptake was based on aver-
age values from the NASA DC-8 (Fig. S6). This results in 
the estimate here being a lower limit for the uptake rate, 
since the aerosol surface area would be larger at ambi-
ent RH and nighttime surface areas were not observed by 
the DC-8. All of these factors together suggest the N2O5 

uptake is overestimated for the Stagnant period due to 
the high organic contribution to aerosol; whereas, it is 
underestimated during the Transport/Haze period due 
to the large contribution of ALW, which would increase 
the surface area. This supports the hypothesis that nitrate 
production from N2O5 was more important during the 
Transport/Haze period.

4.2.2. Haze and enhanced sulfate
In addition to nitrate, sulfate has also been observed to 
be enhanced in haze events (e.g., Wang et al., 2014; Zheng 
et al., 2015; Cheng et al., 2016; Kim et al., 2017, 2018; 
Li, L., et al., 2018, Song et al., 2019). During KORUS-AQ, 
sulfate concentrations increased along with nitrate con-
centrations during the Transport/Haze period (Figures 9 
and 11). The sulfate precursor, SO2, was elevated during 
the Transport/Haze period (Figure S8) with a dramatic 
increase in concentration on May 23rd likely due to an 
approaching cold front that brought transboundary SO2 
from upwind sources in China. Unlike NOx with a lifetime 
too short to allow for transport over long distances, in this 
region SO2 has a lifetime of ~9 days (against gas-phase 
oxidation in the absence of clouds) and ~2 days (in the 
presence of clouds (Seinfeld and Pandis, 2016)). The faster 
conversion of SO2 to sulfate under the cloudy, foggy, hazy 
humid conditions of the Transport/Haze period likely 
arose from both transported and local precursors that 
contributed to the enhanced local production due to the 
favorable local meteorological conditions.

Known mechanisms of SO2 oxidation (photochemical 
production via OH, cloudwater production via H2O2 and 
O3, and O2 oxidation catalyzed by transition metal ions 
(TMI)) cannot account for the observed rapid production 
of sulfate in haze events (e.g., Wang et al., 2014; Zheng 
et al., 2015; Cheng et al., 2016; Li, L., et al., 2018). Several 
recent studies have explored possible alternative path-
ways not included in most standard models to account 
for haze-related sulfate production that include heteroge-
neous reaction pathways involving aqueous aerosol and 
either NO2 (Cheng et al., 2016; Li, L., et al., 2018) or HCHO 
(Moch et al., 2018; Song et al., 2019), and TMI catalyzed O2 
oxidation of SO2 in haze aerosols (Gankanda et al., 2016; 
Guo et al., 2017b). A follow-up study will constrain nitrate 
and sulfate formation mechanisms in the GEOS-Chem 
chemical transport model using the KORUS-AQ aircraft 
and ground-based observations and examine whether 
models can reproduce the enhancements in both species 
during the Transport/Haze period.

Whichever chemical pathways are found to contribute 
to the observed increase, it is important to bear in mind 
that those mechanisms exist within a positive meteoro-
logical feedback mechanism as follows: 1) cloud cover and 
aerosols limit solar radiation in the BL, 2) this restricts 
diurnal variability of the BL depth compared to clear sky 
conditions, 3) pollutants accumulate in the humid shal-
low layer under a temperature inversion, where the opera-
tive chemical mechanisms produce more aerosol that act 
to further stabilize the shallow BL (Qu et al., 2018). The 
limited diurnal variability of the BL depth and persistent 
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high RH are crucial to the occurrence of haze events (Qu 
et al., 2018). Hence, the chemical processes and mete-
orological processes are coupled with a positive feedback 
dynamic that results in low visibility and poor air quality.

5. Recommendations for further study to 
improve PM2.5 air quality
The Rapid Science Synthesis Report (2017) offered two 
overarching recommendations to improve air quality 
related to aerosols. First, reduce anthropogenic gas-phase 
precursors (VOCs, SO2, NH3, and NOx) overall to reduce sec-
ondary production of PM2.5. This targets the dominant con-
tributions to fine aerosols. Second, strategic reductions of 
those precursors to focus on mitigation in areas with high 
population density to achieve the greatest health benefits 
(e.g., reducing NOx emissions in SMA, targeted SO2 con-
trols upwind of SMA) would also be beneficial. Choi et al. 
(2019) assessed the incremental emission controls that 
would bring the greatest benefit to the residents of South 
Korea using modeling based on known mechanisms of aer-
osol production. They reported that, except for reductions 
in upwind anthropogenic SO2 emissions in China, local 
controls have the best chance to improve PM2.5 air quality. 
Reductions in anthropogenic NH3 and NOx would be the 
most effective local controls. However, they were careful 
to note that the recommendations depend strongly on the 
model simulation of PM2.5, hence, further investigations 
would be very helpful to improve the model to better 
attribute the sources of PM2.5 in South Korea.

Here, we find that under stagnant conditions, rapid 
photochemical processing of local VOC emissions leads to 
the observed increase in SOA above South Korean air qual-
ity standards. Further, we find that local contributions to 
PM2.5 pollution, enhanced by chemical and meteorologi-
cal feedbacks, may have been underestimated in previous 
work that largely attributed PM2.5 in the Transport/Haze 
period to trapped pollution from upwind transport (Kim 
et al., 2018). The KORUS-AQ aerosol data set described in 
this work provides evidence for enhanced local production 
of nitrate and sulfate during the Transport/Haze period 
via heterogeneous processes. A positive feedback mecha-
nism that couples the production of nitrate and sulfate 
with the accumulation of ALW was described. Within this 
feedback mechanism, nitrate production was attributed 
to local NOx emissions and enhanced nighttime NO3 radi-
cal chemistry, while sulfate production arises from both 
local and transported SO2 via presently unresolved sec-
ondary production pathways. The production of aerosol 
under the cloudy humid conditions of the Transport/Haze 
period exacerbates the development and persistence of 
low visibility haze in a further positive feedback mecha-
nism that couples the aerosol chemical mechanisms to 
the broader meteorological conditions, including reduced 
vertical mixing. Hence, restricting the aerosol precursors 
could help to alleviate the severity and duration of such 
haze events.

Certain data gaps precluded a quantitative attribution 
of local versus upwind contributions to PM2.5. However, 
insights gained from the KORUS-AQ campaign sug-
gest that additional targeted monitoring would benefit 
future scientific assessments, model refinements, and 

policy development. Additional measurements needed 
for longer term assessment of PM2.5 variability include 
continuous high quality measurements of CO/CO2 (as an 
indicator of transboundary transport), high-resolution 
aerosol composition (critical to documenting the inter-
play between meteorology and gas-to-particle conversion 
processes), MLH (e.g., using ceilometers to normalize sur-
face PM2.5 variations due to mixing), and ALW (calculated 
from aerosol f(RH) based on humidified and dry aerosol 
scattering measurements). This augmentation need only 
be implemented at a few locations in the AirKorea net-
work, but measurements should be co-located to avoid 
complications in distinguishing local and non-local influ-
ences. The need to better constrain contributions to PM2.5 
that arise from local sources and processes versus upwind 
sources and precursors that subsequently add to the aer-
osol burden of South Korea is fundamental to targeting 
those emissions most likely to improve air quality across 
South Korea.
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