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H I G H L I G H T S

• N2O5 chemistry is well associated with nocturnal residual layer
• Nitrate radical simulated active at 700–800m in the residual layer at night
• N2O5 max. was 200–300 m lower than nitrate radical due to NO2 profile
• Campaigns may reference simulated vertical profiles for flying altitudes
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A B S T R A C T

Heterogeneous dinitrogen pentoxide (N2O5) is an important reactive intermediate in the atmospheric nighttime
oxidization of nitrogen oxides and in the formation of nitrate (NO3

− ) aerosols. However, vertical profiles of N2O5-
related chemical species over Seoul Metropolitan Area (SMA) are currently lacking. In this study, the Weather
Research and Forecasting-Community Multiscale Air Quality (WRF-CMAQ) model was employed and simulated
vertical profiles of nighttime N2O5-related chemical species to facilitate aircraft-based campaigns over the SMA.
The vertical structures of the NO3 radical (NO3•) and N2O5 were assessed during the meteorologically stagnant
period (March 16–17, 2016), which was a typical period of nighttime N2O5-driven NO3

− formation in the study
region. The results showed that nighttime vertical structures exhibiting higher concentrations of N2O5-related
chemical species were strongly associated with the nocturnal residual layer (RL), which was decoupled from the
ground. Our model showed diminished nighttime NO3• at the ground but active NO3• aloft, as it was retained in
the RL. We also carried out the same analysis for the stagnant period (May 16–22, 2016) during the KORUS-AQ
campaign, and confirmed the similar profiles of high concentration of NO3• near the altitude of RL. To sum up
the cases from this study and KORUS-AQ campaign study, maximum nighttime NO3• and N2O5 concentrations
occurred at heights of 78 ± 11% of RL height and 54 ± 15% of RL height, respectively. Although further research
on nighttime N2O5 chemistry is needed to resolve outstanding uncertainties, the vertical structures of nighttime
N2O5-related chemical species obtained in this study offer useful reference data for future aircraft campaigns.

1. Introduction

Particulate matter (PM) studies conducted over the Korean Peninsula
have included aircraft campaigns aimed at measuring upper atmo-
spheric PM pollutants at high altitudes. Many such studies have

investigated transboundary transport from upstream areas in north-
eastern Asia, and their results have shown that PM and its precursors
remain aloft for ~1.5–3 km during long-distance transport over vast
regions such as the Yellow Sea and Korean Peninsula (Kim et al., 2018;
Lee et al., 2022; Oh et al., 2020). Elevated PM levels over the Korean
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Peninsula and Seoul Metropolitan Area (SMA) have been the focus of
several aircraft-based air quality studies performed in combination with
surface observations, including the Megacity Air Pollution Stud-
ies–Seoul (MAPS–Seoul) in 2015, Korea–United States Air Quality
(KORUS–AQ) in 2016, Satellite Integrated Joint Monitoring for Air
Quality (SIJAQ) in 2021–2022, and Airborne and Satellite Investigation
of Asian Air Quality (ASIA-AQ) in 2024. The resulting aircraft-based
measurements together with satellite images and modeling results
have been employed to explore many issues related to atmospheric PM
over Korean Peninsula (Chang et al., 2022; Crawford et al., 2021; Jo
et al., 2023; Kim et al., 2023; Lee et al., 2019; Oh et al., 2024; Park et al.,
2018, 2021; Park and Kim, 2021).

Nighttime secondary PM2.5 levels have also been investigated due to
the possibility of high rates of nighttime PM2.5 formation through
chemical species related to heterogeneous dinitrogen pentoxide (N2O5),
in which NO3

− aerosols are formed mainly via the heterogeneous N2O5
hydrolysis pathway (Brown et al., 2006a, 2006b, 2016; Finlayson-Pitts
and Pitts, 2000; Kim et al., 2014; Ravishankara, 1997; Yun et al., 2024).
During the night, nitrate radical (NO3•) production is generally zero at
surface, due to the absence of sunlight, albeit with high surface NOx
emissions. However, although nighttime N2O5 can act as a reservoir of
NOx and O3 in the upper atmosphere, nighttime N2O5 chemistry remains
poorly understood.

The nature of the atmospheric boundary layer (ABL) differs between
day and night. During the day, the ABL is vertically well mixed due to
vigorous turbulence under daytime convective conditions (Lee et al.,
2023; Stull, 1988; Lu et al., 2019). At night, however, turbulence
weakens and an inversion develops from the surface due to strong
radiative cooling. At night, the formation of a stable nocturnal boundary
layer (NBL) hinders vertical mixing and allows the formation of a re-
sidual layer (RL) above it. The RL is decoupled from both the NBL and
the free atmosphere, remaining a mixed layer during the night. In this
structure, NO3• and N2O5 may remain reactive and are retained in the
decoupled RL in the absence of solar radiation (Brown et al., 2016;
Chang et al., 2011).

Manymodeling andmeasurement studies have examined the vertical
distributions of nighttime N2O5-related chemical species. Although
modeling studies have indicated strong vertical gradients of NO3

− and
N2O5 above the NBL (Fish et al., 1999; Galmarini et al., 1997; Geyer and
Stutz, 2004; Riemer et al., 2003), their features at different altitudes
have been reported to vary regionally. In measurement studies, broad-
band lidar measurements have shown that the total column abundance
of NO3

− is several hundred pptv, which is well in excess of typical
surface-level nitrate mixing ratios (Povey et al., 1998) and indicative of
reactions among N2O5-related chemical species in the upper atmo-
sphere. Thus, both approaches imply that nighttime N2O5 can act as a
reservoir of NOx and O3 aloft, and that this reservoir is related to the RL
and therefore to the concentration of PM aloft. In the morning and
daytime hours of the following day, N2O5 and NO3• may influence the
surface level during the development of the convective daytime ABL.
This influence occurs during periods of intense vertical mixing or when
local circulations such as mountain breezes are prevalent (Yun et al.,
2024).

Nevertheless, nighttime N2O5 chemistry in the upper atmosphere is
generally poorly understood, due to the absence of comprehensive
measurements of N2O5-related chemical species, including over the SMA
and northeast Asia. In this study, we conducted simulations using the
Weather Research and Forecasting-Community Multiscale Air Quality
(WRF-CMAQ) model, targeting nighttime vertical profiles of N2O5-
related chemical species including NO, NO2, and NO3

− to gain a better
understanding of nighttime conversion to NO3

− over the Korean Penin-
sula. A heavy PM2.5 winter episode during March 16–17, 2016 was
selected as the study period based on a previous study, which showed
that elevated PM was induced by nighttime heterogeneous reactions of
N2O5 (Jo et al., 2022).

In addition, we conducted the same modeling study for the KORUS-

AQ campaign cases, and analyzed the vertical distribution characteris-
tics of N2O5-related species at night over the SMA. In our simulation of
nighttime N2O5 chemistry for several cases, we particularly character-
ized the vertical distribution of N2O5-related species in association with
NBL and RL structures. Despite the high uncertainties of our analysis, its
results provide important reference data on the vertical distribution of
N2O5-relevant chemical species over the SMA and will contribute to
aircraft-based campaigns investigating high-PM plumes and high levels
N2O5-related chemical species at high altitudes over the Korean
Peninsula.

2. Methods and data

2.1. N2O5 heterogeneous chemistry

The chemical reactions related to NO3
− formation via N2O5 hetero-

geneous chemistry and to the formation of particulate NO3
− are shown in

Reactions (1)–(6):

NO2(g) + O3(g) → NO3•(g) + O2(g) (R1)

NO3•(g) + NO2(g) → N2O5(g) (R2)

N2O5(g) → NO3•(g) + NO2(g) (R3)

N2O5(g) + H2O(het) → 2HNO3(aq) (R4)

N2O5(g) + Cl−(het) → Y⋅ClNO2(g) + (2-Y)⋅HNO3(aq) (R5)

HNO3(g) + NH3(g) → NH4NO3(s) (R6)

During the day, NO3• is formed via (R1) at very low rates due to high
NO emissions, which titrate O3, thereby altering the relative amounts of
NO2 and O3 but conserving odd oxygen (Ox ≡ NO2 + O3). Nighttime
NO3• is formed via the reaction of NO2 with O3 (R1), with N2O5
generated via (R2), and N2O5 dissociates back to NO3• and NO2 (R3).
N2O5 heterogeneously reacts on aerosol surfaces and forms HNO3 via
(R4) or (R5), and produces NH4NO3 via reaction (R6). Reaction (R5)
where N2O5 reacts with chloride ions (Cl− ) to form nitryl chloride
(ClNO2), was not considered in this study due to the lack of information
on Cl− concentrations and emissions during the study period. Instead,
we assumed an HNO3 yield of 2 in (R5) instead of (2-Y), where Y is the
ClNO2 yield. This assumption may lead to higher nitrate production,
potentially causing nitrate overestimation during the study period. The
heterogeneous hydrolysis of N2O5 (R4) is a major loss pathway for NOx
at night but produces NO3

− aerosols that contribute to PM2.5 via (R4)–
(R6). N2O5 uptake via (R4) describes the condition under which the
collision of N2O5 molecules with a PM produces chemical reaction
products.

However, at night, NO3• may be produced via (R1) under low NOx
conditions associated with the NBL-decoupled RL. These reactions play
important roles in determining the vertical profiles of nighttime N2O5-
related chemical species such as NO3• and N2O5. Fig. 1 provides a
simplified illustration of N2O5 chemistry and the decoupled RL
structure.

2.2. Cases selection and modeling system

Over the SMA, stagnant atmospheric conditions typically reflect a
stagnant or slowly moving anticyclone system accompanied by weak
horizontal and vertical mixing (Kim et al., 2018; Park et al., 2005).
Under atmospherically stagnant conditions, such as those occurring on
relatively dry early spring days, local emissions primarily support high
PM2.5 concentrations through the accumulation of air pollutants.
Therefore, it is advisable to select cases with stagnant meteorological
conditions to examine the impact of local heterogeneous conversion of
N2O5 to HNO3 on NO3

− and PM2.5 concentrations.
As an example of stagnant case, previous study modeled the case for
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March 16–17, 2016, with data interpretation considering the dominance
of secondary NO3

− particle formation in nighttime N2O5 chemistry (Jo
et al., 2019). Detailed information on the stagnant-dominated meteo-
rological conditions is provided by Jo et al. (2019). We confirmed that
the study periods—March 16–17, 2016—can be also classified as stag-
nant periods according to another classification method by Jo and Kim
(2013). Therefore, concentration changes due to transboundary effects
were expected to be minimal during the period.

For modeling, the WRF-CMAQ regional air quality model was
employed. The WRF-CMAQ model configurations for meteorology, as
well as gas and aerosol characteristics, are listed in Table S1. In the
CMAQ configurations, the SAPRC99 gas-phase mechanism and the
AERO5 aerosol modules with ISORROPIA-II for aerosol thermodynamics
were selected for the gas-phase and aerosol-phase chemistry, respec-
tively (Table S1).

The simulation domain, consisting of three nested domains, is shown
in Fig. 2. Vertical layers are configured into a total of 31 layers; the lower
atmospheric layers within approximately 1 km consist of 7 layers, with

the sigma value of the lowest layer set at 0.9965, and the top layer is at
50 hPa. The meteorological initial and boundary conditions for WRF-
CMAQ were obtained from the UK Met Office Unified Model global
forecasts operated by the Korean Meteorological Administration (KMA)
with a spatial resolution of ~25 km and a temporal resolution of 3 h. A
week-long (seven-day) period was applied for spin-up. Vertically, and
there were 15 layers on a sigma coordinate up to 50 kPa with the lowest
layer thickness of about 32 m. Anthropogenic emissions for Northeast
Asia are based on the Intercontinental Chemical Transport Experiment-
Phase B (INTEX-B) inventory for the year 2006 (Li et al., 2014; Zhang
et al., 2009), and the Clean Air Policy Support System (CAPSS) inventory
for the year 2007 was used for Korea. Biogenic emissions considered
here are based on the Model of Emissions of Gases and Aerosols from
Nature (MEGAN) version 2.04.

2.3. Parameterization of N2O5 heterogeneous uptake coefficients

In the CMAQ (v.5.0.2), the N2O5 uptake coefficient (γN2O5) was

Fig. 1. Schematic illustration of nighttime heterogeneous dinitrogen pentoxide (N2O5) chemistry and secondary nitrate (NO3
− ) formation.

Fig. 2. Modeling domains D01, D02, and D03, with 27-, 9- and 3-km grid resolution, respectively, over the Seoul Metropolitan Area (SMA). Red dot indicates the
Bulgwang site, where ground measurements were conducted.
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parameterized as a function of particle composition and meteorological
factors. Davis et al. (2008) developed a parameterization for γN2O5,
incorporating factors such as temperature (T), relative humidity (RH),
particle composition (including (NH4)2SO4, and NH4NO3), and phase
state (such as dry particle or aqueous particle) for application in air
quality models. Their approach was based on an extensive dataset,
which included all available measurements relevant to the γN2O5 on
(NH4)2SO4 and NH4NO3, derived from seven independent laboratory
studies (Davis et al., 2008; McDuffie et al., 2018a, 2018b). The resulting
equations were formulated as non-linear functions of RH and T.

γN2O5 = f (RH, T, sulfate-nitrate-ammonium conditions, phase state, …)

This parameterization demonstrated strong performance, accurately
predicting 80% of the laboratory data within a factor of two and 63%
within a factor of 1.5. More detailed descriptions of γN2O5 can be found
in Davis et al. (2008).

2.4. Data

The chemical and meteorological WRF-CMAQ simulation results
were evaluated based on in situ ground measurements obtained at the
Bulgwang supersite located in the central SMA (Fig. 2). Various mea-
surements relevant to PM2.5 chemical components are conducted at the
Bulgwang supersite, which has been operating by the National Institute
of Environmental Research (NIER). For model verification and inter-
pretation, simulated mass concentrations of chemical components
including NO3

− , SO4
2− , NH4

+, and PM2.5 were compared with measured
values. Simulated meteorological variables were also verified in com-
parison with meteorological observations provided by the KMA.

3. Results and discussion

3.1. Meteorological variables

Simulated and observed meteorological variables such as

temperature at a height of 2 m (T2), RH, wind speed (WS), and direction
(WD) at a height of 10 m at Bulkwang throughout the study period are
shown in Fig. S1. Model performance was verified against observations
from KMA based on indexes of agreement (IOA) for T2, RH, and WS,
which were 0.93, 0.87, and 0.68, respectively (Fig. S1). These values
indicate that the simulation results are in good agreement with observed
data, with no significant biases in terms of both temporal patterns and
amplitudes. In most mesoscale modeling cases, WS tends to be over-
estimated at night due to the impact of coarse surface conditions and
boundary layer parameterization on weather forecasting (Kim et al.,
2021), but the current modeling results are found to closely match the
observed wind speed during the study period (Fig. S1), making it very
suitable for simulating and analyzing nocturnal heterogeneous
N2O5-chemistry. In particular, during the night, the observed lower
wind speeds were simulated such that the weak turbulence conditions
were expected to favor the accumulation of PM pollution associated
with N2O5 chemistry.

3.2. Chemical variables

Fig. 3 shows the surface concentrations of several chemical variables
(PM2.5, NO3

− , SO4
2− , and NH4

+) measured and simulated at the Bulgwang
site throughout the study period. In Fig. 3, the model underestimated the
daily mean concentrations of PM2.5 and NO3

− after 1200 KST on March
16, 2016. However, both the model and observations show morning and
evening peaks of PM2.5 and NO3

− throughout the entire study period.
The observed chemical content of PM2.5 during the study period was

40.5 ± 5.7 μg/m3, and the sum of the three components NO3
− , SO4

2− , and
NH4+ was 26.1 ± 4.2 μg/m3, accounting for 64.4% of the mass con-
centration of PM2.5 (Fig. 3). Among these three components, NO3

− was
the major inorganic ion by mass, with an average ratio of NO3

− to PM2.5
of 0.28, which was approximately triple that of the SO4

2− ratio (0.11) and
twice that of the NH4

+ ratio (0.15). Similar temporal variations in PM2.5
and NO3

− concentrations during the study period were observed; spe-
cifically, the times of peak concentrations for the two species differed by
only 1–2 h, while the times of lowest concentrations matched exactly.

Fig. 3. Observed and simulated (a) PM2.5 mass, (b) NO3
− , (c) SO4

2− , (d) NH4
+, (e) NO2, and (f) O3 concentrations at the Bulgwang site in the SMA.
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This provides further evidence that NO3
− was the major chemical

component in PM2.5. All statistical parameters for model evaluation,
such as IOA, normalized mean bias (NMB), and correlation coefficient
(R), which represent the uncertainty levels of the model, are presented
in Table S2. The modeled PM2.5 and sulfate-nitrate-ammonium (SNA)
concentrations are slightly underestimated, with the exception of the
period prior to 1200 KST on March 16, 2016.

Despite the uncertainty in heterogeneous NO3
− formation during the

study period, the average observed nighttime NO3
− concentration

accounted for 31% of the PM2.5 composition, whereas nighttime SO4
2−

and NH4
+ together accounted for 22%. The simulated nighttime NO3

−

concentration also indicated the nighttime dominance of NO3
− , with

underestimations of SO4
2− and NH4

+. More detailed comparisons of
ground-based measurements versusWRF-CMAQmodeling results can be
found in Jo et al. (2019).

3.3. Vertical structures of simulated NOx, NO3, O3, and N2O5

Fig. 4 shows the simulation of vertical distributions of NO3
− and O3,

together with variations in ABL height at 6-h intervals from 0600 to
0000 KST. Trends in the vertical distribution of NO3

− on March 16, 2016
were attributable to ABL variation for both day and night. The vertical
profiles of NO3

− particles during the daytime in March 2016 tended to be
uniform within the ABL height at 1200 and 1800 KST (Fig. 4c and d),
such that daytime concentrations were likely governed by strong verti-
cal mixing induced by ABL dynamics. Notable N2O5 heterogeneous
chemistry was simulated from the evening of March 16 to the early
morning of March 17, 2016. On the night of March 16–17, surface NO3

−

levels remained high (+3.0–8.0 μg/m3) (Fig. 4e and f), presumably due
to NBL activity. Thus, the NBL acted as a lid on NO3

− , constraining

pollutants to within the shallow NBL height. The secondary peak of NO3
−

was simulated at around 500 m at 0600 KST on March 17 (Fig. 5f),
which likely accounted for the increased NO3

− concentration at 1200 and
1800 KST on the same day (Fig. 5g and h). Daytime surface O3 levels
ranged from 15 to 35 ppb on March 16–17 (i.e., Fig. 4c–g). However, in
the upper atmosphere, higher levels of O3, up to 60 ppb, were simulated
for both day and night. Throughout the study period, daytime and
nighttime O3 concentrations were lower in the lower atmosphere and
higher in the upper atmosphere (Fig. 4).

Fig. 5 shows the simulated vertical distributions of N2O5 and NO3•

concentrations throughout the study period. At 0600, 1200, 1800, and
0000 KST, both distributions were influenced by ABL height variation.
Similar to NO3

− , vertical mixing of N2O5 and NO3• followed similar
patterns within the ABL during daytime (Fig. 5c, d, g, h). However, at
night, there was a clear difference in the altitude where the peak
appeared; thus, nighttime peak values of NO3• occurred at heights of
700–800 m, whereas those of N2O5 occurred at heights of 300–400 m
(Fig. 5e and f). These altitude differences were due mainly to the het-
erogeneous nocturnal N2O5 chemistry associated with the decoupled RL.

Fig. S2 shows the time series of the vertical structures of NO, NO2,
O3, NO3•, N2O5, and NO3

− , along with the time series of RL, while Fig. 6
illustrates the interactions of chemical reactions of N2O5-related chem-
ical species at the Bulkwang site. In this study, the RL height was defined
as the simulated ABL height at the time of sunset. In Fig. 6 and Fig. S2,
well-established daytime photochemical interactions occurred between
NO2, volatile organic compounds, and O3; therefore, NO2 concentrations
were relatively low but retained a uniform vertical distribution influ-
enced by strong vertical mixing within the ABL. At night, a shallow but
stable NBL resulted in poor vertical mixing, leading to the accumulation
of NO2 at the surface and in turn to the simulation of higher nighttime

Fig. 4. Simulated vertical profiles of NO3
− and O3 at the Bulkwang site in the SMA. Dot lines indicate atmospheric boundary layer (ABL) heights.
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surface NO2 concentrations. Nocturnal NOx titration decreased the
amount of O3, promoted by the high NOx concentration at the surface
under atmospheric conditions in the absence of sunlight; the resulting
scarcity of surface O3 hindered the production of NO3• via (R1) in the
near-surface atmosphere (Fig. 6).

However, unlike surface O3, higher O3 concentrations (up to 60 ppb)
were simulated in the upper atmosphere, as also shown in Fig. 4. The
simulated O3 levels, which exceeded 50 ppb at altitudes above 1 km
(Fig. 6), were also consistent with the results of the KORUS–AQ
campaign (Lee et al., 2020). The decline in simulated NO2 concentra-
tions at altitudes of≥300 m created an excess of O3 compared with NO2,
which favored the generation of NO3• via (R1) (Pusede et al., 2016). A
peak in NO3• occurred at 500–800 m, consistent with the results shown
in Fig. 6, whereas N2O5, generated via (R2), peaked at an altitude of
200–600 m, which was lower than the peak of NO3• generation (Fig. 6
and Fig. S2). Regarding nighttime N2O5 chemistry, NO3• production was
very low under NOx-rich conditions due to high NOx emissions and their
resultant vigorous titration effect, particularly at ground level. However,
NO3• generation simulated in the current study remained active in the
ground-decoupled RL at ~500–800 m altitude, with a peak at ~700 m
(Fig. 6). The N2O5 peak was observed at ~300–400 m in the RL, which
was lower than the NO3• peak. This difference was due to the formation
of N2O5 via (R2), which involved NO2 and accordingly occurred at lower
altitudes.

3.4. Temporal evolution of vertical structures in accordance with
chemical reactions

Given the nighttime production of NO3• in the decoupled RL, N2O5
was formed via (R1)–(R2), with the formation of NO3

− in the RL through
N2O5 uptake (R4). Following N2O5 generation, its uptake became highly
significant for NO3

− formation. Our study indicated that N2O5 aloft in the
RL at ~200–600 m is maintained via (R1) and (R2), through the activity
of NO3•within the RL. Initially, heterogeneous N2O5 uptake (loss rate of
N2O5) was a function of the total aerosol surface area and the fraction of
gas–particle collisions, leading to the secondary formation of NO3

− . This
uptake process has been addressed in previous studies (Brown et al.,
2016; Chang et al., 2011), and its sensitivity was tested using uptake
coefficients in several studies (i.e., Jo et al., 2019).

In Fig. 6, the time series of N2O5 chemical reactions effectively il-
lustrates the chemical interactions among the species. During NO3•

formation via NO2 + O3 → NO3• (R1), vertical profiles of nighttime
surface NO2 accumulation were well simulated, whereas nighttime O3
increased vertically with increasing altitude (Fig. 6). Normally, the
surface NO3• concentration is zero; however, because NO3• was active
in the RL, N2O5 acted as a reactive intermediate to form HNO3 and NO3

− .
In our simulation, excessive O3 compared with NO2 yielded NO3• via
reaction (R1), with the maximum level occurring at ~700 m in the RL
(Fig. 6). NO3• can be trapped and remain active with no sinks within the
decoupled RL, such that it reacts with NO2 via (R2), forming N2O5, with
a maximum occurring at ~200–600 m in this study (Fig. 6).

N2O5 loss was caused by the uptake by aerosols via (R3)–(R6),
whereupon N2O5 reacted with aerosol-phase water to yield HNO3 (R4)

Fig. 5. Simulated vertical profiles of NO3⋅ and N2O5 at the Bulkwang site in the SMA. Dot lines indicate atmospheric boundary layer (ABL) heights.
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and, secondarily, NO3
− via (R6). The homogeneous formation of HNO3

from N2O5 (g) + H2O (g) (R4) occurred during the nighttime formation
of NO3

− , but proceededmore slowly than the heterogeneous formation of
HNO3 through the heterogeneous hydrolysis of N2O5 on or within
aqueous aerosol particles (Phillips et al., 2016; Ren et al., 2006; Wahner
et al., 1998). As a final step, the formation processes resulting from both
homogeneous and heterogeneous reactions yielded NH4NO3 particles
via (R4)–(R6).

Even in situations where low concentrations of HNO3 or NO3
− are

maintained at the surface (Figs. 3 and 6), high concentrations of N2O5
persist in the upper atmosphere during the nighttime RL on March 16,
the night of March 16–17, and until 00:00 KST on March 18. Further-
more, it can be confirmed that the N2O5 chemical reactions progress
towards HNO3 or NO3

− (Fig. 6). However, as shown in Fig. 6, for the
200–600 m range, the reaction rate of the (R4)–(R6) was relatively
slower during the night of March 16–17 compared to the periods from
0000 to 0600 KST on March 16 and from 1800 KST on March 17 to 0000
KST on March 18. This difference could potentially be attributed to
various factors, such as the variation in γN2O5 or other physical/
chemical factors during the night.

To further investigate the cause, several N2O5-related variables at the
200–600 m range were examined. Fig. 7 shows the vertical distributions
of γN2O5, and RH simulated by the WRF-CMAQ model at 6-h time in-
tervals. The vertical profile of T is presented in Fig. S3, and the vertical
variation in T was simulated to be minimal (see Fig. S3). Furthermore,
under extremely low RH conditions, it has been reported that the γN2O5
value is almost independent of temperature (Davis et al., 2008). In this
study, the correlation of γN2O5 with RH was also found to be the most

significant. As shown in Fig. 7, the γN2O5 (×1000) during the night of
March 16–17 was significantly low, ranging from 0.5 to 0.8, compared
to the higher ranges of 4.8–21.6 for other nighttime hours, such as 0000
to 0600 KST on March 16, or 1800 KST on March 17 to 0000 KST on
March 18. This low γN2O5 value is well associated with low RH (and
relatively lower NO3

− ) during the night (Fig. 6). Due to the slow loss to
the aerosol uptake process caused by significantly lower γN2O5 (Fig. 7),
N2O5 remained trapped at high concentrations within the 200–600 m
range until the early morning hours of March 17 (Fig. 6).

However, at 0000 KST on March 17, the γ N2O5 (×1000) values near
the surface, where NO3

− and RH were relatively higher, maintained
levels of approximately 4.0–5.5, indicating a significant difference in the
N2O5 uptake process rates between the upper and lower layers. This
aligns with a prominent feature described by Davis et al. (2008), where
γN2O5 is more sensitive to RH than to temperature under conditions
where NH4NO3 dominate over (NH4)2SO4 and the RH is below the
deliquescence RH (DRH). Specifically, under significantly lower RH
conditions (e.g., RH < 20%), γN2O5 values decrease sharply with
decreasing RH (Davis et al., 2008). Based on this understanding, the
elevated nighttime N2O5 concentrations simulated in the 200–600 m
range of the RL during the study period (e.g., near 0600 KST on March
17 in Fig. 6) were interpreted as the result of low γN2O5, primarily
caused by low RH. Accordingly, the simulated HNO3 and NO3

− formed
through N2O5 chemistry under extremely low RH conditions (8–18%),
which led to elevated N2O5 concentrations remaining in the RL
(200–600 m) during the early nighttime hours of March 17. Addition-
ally, the relatively low RH (20–40%) during the study period has been
reported as a limitation of the aerosol thermodynamics module

Fig. 6. Simulated time series of the vertical profiles of N2O5-related chemical species during sequential chemical reactions at the Bulgwang site. The rectangula box
areas represent nighttime periods.
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ISORROPIA-II (Guo et al., 2016; Chang et al., 2016b), which was used in
our WRF-CMAQ model. Therefore, it is essential to address these model
uncertainties and conduct further parameterization studies on γN2O5 to
improve the accuracy of the modeling study.

At sunrise of the following day, the primary product HOx (HOx = OH
+ HO2) was activated through photochemical reactions, such that the
daytime production rate of HNO3 increased rapidly via the reaction NO2
+ OH → HNO3. In the previous study, the nighttime heterogeneous re-
action of N2O5 was shown to drive nocturnal HNO3 production, ac-
counting for 50–90% of total nocturnal HNO3, with the daytime
production of HNO3 activated by HOx, accounting for 90% of total
daytime HNO3 (Seinfeld and Pandis, 1998). Combined with excess NH3,
the gas/particle partitioning of total (daytime + nighttime) HNO3 will
depend on the ambient temperature and humidity. Together, these re-
sults imply that NO3

− can be actively formed during the early morning
and daytime hours of the next day (Fig. 6), leading to high PM2.5 events
driven by high NO3

− levels in urban areas.

3.5. Comparison with other field study: KORUS-AQ

In addition to the single case described above, we selected stagnant a
multi-cases from the KORUS-AQ campaign period, and carried out the
same analysis. Peterson et al. (2019) classified the KORUS-AQ campaign
period (May 1– June 12, 2016) into four distinct synoptic conditions:
dynamic meteorology (May 4–15), stagnant (May 16–22), transport
(May 25–31), and blocking pattern (June 1–7) periods. We focused on

the stagnation period (May 16–21) for this study. The modeling results
for the KORUS-AQ campaign periods have been verified against surface
measurements in several previous studies (Jo et al., 2023; Lee et al.,
2020, 2023). However, there were few comparisons between
non-surface aircraft measurements and modeling results. In this study,
the aircraft measurements for the stagnation period (May 16–21, 2016)
were used in model evaluation. Recalling that there were no flights at
night during the KORUS-AQ campaign, we used daytime DC-8 mea-
surements for model validation only in this study.

Fig. 8 illustrates the vertical profiles of NOx, O3, N2O5, and NO3
−

observed by the DC-8 aircraft over the SMA during May 16–21, 2016.
Here, error bars represent one standard deviation. In Fig. 8, the vertical
profiles of NOx clearly demonstrate the influence of local emissions and
photochemistry within the lowest 2 km, although the model results
showed relatively lower levels compared to aircraft measurements. The
simulated O3 concentrations showed relatively lower compared to DC-8
measurements, with a particularly noticeable underestimation at alti-
tudes above 2 km. Above 2–3 km, higher O3 were observed, with an
average value of approximately 80 ppbv and little vertical variation
(NIER and NASA, 2017).

For N2O5, the DC-8 measurements revealed high variability up to ~2
km, with lower levels at the ground. However, consistent maximum
N2O5 concentrations were observed around 1 km from the DC-8 mea-
surements and around 700 m from the model simulations. NO3

−

exhibited higher concentrations at ground with high variability within 1
km, but secondary peaks were measured around 700 m from the DC-8

Fig. 7. Simulated vertical profiles of relative humidity (RH) and N2O5 uptake coefficient (γ N2O5) at the Bulkwang site in the SMA. The shaded areas indicate the
altitude range of 200–600 m during the nighttime of March 16–17, 2016
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and simulated around 800 m (Fig. 8). These results provide evidence for
the role of nighttime heterogeneous N2O5-chemistry acting aloft, such as
within the RL.

We performedWRF-CMAQmodeling for 6 days classified as stagnant
weather conditions (May 16–21) during the KORUS-AQ campaign, and
analyzed the vertical structures of N2O5-related species in the RL. Fig. S4
shows the vertical profiles of simulated NO, NO2, O3, NO3•, N2O5, and
NO3

− , along with the RL height during May 16–21 at the Bulkwang site.

Here, we found that, during the daytime, photochemical interactions led
to relatively low and uniformly distributed NOx (=NO + NO2) concen-
trations (Fig. S4). At night, a NBL formed, resulting in the accumulation
of NOx, particularly NO2, near the surface and a decrease in O3 due to
nocturnal NOx titration, as observed during March 16–17 (also see
Fig. 6). Likewise in Fig. 6, the decreasing vertical gradient of NO2,
combined with increasing O3, facilitated the formation of NO3•, with
peaks at 700 m (May 16), 500 m (May 17), and 700–800 m (May 18,

Fig. 8. Simulated and aircraft-measured vertical profiles of NOx, O3, N2O5, and NO3
− concentrations over the SMA during the stagnant period of KORUS-AQ campaign

(May 16–21, 2016).

Fig. 9. Vertical distributions of the nighttime maximum concentrations of N2O5-related chemical species: (a) NO, (b) NO2, (c) O3, (d) NO3•, (e) N2O5, and (f) NO3
−

during the periods of May 16–21, 2016 (KORUS-AQ campaign) and March 17–18, 2016.
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20–21), primarily through reaction (R1). The subsequent formation of
N2O5, via reaction (R2) showed peaks at altitudes of 250–350 m (May
16), 350–500 m (May 17), and 850–1200 m (May 18), occurring lower
than the NO3• peak, which led to secondary formation of NO3

− at the
same altitudes. Comparable trends were noted on May 20–21. The NO3

−

concentrations increased a few hours after the N2O5 peak, around sun-
rise (see Fig. S4).

We tried to estimate the vertical altitudes of N2O5-related species
relative to the RL height from KORUS-AQ and current study periods.
Fig. 9 illustrates vertical distributions (relative to the RL height) of the
nighttime maximum concentrations of N2O5-related species including
NO, NO2, O3, NO3•, N2O5, and NO3

− for the stagnant cases during the
KORUS-AQ campaign: May 16–21, 2016 (6-days) and the current study
period: March 17–18, 2016 (3-days). In Fig. 9, NO and NO2 levels all
showed a maximum near the ground, while O3 showed highest levels
around RL height or more higher altitudes than RL. The peaks of
maximum nighttime NO3• and N2O5 concentrations were observed at
70–90% (78 ± 11%) and 40–70% (54 ± 13%) of the RL height,
respectively. Again, these results clearly demonstrate that nighttime
heterogeneous N2O5 chemical reactions occur more vigorously aloft,
particularly within the RL, rather than near the surface atmosphere over
the SMA.

Lastly, Cl-chemistry and its associated species such as the chlorine
radical (Cl•) and ClNO2 are involved in the nocturnal N2O5-chemistry
and also in secondary NO3

− formation pathways (Wang et al., 2019,
2020; Zhang et al., 2022). In (R5) N2O5 + Cl− → Y⋅ClNO2+ (2-Y)⋅HNO3,
ClNO2 was not considered due to the unavailability of gridded Cl
emission during the study period; we used HNO3 yield of 2 in (R5) thus
overestimation of nitrate particle was expected in this study. However,
Cl-chemistry is particularly important because Cl− reacts with N2O5
during the nighttime and forms ClNO2, which is a critical factor in the
formation of aerosol NO3

− at high levels in NOx-rich environments. By
incorporating Cl emission and accounting for Cl-chemistry in this study,
it would be possible to simulate more realistic to secondary NO3

−

formation.
Bertram and Thornton (2009) showed that ClNO2 production

reduced the total NO3
− levels in the United States (by up to 0.8–2.0

μg/m3 or 11–21%). However, there is a significant lack of modeling
studies for the Northeast Asia region. Jo et al. (2023) conducted
modeling study based on the latest anthropogenic Cl emissions (Zhang
et al., 2022), and indicated that although addition of Cl emission did not

significantly alter NO3
− formation with the only minimal difference,

although the differences in NO3
− and NH4

+ were not significant (<0.1
mg/m3), the ability to simulate the PM2.5 concentrations was slightly
improved compared with the Cl emissions-free case. However, even in
this case, only gridded anthropogenic Cl emissions were considered,
while natural Cl emissions were not accounted for. In particular, given
the geographical proximity of the Korean Peninsula to the Yellow Sea,
the impact of gridded natural Cl emissions on modeling is significant.
Therefore, it is urgent to establish the horizontal distribution of
currently available natural Cl emissions.

3.6. Recommendations for aircraft field campaign

The altitudes at which high concentrations of various N2O5-related
chemical species occurred were noteworthy. Our simulation of NO3•

and N2O5 formation aloft via the reactions (R1)–(R2) indicated that RL
height is a crucial factor determining which altitudes are conducive to
the formation of high levels of N2O5-related chemical species, and can
also be used to determine optimal flight altitudes for aircraft-based at-
mospheric investigations.

Fig. 10 shows a time–height plot of N2O5-related chemical species, as
determined from vertical profiles based on our modeling study. NOx
levels reached a maximum near the ground, whereas NO3• maxima
occurred at 0.7–0.8 times the RL height and N2O5 maxima at 0.4–0.7
times the RL height, respectively. These results are consistent with the
dependency of N2O5 formation via (R2) on NO2, which is more abundant
at lower altitudes. The formation of both N2O5 and NO3• is governed by
the vertical structures of O3 and NO2 in the RL, and therefore by the NOx
emission rate and atmospheric stability of NOx in the NBL and RL at
night.

However, as the daytime convective boundary layer develops and
the top of the next day’s ABL reaches the base of the RL, NO3

− formed at
night can be mixed down toward the ground, adding to the accumulated
surface NO3

− levels. In summary, as the NBL develops with the RL above
it, NO3• remains within the RL, allowing N2O5 chemical reactions to
occur. As the RL is not in direct contact with the ground, NO3• and N2O5
are retained high aloft, and subsequently dispersed into the daytime
mixed layer on the following day. Thus, RL height may be a crucial
factor determining the optimal altitude for aircraft campaigns aimed at
investigating N2O5 chemistry. In turn, the RL height is determined by the
maximum daytime ABL height on the previous day.

Fig. 10. Schematic illustration of the nighttime–height distributions of N2O5-related chemical species: NO, NO2, NO3⋅, N2O5, and NO3
− over the SMA, as simulated by

the WRF-CMAQ model. The y-axis is normalized to the residual layer (RL) height.
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4. Summary and conclusion

This study applied WRF-CMAQ modeling to simulate the vertical
profiles of N2O5-related chemical species, which were then interpreted
in association with RL development. The study period covered March
16–17, 2016, and also discussed for the period of KORUS-AQ campaign:
May 16–22, 2016, during which measured NO3

− concentrations indi-
cated that nighttime heterogeneous N2O5 chemistry accounted for a
large fraction of PM2.5.

Our results showed that nighttime N2O5 heterogeneous chemistry
can support the nighttime buildup of NO3

− , and therefore that nocturnal
NBL dynamics are a critical determinant of the altitudes of N2O5-related
chemical species at night. Thus, according to our simulation results, as
the NBL develops, overlain by the RL, NO3• still resides in the decoupled
RL, in contrast to the lack of NO3• production at ground level. The
simulated NO3• peak occurred at 0.7–0.9 of the RL height, and the
simulated N2O5 peak occurred at 0.4–0.7 of the RL height, which were
lower than the NO3• peak. The retention of these two species in the
decoupled RL likely induced active N2O5 chemical reactions. Our results
suggest that the relationship between the ABL or RL height and night-
time N2O5 heterogeneous chemistry contributed to the relative success
of our simulation of the nighttime secondary formation of NO3

− and ul-
timately of the PM2.5 mass concentration.

Vertical profiles of N2O5-related chemical species over the SMA are
lacking. However, our analysis of those profiles and the influence of the
RL, although our study is based on modeling, provide crucial informa-
tion on the optimal flight altitudes for aircraft measurement campaigns,
such as SIJAC and ASIA-AQ campaigns. Nonetheless, our research
covered only a limited study period, such that additional modeling of
multiple cases and further verification of the results are needed for ac-
curate estimates of the vertical structures of nighttime N2O5-related
chemical species.
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