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ABSTRACT: The atmospheric mineral aerosol reaction (AMAR) 50"y

model, which was developed to simulate dust-driven heterogeneous oy

chemistry of SO, and NO,, was combined with the comprehensive 95y

air quality model with extensions (CAMx). The resulting model was CHINA
then applied to simulate the influence of the long-range-transported w0°y Gobi desert

dust particles on the formation of sulfate and nitrate during the DUstStOrm )
Korean-United States Air Quality (KORUS-AQ) campaign from L%

Sulfate

35°
May 19 to 30, 2016. In the mechanisms, dust particles promoted N

the oxidation of SO, and NO, through heterogeneous photo-
catalytic reactions and autoxidation. The predicted concentrations
of sulfate, nitrate, and ammonium ions were compared with ground- -
based observations obtained at a monitoring site in Olympic Park, 0 10°g
Seoul, Korea. The predicted sulfate increased by 29% in the high

dust period of this campaign, while the sulfate produced via nondust aqueous reactions decreased by 66%. The model captured the
impact of dust on the sulfate formation in that particulate sulfate increased with increasing dust loads. The model also predicted the
formation of a large quantity of particulate nitrate during the cold and wet periods in the presence of abundant ammonia in East
Asia. The trajectory simulations showed that dust particles were rapidly buffered by sulfate when dust parcels passed urban and
industrial areas in Asia and then heavily coated with sulfate and nitrate during long-range transport. The KORUS-AQ campaign was
conducted after passing the dust season (ie., springtime), although dust concentrations were still higher than those in ordinary
seasons. Thus, the impact of dust particles on the formation of sulfate and nitrate will be more significant during dust events.
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B INTRODUCTION reported uptake coeflicients of SO, onto dust particles vary
widely, ranging from 107> to 1077 (s™"), due to differences in
mineral composition, relative humidity (RH), and the type and
intensity of light source. Uptake coefficients estimated from
laboratory studies have been applied to regional models to
simulate the oxidation of SO, and NO, during dust events. For
example, Pozzoli et al.”® simulated a significant reduction of O,
and HNO; gases in the presence of dust particles using a global
model. Wang et al.”’ demonstrated the reduction of O, by 9%
and SO, by 27% using a regional model integrated with
heterogeneous chemistry on a dust phase. By implementing the
uptake coeflicients of major gas species into the community

Airborne dust particles, originating from desert and semidesert
regions, can transport across continents during seasonal wind
episodes. The annual global emissions of airborne mineral dust
particles are estimated to be between 1000 and 3000 Tg."”
This long-range transport of dust particles is influenced by
their particle size distribution. For example, coarse dust
particles are deposited locally due to their high settling
velocity, while fine dust particles can undergo long-range
transport with an averaged airborne life of 4.3 days.”* Dust
events can impact the atmospheric chemistry associated with
regional air quality,”~® the activity of aerosol cloud

condensation nuclei (CCN),”~"" and the optical properties
of aerosols. 2~ 13 Received: March 16, 2020
Airborne dust particles can act as a sink for important Revised: ~ May 27, 2020

16-23 o example, Accepted: June 1, 2020

gaseous pollutants, such as SO,, and NO,.
Published: June 1, 2020

the heterogeneous conversion of SO, to sulfate on various type
of mineral particles (TiO,, Fe,O;, Arizona dust, Gobi Desert
dust, and Saharan dust) has been studied.'”?****” Their
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multiscale air quality (CMAQ) model, Dong et al.>° simulated
the sulfate and nitrate formation during a severe dust storm
episode in East Asia from March 19 to 21, 2010.

Current regional models approach the heterogeneous
chemistry of dusts through a simple first-order uptake of
gaseous species, ie.,, SO, and NO,. However, the actual dust
heterogeneous chemistry proceeds via complex multiphase
reactions, including photocatalytic reactions, autoxidation, and
buffering of alkaline salts with sulfuric acid or nitric acid in the
dust phase. For example, the semiconducting metal oxides in
dust particles can be photoactivated and yield electron—hole
pairs that further react with water or oxygen molecules on dust
surfaces to form oxidizing radicals (i.e., OH radicals). 33260,
and NO, react with these oxidants to form sulfate and nitrate.
Thus, heterogeneous photocatalytic oxidation of SO, and NO,
involves second-order reactions and photolysis. To streamline
multiphase dust chemistry including photocatalytic oxidation
and autoxidation in the chemical transport model, Yu and Jang
recently developed the atmospheric mineral aerosol reaction
(AMAR) model.>*73*

In this study, we explored the impact of authentic dust
particles on the heterogeneous formation of sulfate and nitrate
during the Korea-United States Air Quality (KORUS-AQ)
campaign (doi: 10.5067/Suborbital/ KORUSAQ/DATAO1)
performed from May 19 to 30 over across northeastern
China, the Korean peninsula, and southern Japan. Mineral dust
originating from the Gobi Desert seasonally influences far-East
Asia. The AMAR model was implemented in combination with
the CAMx model (comprehensive air quality model with
extensions) (v6.50, ENVIRON)>® to simulate the formation of
sulfates and nitrates at a regional scale during the dust event of
this study. The simulation results were compared with ground-
based observational data gathered in the urban area of Seoul,
South Korea (Olympic Park, 37.52° N, 127.12° E). To
characterize the sensitivity of sulfate and nitrate formation to
dust emissions, CAMx-AMAR simulations were performed
with different specified emission rates of mineral dust.

B METHODOLOGY

Kinetic Mechanisms in AMAR: Heterogeneous Chem-
istry on Dust Particles. The surfaces of airborne dust
particles can act as a sink for gaseous species such as SO, and
NO,. During the long-range transport of dust particles, these
trace gases can be photocatalytically oxidized on the surface of
dust. In this study, the heterogeneous chemistry of SO, and
NO, was simulated using the AMAR model.*>** In brief, the
AMAR model simulates the oxidation of SO, and NO, to form
sulfate and nitrate by four pathways: gas-phase oxidation,
nondust aqueous reactions,”’ dust-driven autoxidation reac-
tions,”>~>"*7*® and dust-driven photocatalytic reac-
tions. 922,27,31-34,39 Dust-driven chemistry is approached by
multiphase partitioning of trace gases followed by in-particle
chemistry, including autoxidation and photocatalytic oxidation
reactions. For example, the autoxidation of SO, on the surface
of dust occurs in an oxygen environment.

o -
SO, = SO; (1)

Under ambient sunlight, the semiconducting metal oxides in
the dust (i.e, TiO, and Fe,O;) are photoactivated to yield
electron—hole pairs (e _h), which form radicals (ie, OH
radicals) in the presence of water or oxygen molecules.’"*

This dust-driven photocatalytic oxidation of SO, is described
using second-order reactions as follows

dust + photon — dust + e_h ()
e_h + H,0 —»° OH,,, 3)
e_h + O, >° OHyy, (4)
SO, + OH,,, — SO;~ (s)

where *OHyg, is the OH radical formed on dust surfaces. The
photoactivation process of dust particles is parametrized based
on the photoactivation rate constant as described in Section
S1 of the Supporting Information.”* NO, is oxidized by a
similar oxidation pathway as SO, in the dust phase. The
heterogeneously formed sulfuric acid and nitric acid can react
with dust-originated alkaline salts, such as calcium carbonate,
to form alkane sulfate and nitrate salts. Hence, the modulation
of dust chemical characteristics can change the hygroscopicity
of dust particles during long-range transport. Owing to the
multiphase heterogeneous chemistry simulated in the AMAR
model, the oxidation of SO, and NO, can be captured under
dynamic environmental and meteorological conditions, includ-
ing sunlight intensity, temperature, and RH.

Integration of AMAR with CAMx. The CAMx regional
model encompassed the AMAR model as a subaerosol model
to simulate dust heterogeneous chemistry. Sulfuric acid and
nitric acid produced through the dust-phase heterogeneous
chemistry are partially neutralized with alkaline carbonates in
the dust phase. The neutralization reactions were processed
until the surface of dust reaches its buffering capacity (3.23 X
107* pmol ug™ in Gobi Desert dust particles).”* Alkaline
nitrate was also depleted by the formation of alkaline sulfate.
The formation of sulfate and nitrate via aqueous-phase
reactions was handled by RADM aqueous chemistry.*’ For
gas simulations, the SAPRC-07 mechanism was employed.*"**

To process gas—aerosol partitioning of ammonia and nitric
acid, dust-phase inorganic species excluding alkaline sulfate and
nitrate were then passed to the inorganic thermodynamic
model (ISORROPIA).” Except for alkaline salts, the total
inorganic species originating from the reactions in the dust
phase, aqueous phase, and gas phase were included in the
ISORROPIA for the calculation of the aerosol ion concen-
trations, including nitrate and ammonium. Sulfate was
predicted in the form of dust-phase sulfate, which is associated
with heterogeneous reactions (D- SO, ); gaseous sulfuric
acid (502r ); and aqueous-phase sulfate, which is associated
with aqueous chemistry (504_ ) In addition, D-SOy  ~was
simulated via three main mechanisms: sulfate (D- SOZ};PM)
formed through heterogeneously photocatalytic reactions,
sulfate (D-SO3~ ) associated with autoxidation, and absorbed

gaseous sulfuric acid (D-SO;

pre,auto

rrrrr ) that originates from the gas-
phase oxidation of SO, or prlmary emissions (i.e., incinerators
and coal power plants). In the absence of dust particles, SOiP_mgm
can be absorbed into pre-existing aqueous aerosols to form
SOﬁP—mq. Nitrate, which was semivolatile and relied on gas-
particle partitioning, was estimated using total nitrate (T-
NO;Pm), excluding alkaline nitrate.

The emission of airborne dust particles at the source was
generated using WBDUST version 1.1.*** Dust emissions
included the fine crustal particle (FCRS, particle diameter:
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Figure 1. (a) Domain for the simulation of dust chemistry and (b) the ground-based monitoring site during the KORUS-AQ campaign. The
Olympic Park sampling site (37.52° N, 127.12° E) is located in the Olympic Park near the urban region of Seoul, Korea and the Bulkwang site
(37.61° N, 126.94° E) is located in the same simulation domain. (c) Measured relative humidity (RH, %), temperature (Temp., °C), and sunlight

intensity (W m™2) at the Olympic Park site.
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Figure 2. Three-day backward air trajectories for the ground observation site (37.52° N, 127.12° E) during the KORUS-AQ campaign in 2016.
The 3-day trajectories were computed using the HYSPLIT model ending at 00:00 (UTC) for (a) May 25, (b) May 26, (c) May 27, (d) May 28,
(e) May 29, and (f) May 30. The HYSPLIT trajectory model was developed by National Oceanic and Atmospheric Administration (NOAA). The
meteorology input for the simulation was derived using the 0.5° global data assimilation system (GDAS). The vertical velocity of the model was
used in the vertical motion calculation method. The simulation was run for three ending heights: 100, 500, and 1000 m above the ground level

(AGL).

<2.5 pum) and coarse crustal particle modes (CCRS, particle
diameter: 2.5—10 ym). Both FCRS and CCRS were included
in the CAMx-AMAR simulation. The total dust mass (TCRS,
ug m~>) was then calculated as the sum of FCRS and CCRS.
The dust particle with a diameter larger than 10 gm was not
considered for the simulation due to its relatively large settling
velocity. The CAMx-AMAR simulation was conducted using
grids with a 27-km resolution nested with 22 vertical layers.
Figure 1 shows the simulation domain over northeastern

China, the Korean peninsula, and southern Japan. To predict
the concentrations of chemical species at the specific sampling
site, the predicted concentrations of the chemical species were
processed using the inverse distance weighting method (IDW).

Ground-Based Observations during the KORUS-AQ
Campaign. Ground-level observational data were performed
at a monitoring station located in the Olympic Park, Seoul,
South Korea (37.52° N, 127.12° E) and the Bulkwang site
(37.61° N, 126.94° E). The field data for this study was

https://dx.doi.org/10.1021/acsearthspacechem.0c00074
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Figure 3. Observed sulfate (SO ) vs simulated sulfate (T-SOi;) under different conditions: sulfate without dust emissions (T-SO3~ ),

AobspM2s 4preno dust

) from May 19 to 30 at the
represents the sulfate formed by heterogeneously photocatalytic

sulfate with fine crustal particles (T-SO3

pre,FCRS

), and sulfate with both fine and coarse crustal particles (T-SOZ

pre,FCRS+CCRS:

monitoring sites: (a) Olympic Park site and (b) Bulkwang site. D-SO}

pre photo

reaction. Measured nitrate (NO?~

‘obs,PM2.5:

) vs simulated nitrate under two conditions: nitrate without dust emissions (T-NO3Pmnc ...) and nitrate with

both FCRS and CCRS particles (T-NO3 ) at two sites: (c) Olympic Park site and (d) Bulkwang site. Measured ammonium (NHj ) vs

pre,FCRS+CCRS 4obs,pM25

) and ammonium with both FCRS and CCRS

simulated ammonium under two conditions: ammonium without dust emissions (T-NH}

obs,no dust:
particles (T-NH} ) at two sites: (e) Olympic Park site and (f) Bulkwang site.

pre,FCRS+CCRS:

provided by the National Institute of Environmental Research meter (083D-1—35 T/RH Sensor, Met One Instruments, Inc.)
(NIER, Korea). The water-soluble inorganic ion concen- and a solar radiation sensor (096—1, Met One Instruments,
trations (sulfate, nitrate, and ammonium) in PM, were Inc.) and are presented in Figure 1c. The errors associated with
monitored every hour using the Monitor for AeRosols and the water-soluble ion concentrations, the concentration of PM,
Gases in Ambient air (MARGA ADI 2080, Metrohm, the concentration of gaseous species, RH, temperature, and
Switzerland). Water-soluble ion data obtained from the sunlight radiation were £10%, +1 ug m™>, +£5%, +2%, +0.15
Olympic Park site were available for the time period of May °C, and +3%, respectively.
19 (0 UTC)—May 24 (0 UTC), May 26 (0 UTC)—May 29 (0 Trajectory of the Dust Parcels. The sources of long-
UTC), and May 30 (0 UTC)—May 31 (0 UTC). The mass range-transported mineral dust for our study domain include
concentrations of PM, g and PM,, were continuously sampled two primary regions: the Gobi Desert (northern China and
using a particulate monitor (FH62C14, Thermo) and averaged southern Mongolia) and the Taklimakan Desert (mid-West
every hour. The observations for PM, s and PM,, are presented China). Dust particles from the Gobi Desert can be entrained
in Figure S1. The gas concentrations of O;, NO,, and SO, to altitudes less than 3000 m. The Gobi Desert is one of the
were measured using an O; analyzer (EC9810, Ecotech, dominant sources of dust particles for East Asia*® and western
Australia), a NO,, analyzer (EC9841, Ecotech, Australia), and a North America."’ ™ To evaluate the spatiotemporal patterns
SO, analyzer (EC9850, Ecotech, Australia), respectively. The of airmass transport, 3-day backward trajectories were
observational data for gaseous species is presented in Figure computed every 24 h from May 25 to 30, 2016, using the
S2. The relative humidity (RH), temperature (°C), and HYSPLIT trajectory model®® developed by the National
sunlight radiation (W m™) were monitored using a hydro- Oceanic and Atmospheric Administration (NOAA) (Figure
D https://dx.doi.org/10.1021/acsearthspacechem.0c00074
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2). The meteorology input for the calculation of trajectories
was the global data assimilation system (GDAS), which has a
resolution of 0.5° X 0.5°. To predict the long-range transport
of dust-containing air parcels in regional scales within the
boundary layer (<~1 km), the trajectories of the air parcel
were simulated for three different altitudes (100, 500, and 1000
m above ground) at the Olympic Park site (37.52° N, 127.12°

B RESULTS AND DISCUSSION
Simulated Sulfate and Nitrate Using CAMx-AMAR.

Sulfate, nitrate, and ammonium concentrations were simulated
using CAMx-AMAR and plotted vs ground-based data from
the Olympic Park monitoring site and the Bulkwang site from
May 19 to 30, 2016 during the KORUS-AQ_campaign. In
CAMx-AMAR, total sulfate (T-SOi};) was simulated for three
different dust conditions, as seen in Figure 3a: sulfate without

dust emission data (T-SO;~ ), sulfate with emission data

‘pre,no dust
from FCRS (T-SO?;;'FCRS), and sulfate with emission data from
both FCRS and CCRS (T-SO;_ ). The ground-based

pre,FCRS+CCRS
observed sulfate (SO3. ) was simulated against T-SO;

pre,FCRS

because field data include the ion concentrations associated
with PM, 5. The concentrations of SO = were noticeably

high during May 25—27 and May 30—31 when dust mass
loadings were high (Figure S1). The model accurately
simulates this tendency as well as the sulfate concentrations.
The simulated sulfate was mainly contributed by the sulfate
associated with dust particles in the FCRS mode because
CCRS particles settled quickly during long-range transport.
Without dust-phase reactions (in the absence of dust emission
data), sulfate was underestimated by 20—30% when dust loads
were high (SO3~ vs SO3~ in Figure 3a,b). As seen in

4obsPM2.5 preno dust

SO‘Z‘:MW_5 (Figure 3a,b) and in the sunlight intensity profiles
(Figure 1c), high SO%;S‘PMZ5 appeared in the late afternoons

(May 26 and May 30). These high sulfate concentrations were
also correctly simulated by the model. The simulated D-
SO}~ was relatively sensitive to the sunlight intensity and

pre,photo
continuously increased during the day. For May 27, sulfate
concentration was overestimated at the Olympic Park site, but
it was well simulated at the Bulkwang site. The overestimation
of sulfate could be related to the spatial resolution between the
observation site and the simulation domain.

Figure 3c¢,d illustrates the total concentrations of particulate
nitrate at the Olympic Park site and the Bulkwang site,
respectively. Figure 3e,f shows the total particulate ammonium
at two sites, respectively. Compared with sulfate, the CAMx-
AMAR model better simulated both nitrate and ammonium
during the sampling period. The high concentrations of nitrate
and ammonium ions on May 26, 27, and 30 were well
simulated by the model. Both the observations and simulations
demonstrated that nitrate and ammonium were sensitive to
RH and temperature, with a diurnal pattern (Figure 1c): high
RH and low temperatures at night and low RH and high
temperatures during the day. Recent studies by Yu and Jang™*
demonstrated that both RH and temperature were important
to the formation of nitrate and sulfate on dust particles. The
gas-dust partitioning coefficients of SO,, NO,, and nitric acid
increase with decreasing temperatures. At a high RH, the
increased aqueous layer on dust particles promotes the gas-
dust partitioning process of hydrophilic gases. Dust-phase

nitrate is dominated by partitioned nitric acid and its
neutralization with ammonia because dust surfaces are buffered
with sulfate, as discussed above. It should be noted that the
high concentration of particulate nitrate appeared only when
sulfuric acid, a strong nonvolatile acid, was fully neutralized by
dust salts or ammonia. The nitric acid that accumulates in the
gas phase via a reaction with NO, with an OH radical was
rapidly partitioned to hygroscopic dust surfaces in the
morning. However, nitric acid offgasses from dust particles
when the temperature increased, and RH decreased. Hence,
both nitrate and ammonium reached a daily maximum in the
early morning, as seen in Figure 3c,d, respectively. In
particular, the maximum concentrations of nitrate and
ammonium were high between May 24 and 26 when RH
was high, and the temperature was low (Figure 1c). To
characterize the impact of dust particles on nitrate formation,
the model simulation was also performed without the input of
dust emission data. Unlike sulfate, the difference in the
simulated nitrate concentrations between the absence and
presence of dust emission was negligible because nitric acid
formation was dominated by the gas-phase oxidation of NO,.
In the absence of dust particles, gaseous nitric acid will
partition into sulfate seeded aqueous particles. Ammonium
concentrations can be affected by both sulfate and nitrate.

1
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Figure 4. Fraction of simulated sulfate associated with the dust-phase

heterogeneous chemistry (D—SOfP;hw“/ T—SO42}1:'FCRS+CCRS) and that
associated with gaseous sulfuric acid (SO%;W/ T-SO;y at the

Olympic Park site.

prc,FCRS+CCl{S)

Figure 4 illustrates the fraction of the heterogeneously
formed sulfate (D-SO;_ ), contributing to total sulfate (T-

Apre heter
SO4;:,FCR5+CCRS)' During high dust loads, D-SO;” con-

tributed to approximately 60% of total sulfate, and gaseous
sulfuric acid (SOﬁ;elg“) contributed to approximately 20%. In

the presence of dust particles, gaseous sulfuric acid is
immediately taken up by the dust particles and forms D-
SOﬁ;eg“. During the same time period, when dust loads were

high, sulfate formation via aqueous reactions was significantly
suppressed (up to 66%) due to the competition between dust
particles and the aqueous phase of the gas-particle partitioning
of SO,. In the simulation, D‘Soip_m,hmm is partially attributable to

the sulfate-buffered alkaline salts (i.e., calcium sulfate)
produced from the reaction of sulfuric acid with alkaline
carbonates. Our simulation suggested that dust particles were
heavily coated with sulfate, overcoming the buffering capacity
of dust. The excess amount of sulfuric acid on dust particles

https://dx.doi.org/10.1021/acsearthspacechem.0c00074
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Figure S. One-hour average mass ratio of fine crustal dust particles (FCRS) to total dust mass (TCRS) along the four different 3-day back
trajectories ended at S00 m AGL for (a) May 27, (b) May 28, (c) May 29, and (d) May 30.

was partially or fully neutralized by ammonia in the East Asian
atmosphere, where ammonia concentrations are relatively high.

Observed gaseous species, such as SO,, NO,, and O;, are
shown in Figure S2. The CAMx-AMAR model accurately
predicted the O3 concentration but underestimated the SO,
and NO, concentrations ranging from 52 to 84%. The
deviation between the simulation in regard to SO, and NO,
and observational data may be associated with missing local
emissions.

Chemical Compositions during the Long-range
Transport of Dust Particles. Airborne dust particles
originating from the Gobi Desert undergo long-range transport
and eventually reach a remote region in East Asia and the west
coast of North America.”’ = Due to the rapid deposition rates
of CCRS particles, the spatial distribution of dust mass is
dominated by FCRS. Figure 5 shows that the simulated mass
ratio of FCRS to TCRS along the back trajectories ended at
0:00 UTC from May 27 to 30, 2016. For all simulations, the
fraction ratios of FCRS to TCRS are greater than 0.6 when
dust particles approached the Korean peninsula. As shown in
Figure S1, the observed particulate matter at the ground-based
observation site is dominated by PM,, which also supports
our simulation results showing that the long-range-transported
dust particles are mainly in the fine mode. During the KORUS-
AQ_campaign, the simulated ground-level concentrations of
dust particles reached up to 30 ug m™> over downwind areas,
such as East China and the Korean peninsula. According to the
simulated back trajectories, the average travel time for dust
parcels was less than 3 days from the source region to the
sampling site. This is a sufficient amount of time for dust
particles to impact the regional air quality of East Asia for 3
days, especially during the dust storm season; however, the
travel times simulated in this study are somewhat shorter than

the previously reported lifetime of fine airborne dust particles
(approximately 4.3 days).”"

The observed field data during the KORUS-AQ_campaign
demonstrated that the long-range transport of heavy aerosol
plumes from East-Central China to the Korean peninsula
significantly impacts regional air quality.>>>® To characterize
the impact of dust particles on aerosol compositions during
long-range transport, the HYSPLIT trajectory model was
employed. Figure 6 illustrates the simulated concentrations of
chemical species (dust mass, sulfate, and nitrate in Figure 6a—
f) and meteorological variables (the intensity of solar radiation,
temperature, and water vapor concentration in Figure 6g—i).
The 3-day back trajectories of the air parcel, originating in the
Gobi Desert and arriving at the ground-based air monitoring
site of this study on May 27, 2016 (UTC), were computed for
500 m AGL (Figure 2c). The daily averaged ground-level
concentrations of chemical species (sulfate, nitrate, ammo-
nium, SO,, and dust mass) and meteorological variables
(temperature and water vapor) were simulated between May
21 and 29, as shown in Figures S3—S89.

Dust mass concentrations were high near the source region
on May 24, 2016 and gradually decreased due to the
deposition of dust particles during transport (Figure 6a).
Figure 6b and 6¢ illustrate the concentration of T-SOj_

pre,FCRS+CCRS

was low

and T—NO;P rCRSCaRS? respectively. T—SO4[;'FCRS+CCRS
between May 24 and 26, and slowly increased when the air
parcel transited the Yellow Sea. The SO, concentrations were
high in the industrial areas near the Chinese coast (Figure S6),
but high sulfate concentrations appeared in the downwind
region (more than 24 h travel of the air parcel from the
industrial regions). Within this air parcel trajectory, the
intensity of solar radiation (Figure 6d) was high on May 26
and promoted photochemical reactions of chemical species in
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Figure 6. Trajectories of the simulated 1 h average chemical species and meteorological variables: (a) total dust mass concentrations (FCRS +

CCRS), (b) total sulfate (T-SO¥~

Apre,FCRS+CCRS

heterogeneously formed sulfate (D-SO;_ . ) to T-SO;_

pre hetero pre,FCRS+CCRS

), (c) total nitrate (T-NO3

3 pre FCRS+CCRS

(f) ratio of gaseous sulfuric acid (D—SO4;W) to (T—SO4;’FCR5+CCRS), (g) intensity of

), (d) percentage of the available dust-buffering capacity, (e) ratio of

solar radiation (W m™2), (h) temperature (K), and (i) water vapor concentrations (ppm). The simulated concentrations of chemical species are
plotted on the 3-day backward air trajectory ending at 00:00 May 27, 2016 (UTC) for 500 m AGL. The open circle represents the nighttime
simulation (from sunset to sunrise) and the closed circle represents the daytime simulation.

all phases (gas phase, aqueous phase, and dust surface). The
buffering capacity of mineral dust particles was simulated on
the trajectory (Figure 6d). Dust particles were rapidly buffered
by sulfate within 12 h of entering inland China. We conclude
that the neutralization capacity of dust particles in East Asia
originating from the Gobi Desert is mostly saturated.

The fraction of heterogeneously formed sulfate to total
sulfate (D-SO;~ /T-SO;~

prehetero pre,FCRS+CCRS.

sulfuric acid to total sulfate (D-SO3~ /T-SO; ) are

pre,gas pre,FCRS+CCRS

) and that of gaseous

shown in Figure 6e and 6f, respectively. The contribution of
dust heterogeneous reactions to total sulfate was high (>0.9)
near the dust source region but gradually declined as dust
particles were deposited. The value of D-SO,~ /T-

pre,hetero
SOi;t'FCRMCRS was approximately 0.6 when dust parcels arrived
at the ground-based monitoring site at Seoul, South Korea on
May 27, 2016. The fraction of gaseous sulfuric acid to total

sulfate (Figure 6f) increased due to the reduction in dust mass

and the increased primary emissions of sulfuric acid when air
parcels moved from the Yellow Sea to the Korean peninsula.

In addition to sunlight intensity, particulate nitrate can be
significantly influenced by temperature and humidity through
gas-particle partitioning of NO, and nitric acid. Nitric acid was
abundant in urban and industrial areas in China and intruded
the dust air parcels during the day on May 25, 2016. At night,
when the air parcel moved from inland China to the Yellow
Sea, temperatures decreased (from 300 to 285 K) and
humidity increased over the ocean, as seen in Figure 6h, and
6i. This meteorological condition was favorable for the
formation of particulate nitrate. The simulated T-NO3,

re,FCRS+CCRS
in Figure 6¢ continuously increased through the night on May
26, 2016. This accumulation of hygroscopic nitrate on dust
particles may possibly promote heterogeneous uptake of
gaseous chemical species, such as SO, ****7¢

The proton concentrations in air parcels were simulated
based on the mass balance of ion species, excluding the sulfate
associated with dust-buffering reactions. As seen in Figure
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S10a, the dust parcel becomes acidic over the Yellow Sea,
where ammonia was limited (Figure S10b) and photochemical
reactions were active (Figure 6g). As the parcel approached the
Korean peninsula, the acidity of the aerosols immediately
decreased by gaining ammonia sourced from human activities,
neutralizing acidic sulfate. Interestingly, T-NO;"

(Figure 6¢) reached a maximum after the particulate proton
declined because aerosol acidity hinders the partitioning of
nitric acid.

Sensitivity of Heterogeneous Chemistry to Dust
Emission. The dust mass concentrations observed during
the KORUS-AQ campaign were relatively lower than those in
typical spring dust events, although they were higher than the
dust concentrations observed during nondust seasons. To
understand the impact of dust particles on the formation of
atmospheric sulfate and nitrate, the model was simulated with
dust mass 2 times greater than the field data of this study. In
Figure S11a, the sulfate concentrations on the back trajectories
ending at 0:00 of May 27, 2016 (UTC) were simulated with
double the mass of dust emissions. With an increase in the dust
load compared to that shown in Figure 6b, a large area
including inland China, the Yellow Sea, and the Korean
peninsula can be impacted by the high sulfate associated with
dust particles from the Gobi Desert. The enhancement of
sulfate formation given a higher dust load was also reported by
recent chamber studies.””>” When the dust load was doubled,
the simulated D-SO}~  /T-SO3}~ increased from 67.3

pre,hetero pre, FCRS+CCRS

to 78.7% (Figures 6e and S11b) at the ground-based air
monitoring site, indicating the importance of dust-driven
sulfate formation during dust events. Unlike sulfuric acid,
sulfated acidic dust particles drive nitric acid to the protonated
states and then into the gas-phase (Figure S11c) due to its high
volatility.**>”

Uncertainties and Atmospheric Implications. The
major model uncertainties associated with the simulation of
the heterogeneous chemistry on dust is originated from both
the model parameters in the AMAR and the dust emissions,
which is estimated with the WBDUST model. In the AMAR
model, the photoactivation rate constant of dust particles and
the hygroscopicity parameters are obtained using the authentic
mineral dust collected from the northern Gobi Desert.”* The
dust compositions, however, can be diverse depending upon
dust sources that originate from different areas in the Gobi
Desert and they can influence heterogeneous chemistry on
dust. Therefore, the parameters associated with dust’s
heterogeneous chemistry in AMAR may not characterize the
actual dust properties during dust storm events. Additionally, a
large variation also appeared in dust emission data
(~50%).*%*> The predicted dust emissions can be changed
with meteorological conditions, the land coverage, and the clay
content. Due to coagulation, dust particles can also scavenge
small particles such as sulfate aerosols created by SO, aqueous
reactions. In this study, the coagulation process between
particles was not included because dust particles mainly
comprised FCRS particles during long-range transport. These
fine dust particles have a relatively slow coagulation rate with
submicron aqueous particles.

Airborne dust particles promote the heterogeneous
oxidation of gaseous species, such as NO, and SO,, through
both photocatalytic reactions and the autoxidation pathway. In
the presence of dust particles, the estimated sulfate
concentration was enhanced by up to 29% (Figure 3a,b) at

the ground-based monitoring site of this study. Figure S12
illustrates satellite images of the simulated domains between
May 21 and 29 from a moderate-resolution imaging
spectroradiometer (MODIS) onboard NASA’s Aqua satellite
(source: https://worldview.earthdata.nasa.gov/ ). However, no
clear transport of dust plumes appeared in the satellite images
during the KORUS-AQ campaign, which was not performed in
the typical dust season during spring months (between
February and April). A higher dust mass load during the
dust season may lead to enhanced sulfate formation in the
regions downwind from the dust source. For example, Wang et
al.>® observed that the fraction of sulfate to calcium and the
fraction of nitrate to calcium were significantly elevated during
a super Asian dust storm in March 2010. In addition, SO,
emissions seasonally increase during the cold season due to
heating demand. In spring, SO, emissions are still high and can
rapidly increase sulfate during a dust outbreak. In our
simulation, dust particles were fully buffered when air parcels
entered inland China, where anthropogenic air pollutants are
abundant (Figure 6d). The sulfate on dust particles
significantly surpassed the sulfate-associated buffering capacity
(buffered sulfate was 2—5% of total sulfate). Thus, the impact
of dust-buffered sulfate on aerosol acidity may be negligible.
Over urban areas, the predicted aerosol proton concentration
ranged from 107> to 10> ymol m™>. The high aerosol acidity
in the dust parcels appeared over the Yellow Sea downstream
from industrial areas (Figure S10a) due to sulfate formation in
the dust phase under ammonia-poor environments (limited
ammonia sources over the ocean). The aerosol acidities over
the Yellow Sea were 1 order of magnitude higher than those in
upstream industrial areas. In addition, dust plumes would
possibly interact with sea spray aerosol and deplete chloride
ions in it (neutralization of aerosol acidity) during the
transportation over the ocean and coastal areas. The effect of
sea spray aerosol on dust’s heterogeneous chemistry needs to
be explored in future.

The CCN activities of particulate matter during dust events
may be modulated. For example, the reduced formation of
sulfate via nondust aqueous aerosol can suppress the CCN
activity during dust episodes, but the hygroscopicity of aged
dust can increase the CCN activity due to coating with
hygroscopic nitrate salts.'”” In addition, large dust particles
can compete with nondust submicron particles for water vapor
and potentially reduce the CCN activity.”*®!

In recent years, there has been an increasing concern
regarding reducing SO, emissions. For example, global SO,
emissions were reduced by 31% from 1990 to 2015°” and by
88% in North America from 1990 to 2018 (https://www.epa.
gov/air-emissions-inventories/air-pollutant-emissions-trends-
data). Zhang et al.®® estimated that there was a large reduction
of SO, emission (~62%) in China between 2010 and 2017.
With these trends, the formation of particulate sulfate has been
reduced, and nitrate has become relatively important in the
composition of particulate. Consequently, dust particles can be
coated with hygroscopic nitrate salts, such as calcium nitrate
and ammonium nitrate. Additionally, organic species can also
interact with dust particles.”*"®" For example, semivolatile
organic compounds can be heterogeneously oxidized on a dust
surface and the carboxylic acid group can produce carboxylate
salts in the dust. Regional models need to be improved through
future studies to predict the heterogeneous chemistry of
hydrocarbons on dust and their impact on nitrate and sulfate
formation.
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