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ABSTRACT

A detailed gas-phase chemistry mechanism is combined with dust surface uptake processes to explore possible
impacts of mineral dust on tropospheric chemistry. The formations of sulfate and nitrate on dust are studied
along with the dust effects on the photochemical oxidant cycle for the long-range-transported particles with a
diameter of 0.1–40 mm.

The results show that mineral dust may influence tropospheric sulfate, nitrate, and O3 formation by affecting
trace gas concentrations and the tropospheric oxidation capacity through surface processes. The postulated
heterogeneous mechanism provides a plausible interpretation for the observed high nitrate and sulfate on dust
and the anticorrelation between O3 and dust in East Asia. The presence of dust results in decreases in the
concentrations of SO2 (10%–53%), (16%–100%, defined as NO3 1 N2O5 1 HNO3), HxOy (11%–59%,pNOy

defined as OH 1 HO2 1 H2O2), and O3 (11%–40%) under model conditions representative of spring dust storms
in East Asia. The decrease in solar actinic flux and the surface uptake of O3 and its precursors contribute to the
total O3 decrease for the conditions studied. Nitrate and sulfate, 0.9–2.1 and 0.3–10 mg m23, respectively, are
formed on dust particles, mostly in the size range of 1.5–10 mm. The magnitude of the dust effect strongly
depends on the preexisting dust surfaces, the initial conditions, and the selection of model parameters associated
with surface uptake processes. The impact of dust reactions on O3 reduction is highly sensitive to the uptake
coefficient and to the possible renoxification from the surface reaction of HNO3 on dust.

1. Introduction

Mineral aerosol is an important component in the
earth–atmosphere system. Every year 200–5000 metric
tons of mineral aerosol are emitted from arid and semi-
arid regions into the atmosphere (Goudie 1983; Pye
1987). The size of arid regions is increasing by millions
of hectares per year due to changes in precipitation and
anthropogenic disturbance, including overgrazing, de-
vegetation, erosion, land salinization, and mining activ-
ities (Sheehy 1992). The preexisting deserts and the
ongoing large-scale desertification have caused the con-
stant seasonal cycle of severe dust storms over many
regions including the North Pacific, the mid-Atlantic,
the Mediterranean, East Asia, Europe, Africa, and South
America (Schütz and Jaenicke 1974; Prospero et al.
1981; Nishikawa et al. 1991a).

While the source, emission, and mass loading of min-
eral dust on the regional and global scales are now being
documented, many effects of dust still remain uncertain.
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For example, we do not have a good estimate of its
radiative effects. Tegen and Fung (1994) have indicated
that the uncertainties in calculating the dust optical
thicknesses could be a factor of 3–5 because of the crude
size resolution, insufficient data, and exclusion of many
dynamic processes. We also know little about the sur-
face properties of dust, which largely depend on its
microstructure, size and chemical composition, and the
ambient conditions. Whether and when the soluble solid
substances on a single particle will deliquesce must be
determined to fully describe the surface uptake, ad-
sorption/absorption, and chemical reaction processes.
Furthermore, the chemical impacts of dust on the trace
gas species need to be quantified. Elevated sulfate, ni-
trate, ozone, and trace metals during dust storms have
been recently observed over the Pacific and the Atlantic
Oceans (Prospero and Savoie 1989; Savoie and Prospero
1989; NIES 1989; Savoie et al. 1989; Oltmans and Levy
II 1992). There remains a question as to what extent
the mineral dust behaves as a long-distance carrier and
an effective surface interacting with gas-phase species.

We have begun to explore the importance of the dust
interactions on tropospheric chemistry. In Dentener et
al. (1996), we investigated the impact of irreversible
reactions of HNO3, N2O5, NO3, HO2, O3, and SO2 on
dust surfaces on the global scale using a highly param-
eterized description of gas–aerosol interactions. Results
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from that study suggest that a large fraction of gas-phase
nitric acid may be neutralized by mineral aerosol. The
regions where at least 40% of the total nitrate is found
on the mineral aerosol were found to cover vast regions
of the Northern and Southern Hemispheres. Only the
regions of western and central Europe, the eastern parts
of North and Central America, and the high-latitude
(.608) zones were predicted to have relatively small
portions of HNO3 associated with mineral aerosol.

Interactions of N2O5, O3, and HO2 radicals with dust
were also explored and found to affect the photochem-
ical oxidant cycle, with ozone concentrations decreasing
by up to 10% in and nearby the dust source areas. The
direct reaction of ozone on mineral aerosol warrants
further study and could be important at mass accom-
modation coefficients greater than 5 3 1025. These dust
interaction effects can be intensified on regional scales
during high dust periods, where the surface areas of
mineral aerosol can be an order of magnitude higher
than the monthly averaged values calculated by the
global model (Zhang et al. 1994).

In this paper we further explore the potential impact
of mineral aerosol on tropospheric chemistry using a
box model in which detailed gas-phase chemistry is
combined with dust surface uptake processes. We ex-
plore the sensitivity of the dust influence to such quan-
tities as surface reaction probabilities and the degree to
which particulate nitrate is converted back into NOx.
These issues are explored under conditions represen-
tative of dust events in East Asia.

2. The combined gas-phase and dust chemistry
box model

a. Simulation of properties and dynamics of mineral
aerosol

Mineral aerosol has a diameter ranging from 0.1 to
about 1000 mm. Large particles with a diameter greater
than 40 mm usually settle out near the source regions,
while the relatively small particles have a lifetime of
several days and weeks and can be transported up to
several thousands of kilometers. Ambient dust usually
has a multilayer and multicomponent structure. The dust
at and near the source regions is dry and usually has
two layers: an irregularly shaped insoluble core con-
sisting of silica and a soluble solid shell mainly con-
sisting of carbonate and some trace metal salts (Rahn
et al. 1979; Okada et al. 1990; Inoue and Yoshida 1990).
Away from the sources the long-range-transported
(LRT) dust usually consists of an insoluble core, a sol-
uble solid layer, and a liquid coat composed of an aque-
ous solution of electrolytes (Chung and Harris 1991;
Parungo et al. 1995). The composition of mineral dust
is dependent on the soil composition at the source and
the air constituents along the transport path. For ex-
ample, dust derived from the Asian continent is enriched
in , , , Cl2, and trace metals such as Al,22 2 1SO NO NH4 3 4

Ca, Fe, Na, K, and Mg (Kang and Sang 1991; Nishikawa
et al. 1991a), while the dust derived from the Sahara
Desert is enriched in Ba, Ti, Mn, and Fe (Rahn et al.
1979).

The air parcels that we simulate in the box model are
assumed to be far away from the dust sources and thus
contain only the LRT dust particles. We assume that
particles are initially dry, spherical, and charge neutral;
particles have a diameter of 0.1–40 mm; and particles
are internally mixed, that is, all particles at a given size
have the same composition. The size distribution of LRT
dust is observed to have a lognormal shape, with the
largest number concentration in the accumulation mode
with radii of 0.05–20 mm (Patterson and Gillette 1977;
Nishikawa et al. 1991b). The number distribution can
be given as

2dN n 2(logr/R)
5 exp , (1)

25 6d logr 2(logs)Ï2p logs

where n, r, and s are the number concentration, the
number mean radius, and the standard deviation, re-
spectively. An average density of 2.6 g cm23 is used
(Arao and Ishizaka 1986).

The dynamic processes involving dust simulated in
the box model are nucleation, condensation, and co-
agulation. The dependences of these processes on par-
ticle size, temperature, relative humidity (RH), and va-
por pressure of condensable species are also taken into
account. The binary homogeneous nucleation of H2SO4

and H2O vapor in the presence of dust is simulated based
on an empirical approximation of the classic nucleation
theory (Easter and Peters 1994). These fine particles can
serve as nuclei for the condensable species or coagulate
with one another or with dust particles to form larger
particles. This mechanism is important to the formation
of non-sea-salt (nss) sulfate on the surface of small dust
particles. The condensation and evaporation of water
vapor on the dust surface can change its size and mass.
The resulting growth in the size and mass can be cal-
culated as a function of ambient RH using an empirical
formula derived from a number of aerosol measure-
ments (Hänel 1976). In the empirical formula of Hänel
(1976), the particle radius and mass are given as an
explicit function of RH and mass increase coefficient,
as well as densities of dry particles and pure water. Since
there are no measurements on the mass increase coef-
ficient of Asian dust, the relationships between mass
increase coefficient and RH for condensation and evap-
oration processes are interpolated based on the mea-
surements of maritime aerosol over the Atlantic con-
taining Saharan dust during 16–25 April 1969 (Hänel
1976). The coagulation process is important for mineral
dust in the fine size range, which may change the num-
ber and surface area of dust particles. The coagulation
of particles is simulated based on the discrete form of
the coagulation equation (Gelbard and Seinfeld 1980).
The coagulation coefficients in the coagulation equation
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are determined for size-resolved dust using the Fuchs
and Sutugin (1970) formulation. These processes along
with interfacial mass transfer and subsequent surface
reactions are included in the box model to simulate the
transformation of the microstructure and composition of
particles. As a consequence, the dry particles emitted
from the sources become wetted and aged as the air
parcels move forward. The aged dust contains water,
sulfate, nitrate, and dissolved oxidants in the coating
layer. However, the chemical composition of dust is dif-
ferent from one size to another because all these pro-
cesses are size dependent.

b. Combined gas-phase and dust chemistry

1) GAS-PHASE CHEMISTRY

The gas-phase chemistry of the box model is mainly
constructed from the STEM-II regional-scale transport/
chemistry/removal model (Carmichael et al. 1991). It
consists of 86 chemical species and 185 gas-phase re-
actions. The mechanism is based on that of Lurmann et
al. (1986) and modified to include low NOx conditions
and explicit reactions of isoprene. The reactions of or-
ganic peroxy radicals RO2 and the major product ROOH
are included. The rate coefficients for gas-phase reac-
tions involving odd nitrogen and odd hydrogen species
have been updated based on recent studies (Atkinson et
al. 1989; DeMore and coauthors 1997). In addition,
DMS (dimethyl sulfide) chemistry is included to esti-
mate the contribution of the oceanic source to the sulfate
formation.

2) POSSIBLE HETEROGENEOUS SURFACE REACTIONS

ON DUST

Chemical analyses have shown that the observed el-
evated sulfate ( ) and nitrate ( ) during Asian22 2SO NO4 3

dust storms are not associated with dust at the source
region (Carmichael et al. 1996), where the soils contain
few calcium salts besides calcium carbonate (Inoue and
Yoshida 1990). Calcium content of soils in the Asian
arid regions ranges from 4% to 8% by weight (Wang
and Wang 1995). The dust derived from these regions
is likely to be alkaline and may act as an effective sink
for acidic gases. Hirai et al. (1991) proposed that

and are absorbed and/or formed on the sur-22 2SO NO4 3

faces of wetted dust particles and displace the carbonates
during the long-range transport processes. Analyses of
precipitation sampled during dust events in Korea and
Japan are consistent with this hypothesis and show that
up to 75% of the carbonate is displaced by and22SO4

by the time the particles reach Korea and Japan2NO3

(Nishikawa et al. 1991a). Herring et al. (1996) analyzed
airborne measurements in the smoke plume from the
1991 Kuwaiti oil fires and found that SO2 and NOx can
be rapidly removed by soil dust with a removal rate of
6.5% h21 and 7.2% h21 under a dust loading of 200 mg
m23, respectively.

In this study, we explore heterogeneous reactions in-
volving SO2, (defined as NO3 1 N2O5 1 HNO3),pNOy

HxOy (defined as OH 1 HO2 1 H2O2), and O3 on dust
surfaces. The nss can be produced by several path-22SO4

ways, including heterogeneous oxidation of SO2 (Okada
et al. 1990; Luria and Sievering 1991), nucleation of
H2SO4 with H2O vapor, and condensation on the ex-
isting particles. Similarly, can be formed via direct2NO3

scavenging of HNO3, absorption and/or subsequent het-
erogeneous oxidation of nitrogen species by H2O, and
radicals on the dust surface (Lee and Schwartz 1981).
As a consequence of dust perturbations, the photochem-
ical oxidant cycle may be affected due to changes in
the gas-phase concentrations. Both and HxOy playpNOy

important roles in tropospheric O3 photochemistry. A
decrease in their concentrations could lower O3 for-
mation, as described in Zhang et al. (1994). Direct O3

uptake on dust may also be responsible for the tropo-
spheric O3 decrease, as indicated by Dentener et al.
(1996). The dust–gas-phase interactions discussed
above are simulated in the study. The absorption of SO2

and subsequent conversion to nss sulfate by dissolved
oxidants such as H2O2, OH, and O3 on n particle size
modes may be parameterized by

H O2SO 1 O 1 X(i) → XSO (i), (2)2 x 4

where Ox represents the dissolved oxidants such as O3,
OH, and H2O2; X(i) represents the ith aerosol size bin
for a total of n size bins (i 5 1, 2, . . . , n); and XSO4(i)
represents the corresponding sulfate aerosol within the
same size bin. The absorption of O3 and HxOy on wetted
dust particles is considered in a similar manner:

H O2O 1 X(i) → O (i)3 3

and
H O2H O 1 X(i) → H O (i). (3)x y x y

The heterogeneous reactions of NO3 and N2O5 with
H2O on mineral aerosol to form particulate nitrate can
be represented as

N O 1 H O 1 X(i) → XNO (i) (5)2 5 2 3

and
H O2NO 1 X(i) → XNO (i), (6)3 3

where XNO3(i) represents the corresponding particulate
nitrate formed on the surface of the ith size bin particle,
X(i). While HNO3 can directly condense on wetted dust
surface to form a nitrate, it could also react heteroge-
neously on carbonaceous aerosols to yield NO, NO2,
and H2O (Rogaski et al. 1997). Hauglustaine et al.
(1996) included the latter reaction of HNO3 in a pho-
tochemical box model and found HNO3/NOx ratios in
much better agreement with observations in the free
troposphere. Lary et al. (1997) also argued that the same
reaction may represent a significant renoxification
mechanism, leading to O3 loss in the lower stratosphere
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and O3 production in the upper troposphere. To account
for both condensation and heterogeneous reactions of
HNO3, the following reaction pathway is assumed:

H O2HNO 1 X(i) → C XNO (i) 1 C NO , (7)23 NO 3 NO x3 x

where and are yield coefficients for particulateC C2NO NO3 x

nitrate and NOx, respectively, with 1 5 1.C C2NO NO3 x

Rogaski et al. (1997) reported that about two-thirds of
the HNO3 loss on the surface of amorphous carbon is
converted to NO and NO2 at room temperatures. The
fraction of renoxification from HNO3 loss on mineral
dust is not available. Therefore, we use 5 1 andC 2NO3

5 0 in the base case simulations. The sensitivityCNOx

of model predictions on selection of and isC C2NO NO3 x

evaluated by increasing up to two-thirds.CNOx

3) SURFACE UPTAKE COEFFICIENT AND OVERALL

HETEROGENEOUS LOSS RATE

The overall heterogeneous loss rate of the above re-
actions, kp, follows a pseudo–first order and can be giv-
en by Heikes and Thompson (1983):

r2

k 5 k (r)n(r) dr, (8)p,j E d,j

r1

where n(r) (cm24) represents the number of particles per
cubic centimeter air between particle radii r and r 1
dr. The parameter kdj(r) (cm3 s21) is the gas-to-particle
diffusion rate constant of species j for a particle of radius
r. It can be calculated by the Fuchs and Sutugin inter-
polation equation (Fuchs and Sutugin 1970)

4prD Vj
k 5 , (9)d,j 1 1 Kn[l 1 4(1 2 a)/3a]

where Dj (cm2 s21) is the molecular diffusion coefficient
of species j in the air ; the variable V represents venti-
lation factor, which is close to 1; and Kn is the Knudson
number, defined as the ratio of the effective mean free
path of a gas molecule in air, l, to the particle radius
r. The variable a is the mass accommodation coefficient
and represents the probability of reversible uptake of a
gaseous species colliding with the condensed surface of
interest. The sticking molecule may either penetrate the
surface or be reflected back to the gas phase. While a
represents the inflow flux, the net flux to the surface
can be described by the uptake coefficient g (also re-
ferred as the surface reaction probability), which is de-
fined as the fraction of collisions with a particle that
leads to irreversible loss of species on the condensed
surfaces. The net flux can be influenced by several pro-
cesses, including gas-phase diffusion, Henry’s law of
saturation, liquid chemistry, and surface chemistry. The
variables a and g are fundamental parameters in esti-
mating kd and kp. The distinction between a and g be-
comes important when desorption occurs. The term g
usually represents a lower limit to a when the various
processes cannot be separated. However, there are many

cases in which g can be significantly higher than a. For
instance, highly effective surface reactions on deli-
quescent aerosols or other liquid droplets can reduce
interfacial mass transport, and consequently, reduce a
(Jayne et al. 1996; Hanson 1997).

Although measurements of a and g for various spe-
cies on dust are very sparse, these values have been
measured on other types of surfaces including water
droplets, fly ash, sulfate, and carbon aerosols during the
last several years. Table 1 summarizes recent measure-
ments of a and g of the eight modeled species: SO2,
NO3, N2O5, HNO3, OH, HO2, H2O2, and O3. As shown
in Table 1, these coefficients strongly depend on the
properties of the impinging gas, and the abundance and
surface properties of the preexisting particles. For ex-
ample, the measured a for SO2 at 260–292 K on liquid
water surfaces is about 0.11 (Worsnop et al. 1989), while
it is 3 3 1023 at room temperature on the surface of
amorphous carbon (Rogaski et al. 1997). The values of
a and g may vary by several orders of magnitude. In
general, they range from 0.01 to 1.0 for soluble species
such as HNO3, N2O5, OH, and HO2, and 1.0 3 1026

to 1.0 3 1023 for less soluble species such as SO2 and
O3.

In this study, we assume that absorption and hetero-
geneous reactions of the modeled species on dust sur-
face are irreversible and gas-phase diffusion limited.
These assumptions can be justified for most condensing
species considered in this work when dust particles con-
tain some water, which is most likely the case as ob-
served by Hänel (1976). Ross and Noone (1991) and
Matthijsen and Sedlak (1995) proposed destruction
mechanisms of OH and HO2 by catalytic redox reactions
with copper or iron on aerosols and in clouds, respec-
tively. The trace metal redox reactions are likely to occur
with a rapid rate on wetted dust particles. Heterogeneous
reactions of SO2and HNO3 occur through fast neutral-
ization reactions with alkaline material such as calcium
in dust particles (Okada et al. 1990; Dentener et al.
1996). In fact, the oxidation of S(IV) on wetted dust is
essentially gas-phase diffusion limited for pH . 8 (Den-
tener et al. 1996). The compound N2O5 can be readily
taken up by aqueous surfaces to form HNO3, especially
during the nighttime (Dentener and Crutzen 1993). Up-
take of O3 by aerosols is complicated and the mechanism
is not clear. Fendel et al. (1995) proposed a surface
adsorption mechanism for O3 on carbon aerosols that
yields O2, CO, and CO2 as final products, while Rogaski
et al. (1997) also observed generation of O2 from this
reaction. These studies have shown that submicron car-
bon or iron particles can destroy ozone efficiently, with
an uptake coefficient on the order of 1024–1023. Asian
dust usually contains 4%–10% of iron by mass (Nishi-
kawa 1991a; Zhang et al. 1993) and some organic car-
bon (Ohta 1991). Dentener et al. (1996) estimated that
the O3 uptake coefficient on the dust surface could be
about 2 3 1025 if the O3 destruction is mostly deter-
mined by its reaction with iron.
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TABLE 1. Measured mass accommodation coefficients, a, and uptake coefficients, g, of species on various condensed phases under
tropospheric temperatures.a

Species a T (K) Condensed phase g T (K) Condensed phase

SO2 0.11 6 0.02
(3 6 1)E-3

260–292
Room temp

Liquid water
Amorphous carbon

(1–500)E-6b,c Room temp Dry fly ash

NO3 $0.0025d 393 Liquid water 2E-4 273 Liquid water
N2O5 $0.005c 293.1 Liquid water 0.039–0.012

0.036 6 0.004
293
282

NH3/H2SO4/H2O
Liquid water

HNO3 0.071–0.167
0.05 6 0.01
0.11 6 0.01

.2.4E-3

282–293
297
283
295

Liquid water
Liquid water
73 wt% H2SO4

97 wt% H2SO4

0.038 6 0.008
(2.8 6 0.3)E-2

190–440
Room temp

Amorphous carbon
Solid powders of

NaCl, NaBr, KCl
KBr, and NaNO3

OH .5E-4
.4E–3
.0.07

298
275
275

97 wt% H2SO4

Liquid water
28 wt% H2SO4

1.0
.0.07
.0.2

298
275
298

;96 wt% H2SO4

28 wt% H2SO4

96 wt% H2SO4

HO2 .0.02
.0.2

0.02

275
293
295

Liquid water
NH4HSO4/LiNO3

NaCl(s) or KCl(s)

.0.07
f 0.023f

f 0.013f

275
Room temp
Room temp

28 wt% H2SO4

NH4Cl
(NH4)2SO4

H2O2 0.18
.8E-4

273
298

Liquid water
96 wt% H2SO4

7.8E-4g 300 H2SO4 aerosol

O3 .2E-3
.5.3E-4

292
273–292

Liquid water
Liquid water

(1–10)E-4
(1 6 0.5)E-3

300
298

Carbon or iron
Amorphous carbon

a All values are based on DeMore et al. (1997) and references therein except otherwise indicated.
b Read (1–500) E-6 as (1–500) 3 1026.

c Judeikis et al. (1978).
d Thomas et al. (1993).
e Kirchner et al. (1990).
f Jech et al. (1982).
g Baldwin (1982).

TABLE 2. Uptake coefficients of species used in the box model
study.

Species Base values
Upper

limit values
Lower

limit values

HNO3

NO3

N2O5

OH
HO2

H2O2

O3

SO2

0.01
0.1
0.1
0.1
0.1

1.0 3 1024

1.0 3 1024

1.0 3 1024

0.1
0.2
0.2
0.2
0.2

2.0 3 1024

2.0 3 1024

2.0 3 1024

0.001
0.01
0.01
0.01
0.01

1.0 3 1025

1.0 3 1025

1.0 3 1025

The irreversibility of species uptake on dust is taken
into account by using g to replace a when calculating
kd and kp. We further assume that the g values for dust
surface are similar to those for other surfaces present
in the atmosphere due to lack of direct measurements
for dust. In the base case study, g is assumed to be 1.0
3 1024 for less soluble species SO2 and O3, 0.01 for
strongly volatile species HNO3, and 0.1 for the other
modeled species impinging on all size particles. To eval-
uate the impact of selected g on dust perturbations, we
also use two sets of g values representative of the upper
and the lower limits of measurements in the sensitivity
study, as shown in Table 2. These values are generally
consistent with measurements shown in Table 1.

c. Dust effects on photolytic rates
Mineral dust is known to have a strong influence on

atmospheric radiative processes; however, it remains a

controversial issue whether mineral dust increases or
decreases the UV flux. Dickerson et al. (1997) have
indicated that mineral dust absorbs much more radiation
than does sulfate aerosol and that the absorbing dust
may inhibit photochemical smog formation by reducing
the UV flux. By contrast, D’Almeida et al. (1991) have
reported that desert dust has a high single-scattering
albedo, which may accelerate photochemical reactions
and smog production by increasing the UV flux. It is
beyond the scope of this study to attempt to quantify
the radiative effect of dust. In this study, we assume
that mineral dust absorbs the UV flux, although it may
possibly exhibit strong scattering effects under some
atmospheric conditions. To estimate the effect of dust
on photolytic rates of species under various dust load-
ings, we obtain a crude parameterization by modifying
the two-stream radiation model of Zdunkowski et al.
(1982). We found that the magnitude of reduction in the
photolytic rates varies with dust loading and vertical
height. For example, the photolytic rate of NO2 at 4 km
decreased on 10 May by 5% and 30% in the presence
of 50 and 500 mg cm23 of dust, respectively, as com-
pared to the nondust air.

3. Simulation of Asian dust

Asia is one of the largest arid regions in the world,
with a large amount of mineral dust derived from Takala
Makan Desert, Gobi Desert, and loess areas at the upper
stream of the Huang River. In addition to wind-blown
dust, long-range transport of anthropogenic SO2 and
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TABLE 3. Initial conditions used in the box model study.

Components Chejua Yakub PEMc

NO (ppb)
NO2 (ppb)
HNO3 (ppb)
NH3 (ppb)
SO2 (ppb)
DMS (ppb)

(ppb)22SO4

O3 (ppb)
NMHCs (ppb)
CO (ppb)
Dust (mg m23)
Relative humidity (%)
Temperature (K)
UV radiation
Uptake coefficient (g)

1.5
0.5
0.2
1.0
5.0
0.005
0.8

50.0
62.7

150
0–500

80 and 30
283 and 298

Diurnal
See Table 2

0.75
0.25
0.1
0.5
2.0
0.02
0.7

40.0
18.81

120
0–500

80 and 30
283 and 298

Diurnal
See Table 2

0.4
0.1
0.05
0.1
1.0
0.04
0.6

30.0
6.27

100
0–500

80 and 30
283 and 298

Diurnal
See Table 2

a Based on the measured data at Cheju Island, Korea.
b Assumed values based on Cheju and PEM conditions.
c Based on PEM-WEST-A data for altitudes above 3 km.

FIG. 1. Map of simulated location in East Asia.

NOx emitted from the Chinese continent has a significant
impact over East Asia and thus provides sufficient gas-
eous sulfur and nitrogen precursors to interact with dust
in the region. The model described above is used to
explore the interactions between Asian dust and the gas-
phase species as air parcels are transported off the con-
tinent in the mid- to lower troposphere. We assume that
dust and air with specific compositions are mixed to-
gether inside a well-mixed parcel, and the parcel is then
transported as a closed system. As a net result of dust
emission and settling, particles persist at a certain load-
ing level in the parcel and provide surfaces interacting
with gaseous species.

a. Initial conditions

Three initial conditions are selected based on recent
observations in East Asia as shown in Table 3. The PEM
(Pacific Exploratory Mission) case is based on mea-
surements taken over the western Pacific during the
NASA PEM-WEST-A experiment (Akimoto et al.
1993). These values are typical of those found in the
midtroposphere air masses that have passed over con-
tinental Asia during the previous 24 h and transported
out into the Pacific Ocean. The Cheju case is based on
measurements taken at Cheju Island, Korea (Hong
1993), as shown in Fig. 1. The Cheju initial conditions,
selected based on the observed values for May 1992,
have a much higher NOx mixing ratio and nonmethane
hydrocarbons (NMHCs) to NOx ratio than the PEM case,
reflecting the fact that air masses in this region are under
the influence of the major sources in eastern China,
Korea, and Japan. The Yaku case is in between the Cheju
and PEM cases. Yaku Island is located in southwest
Japan and about 400 km east and 200 km south of Cheju.

The simulation period is 2 days and begins at 0800
local standard time (LST) for all conditions. This time-
scale reflects typical transport times from China to Ja-

pan. Ambient conditions are set to be representative of
those present during springtime dust storms. In the base
case study, the simulated parcel is assumed to stay at a
height of 4 km with a temperature of 283 K and an RH
of 80%. The dust loading in the parcel is assumed to
be in the range of 100–500 mg m23 during the dust
storms and 0–10 mg m23 during non–dust storm periods.
These values are selected from observations taken at
Happo, Japan, during dust storms in April and May
(NIES 1989), where the RH and temperature are found
to be 30%–95% and 273–298 K. All simulations were
performed with diurnal variation in the solar actinic flux.

b. Results and discussions

1) CHARACTERISTIC DISTRIBUTIONS AND UPTAKE

RATE CONSTANTS OF ASIAN DUST

Dust observed in many sites over Japan has an ex-
tremely similar single-mode lognormal distribution. The
mean radius and the standard deviation of these distri-
butions are in the range of 0.5–0.88 mm and 1.7–1.8
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FIG. 2. The size distributions of (a) mass, (b) number, (c) volume, and (d) surface area of
Asian dust.

(Arao and Ishizaka 1986; Nishikawa et al. 1991b), re-
spectively. In this work, we take the observed size dis-
tribution in Yaku, Japan, during a dust storm of 18–20
April 1988 as an average distribution of Asian dust (total
mass 5 220 mg m23, ri 5 0.88 mm, and si 5 1.7)
(Nishikawa et al. 1991b). Figure 2a shows a comparison
of the simulated and the measured mass distributions in
Yaku Island. Figures 2b–d show the corresponding log-
normal number, volume, and surface distributions at this
location. The predicted total dust number concentration,
surface area, and volume in Yaku are 8.8 cm23, 1.5 cm2

m23 (air), and 8.8 3 10211 cm3 (particles) cm23 (air),
respectively. However, the surface area of dust available
for chemical interactions during a severe dust storm
(with a mass loading of 500–2000 mg m23) ranges from
5 to 21 cm2 m23 (air). The contact time for the trace
gases and the dust surface is on the order of several
days. Such a long timescale coupled with a large surface
area makes significant interaction possible between dust
and trace gas species.

The diffusion rate constant kd and the overall hetero-
geneous loss rate constant kp are important factors in
determining the magnitude of heterogeneous surface up-
take. Figures 3a,b show the size dependence of kd and
kp, respectively, using base case g values for the eight
modeled species shown in Table 2. For all species, kd

increases as the particle size increases. The values of kd

are on the order of 1027–1023 cm3 s21 for soluble species
and the order of 1029–1025 cm3 s21 for less soluble
species. The values of kp are determined by the com-
bined effects of kd and the number concentration. As a
result of these combined effects, the maximum and min-
imum kp values occur for particles with a mean diameter
of 4.0 and 37.5 mm, respectively. The distribution of kp

reflects the nature of the lognormal distribution of par-
ticle number concentration.

2) THE ROLE OF DUST IN TROPOSPHERIC

CHEMISTRY

(i) Dust effects on particulate nitrate and sulfate
formations

Particulate and formations on the dust sur-2 22NO SO3 4

face are a strong function of time, surface area (varied
with dust loading), and ambient precursor levels. Results
from 2-day simulations show that 0.9–2.1 mg m23 of

and 0.3–10.0 mg m23 of can be formed on2 22NO SO3 4

dust at dust loadings of 10–500 mg m23 under the model
conditions. The model predictions are generally consis-
tent with measurements in the region. Nishikawa et al.
(1991a) observed and concentrations in Yaku2 22NO SO3 4

Island during a typical dust storm (with a dust loading
of 100–400 mg m23) are 1.2–3.8 and 6.3–16.7 mg m23,
respectively. Carmichael et al. (1996) measured annual-
average and nss concentrations of 0.9 and2 22NO SO3 4

6.7 mg m23, and the spring average (March–May) of
1.5 and 7.5 mg m23, respectively, in Cheju during the
period of March 1992–March 1993.

Figure 4 shows and concentrations at var-2 22NO SO3 4

ious dust loading throughout a 2-day period under the
Cheju conditions. The daytime conditions correspond
to hours 0–10 (0800–1800 LST day 1) and 24–34
(0800–1800 LST day 2). As shown in Fig. 4a, 2NO3

formation increases substantially when dust loading in-
creases from the background level (10 mg m23) to a
typical value in dust storms (100 mg m23). When the
dust loading further increases from 100 to 500 mg m23,
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FIG. 3. (a) The diffusion rates of modeled species as a function of
particle size at a dust loading of 100 mg m23 and (b) overall hetero-
geneous loss rate of modeled species as a function of particle size at
a dust loading of 100 mg m23.

FIG. 4. Formation of (a) particulate nitrate and (b) particulate sulfate
on the surface of dust at various dust loadings under Cheju base
conditions.

formation increases rapidly during the first 20 h,2NO3

but exhibits a slow increase during the remaining time,
with a final yield of only slightly higher than that2NO3

at a dust loading of 100 mg m23. This is because the
nitrate formation is determined by the dust surface area
and the ambient precursor concentrations. Dust loading
influences both factors. Under a relatively low dust load-
ing, formed on dust is always proportional to the2NO3

surface area available for the reaction. When the dust
loading is larger than a certain level (e.g., 100 mg m23),

formation is initially dominated by the surface area2NO3

present. However, as the gas-phase concentrations of
HNO3, NO3, and N2O5 decrease, the driving force for
nitrate production is limited by gas-phase diffusion to
the dust surface. A different situation is found for

formation as shown in Fig. 4b. The effects of22SO4

surface area always dominate since sufficient SO2 is
available for the surface uptake, which causes a persis-
tent increase in formation when dust loading in-22SO4

creases from 10 to 500 mg m23.
In addition to the surface area and the ambient pre-

cursor levels, and formations also strongly2 22NO SO3 4

depend on particle size. Figures 5a,b show the lognor-
mal mass distributions for the three cases at a dust load-
ing of 100 mg m23. Under model conditions, most

and is formed on the dust surface in the size2 22NO SO3 4

range of 1.5–10.0 mm. Their formations on dust with
diameter smaller than 0.5 mm and greater than 20 mm
are negligible. This is because the formations of 2NO3

and are mainly determined by the overall hetero-22SO4

geneous loss rate constant, which peaks within the size
range of 1.5–10.0 mm as shown in Fig. 3b. While sulfate
formation is proportional to the initial SO2 concentra-
tions, that is, higher SO2 yields higher sulfate, the nitrate
formed on dust is limited by the available in thepNOy

gas phase. For example, the Cheju case has the highest
initial NOx, but in Cheju is actually less than that2NO3

in Yaku because the initial concentrations of NMHCs
and oxidants in Cheju are much higher, resulting in a
rapid photochemical oxidation of NOx to produce other
reactive nitrogen species such as PAN (peroxyacyl ni-
trate) and less available for dust surface uptake.pNOy



MARCH 1999 361Z H A N G A N D C A R M I C H A E L

FIG. 5. The lognormal mass distribution of (a) particulate nitrate and (b) nss sulfate under
model base conditions at a dust loading of 100 mg m23. The predicted and the observed mass
distributions of (c) particulate nitrate and (d) nss sulfate at a dust loading of 220 mg m23 at Yaku,
Japan.

The predicted mass distributions of and2 22NO SO3 4

at a dust loading of 220 mg m23 under Yaku conditions
are plotted to compare to the measurements of Nishi-
kawa et al. (1991a) in Figs. 5c,d, respectively. Our mod-
el predictions are consistent with observations at this
location. For Yaku conditions, about 10% of the total

is found on particles with a diameter of 0.1–1.022SO4

mm. Sulfate in the fine fraction is due mainly to nucle-
ation of H2SO4 and H2O and subsequent coagulation
with fine dust particles (0.1–1.0 mm). Under conditions
with a relatively low dust loading (e.g., less than 100
mg m23 for the Cheju case), both surface absorption and
nucleation processes are important. The formation22SO4

in the fine size range, associated with the nucleation and
coagulation processes, accounts for up to 25% of the
total production. As a result, the mass exhibits a22SO4

bimodal distribution. Note that the simulated sulfate in
the fine size range is much lower than the observed
sulfate concentrations mainly because of the use of the
empirical approximation of the classic nucleation the-
ory. At a larger dust loading (i.e., a larger surface area),
the formation due to surface uptake becomes dom-22SO4

inant and its mass exhibits a single-mode distribution.
The predicted nss / ratios under typical dust22 2SO NO4 3

storm conditions (with a dust loading of 100–500 mg
m23) after 48-h simulations are 1.3–5.1, 0.4–3.5, and
0.5–1.9 for Cheju, Yaku, and PEM cases, respectively,
which are consistent with the S/N mass ratios in the
anthropogenic emission in the region. For example, Ak-
imoto et al. (1993) estimated that the S/N emission ratios
from surrounding countries vary from 5, 2, and 0.6 for
China, South Korea, and Japan, respectively. The ratio

in the local emissions at Cheju Island is about 1–2. The
mass ratios of total sulfur (nss 1 SO2) to total22SO4

nitrogen ( 1 NOy) calculated from measurements2NO3

obtained at Cheju in 1992 fall in the range of 1–5 (Car-
michael et al. 1996).

(ii) Dust perturbation to tropospheric
photochemistry

Dust can also influence the photochemical oxidant
cycle in the lower and midtroposphere by changing the
ambient and HxOy levels. The magnitude of dustpNOy

effect is mainly determined by the uptake coefficient g
and the preexisting surface area. Figure 6a shows the
changes in various species concentrations using the low-
er limit, the base case, and the higher limit values of g
(indicated by low, base, and high, respectively) at a dust
loading of 100 mg m23 after 48 h for the Cheju con-
ditions. The dust effect (DE) is defined as the percent
change in species concentrations due to dust perturba-
tions. The DE is obtained by subtraction of results with-
out dust from those with dust. The negative values rep-
resent a decrease in concentrations. The predicted con-
centration reductions range from 10.3% to 99.7% at base
case conditions. The magnitude of DE varies with the
prescribed g values. For example, NO3 concentrations
decrease by 2.1%, 16%, and 24% at lower, base, and
higher g values, respectively. A rapid decrease (.90%)
in HNO3 concentrations occur at the base and high limit
g values. This is because once nitrate is produced in
the gas phase, it is rapidly taken up by the dust surface,
resulting in lower gaseous HNO3 concentrations.
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FIG. 6. (a) The effect of dust on the gas-phase concentrations ex-
pressed in terms of DE (the percent change in species concentrations
due to dust perturbations) at the end of the 2-day simulation period
using the upper limit (high), the base case (base), and the lower limit
(low) values of uptake coefficients at a dust loading of 100 mg m23

under Cheju base conditions; (b) the percent decrease in O3 concen-
trations, DE, as a function of time at various dust loadings under
Cheju base case conditions. The base case values of uptake coeffi-
cients used in this study are 1.0 3 1024 for SO2 and O3; 0.01 for
HNO3; and 0.1 for NO3, N2O5, OH, HO2, and H2O2.

TABLE 4. The relative contributions of various pathways to the total O3 decrease under base case conditions. The simulated pathways include
the photolysis decrease (path 1), the NxOy uptake reactions of and HxOy (4)–(7), and the direct O3 uptake reaction (3) (path 3).pNOy

Model
conditions

Dust loading 5 100 mg m23

DO3

(ppb)
Path 1

(%)
Path 2

(%)
Path 3

(%)

Dust loading 5 500 mg m23

DO3

(ppb)
Path 1

(%)
Path 2

(%)
Path 3

(%)

Cheju
Yaku
PEM

27.2
25.2
23.4

20.3
9.3
7.9

1.4
16.7
15.8

78.3
74.0
76.3

226.6
218.7
213.6

13.0
11.1

7.1

1.6
9.0
5.7

85.4
79.9
87.2

Coincident measurements of aerosols and ozone at a
high-altitude (;2 km) surface site in Japan show that
during dust storms the O3 concentrations typically in-
crease along with the dust concentrations. On hourly
timecales, however, the O3 and dust concentrations ap-
pear to be anticorrelated (Zhang et al. 1994). The ob-
served decrease in O3 ranged from 5–17 ppb for dust
loading of 100–200 mg m23 in East Asia. The contri-

bution of various surface uptake processes to the local
O3 loss varies with the prescribed uptake coefficients
and dust loading. Figure 6b shows the predicted percent
decrease of O3 concentrations using the base case g
values for Cheju conditions. The DE for O3 ranges from
0.5% to 10.6%, 1.2% to 40.4%, and 2.3% to 60.5% for
a dust loading of 10–500 mg m23 at low, base, and high
g values, respectively. A net decrease of 2.1–21.3 ppb
in O3 concentrations was predicted for dust loading of
100–200 mg m23, which is in good agreement with the
observations.

The decrease in O3 concentration results from several
pathways. For example, the direct reduction in photo-
lytic rates leads to a decrease in O3 formation rates. This
mechanism may account for 10%–20% of total O3 de-
crease under typical dust storm conditions (Zhang et al.
1994). The direct uptake of O3 (path 3) or the destruction
of important precursors (4–7) on the dust surface can
also cause O3 decrease. The relative contributions of
photolytic changes (path 1), surface uptake of andpNOy

HxOy (path 2), and the direct uptake of O3 (path 3) at
a dust loading of 100 and 500 mg m23 under all base
case conditions are summarized in Table 4. The direct
uptake of O3 (3) on dust dominates the O3 changes
(74%–87.2%) under all conditions, and the decrease in
photolytic rates and the surface uptake of and HxOy

pNOy

(4–6) are responsible for 7.1%–20.3% and 1.4%–
16.7%, respectively, depending on the initial conditions
and preexisting dust loading. While the contribution of
the surface uptake of to local O3 loss is relativelypNOy

small, these uptake processes may be more important
to regional or global O3 distribution because they sig-
nificantly affect the long-range transport and the scav-
enging processes of . Since the uptake coefficientpNOy

of O3 on dust is assumed to be similar to that on carbon
and iron particles measured by Fendel et al. (1995),
these results are quite speculative. Our results suggest
that this reaction may be an important pathway for the
decrease of O3 concentrations if the g value is on the
order of about 1 3 1024 or greater. Further laboratory
studies are needed to quantify this important parameter
and to determine if this direct reaction takes place on
mineral dust. The effect of dust on O3 through the re-
duction of photolytic rates is also found to be important.
However, this was based on a crude estimate of the effect
of dust on solar actinic flux. A more detailed study is
needed to quantify the dust radiative effect and the con-
sequent impact on photolytic rates of species.
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TABLE 5. Comparison of the predicted concentrations of NOx,
HNO3, O3, and nitrate at the end of the 2-day simulation and the 2-
day average HNO3/NOx ratios under nondust conditions and condi-
tions with a dust loading of 100 mg m23 and different parameterization
for the heterogeneous reaction of HNO3 on dust.

Scenarios Species PEM Yaku Cheju

No dust NOx (ppt)
HNO3 (ppt)
O3 (ppb)
Nitrate (mg m23)
[HNO3/NOx]avg

36.9
346.0

34.7
—
7.8

50.0
833.0

47.1
—
15.2

73.3
731.1

65.9
—
25.5

Dust 5 100 mg m23

CNOx 5 0
NOx (ppt)
HNO3 (ppt)
O3 (ppb)
Nitrate (mg m23)
[HNO3/NOx]avg

33.9
6.6

31.1
0.9
0.8

41.6
10.9
41.8

2.2
1.2

69.9
15.3
58.7

1.9
6.5

Dust 5 100 mg m23

CNOx 5 ⅓
NOx (ppt)
HNO3 (ppt)
O3 (ppb)
Nitrate (mg m23)
[HNO3/NOx]avg

46.1
10.5
32.2

0.8
0.7

60.7
19.1
43.8

1.9
1.1

83.6
17.1
60.2

1.4
4.8

Dust 5 100 mg m23

CNOx 5 ⅔
NOx (ppt)
HNO3 (ppt)
O3 (ppb)
Nitrate (mg m23)
[HNO3/NOx]avg

66.5
18.0
33.6

0.6
0.7

97.5
39.4
46.4

1.5
1.0

98.6
22.0
61.8

0.8
3.3

FIG. 7. The predicted HNO3/NOx ratios under nondust conditions
and conditions with a dust loading of 100 mg m23 and different
parameterization for the heterogeneous reaction of HNO3 on dust
under (a) PEM, (b) Yaku, and (c) Cheju conditions.

Our base case results show that the scavenging of
species from the gas phase to the dust surface con-pNOy

tributes to O3 decrease assuming no NOx is recycled
from the surface reactions. This effect, however, could
be partially compensated for by renoxification from het-
erogeneous reaction of HNO3 on dust surfaces (i.e., re-
action 7). We evaluated the importance of renoxification
by increasing the yield coefficient for NOx, , fromCNOx

0 to ⅓ and ⅔, with the corresponding yield coefficient
for particulate nitrate, , of ⅔ and ⅓, respectively.C 2NO3

The sensitivity results are summarized and compared
against results from a no-dust simulation (dust loading
5 0) and base case simulation (dust loading 5 100 mg
m23, 5 ⅓ and 5 0) under all conditions inC C2NO NO3 x

Table 5. Compared to nondust conditions, the predicted
NOx concentrations are consistently lower under con-
ditions with typical dust loading and 100% conversion
of HNO3 to nitrate (i.e., no renoxification), whereas it
is always higher when HNO3 gets converted to NOx.
The gas-phase levels of NOx increase by 50%–100% as
the recycle fraction changes from ⅓ to ⅔. The NOx

generated through this mechanism ranges from 9.2–47.5
ppt during a 2-day period. The higher NOx levels pro-
duced by this mechanism slow down the loss in O3 on
dust, resulting in 2.5, 4.6, and 3.1 ppb of O3 recovered
under the PEM, Yaku, and Cheju conditions, respec-
tively. These results have important implications for the
chemistry of the free troposphere. Such renoxification
reactions on mineral aerosol as they are transported in
the midtroposphere could provide an NOx source of 5
to 30 ppt per day, which could significantly impact the
ozone budget (i.e., reduces ozone loss in the free tro-
posphere). Similar findings were suggested by Haug-

lustaine et al. (1996) and Lary et al. (1997) regarding
the potential importance of renoxification reactions on
black carbon. The total predicted nitrate concentrations
are 0.6–0.8, 1.5–1.9, and 0.8–1.4 mg m23 with partial
HNO3 conversions and 0.9, 2.2, and 1.9 mg m23 with
100% HNO3 conversions under the three conditions,
respectively.

The predicted HNO3/NOx ratios are generally over-
estimated by a factor of 5–10 by photochemical models,
as compared to measurements in the remote troposphere
(Chatfield 1994; Hauglustaine et al. 1996). The mean
HNO3/NOx ratios between 0–3 and 3–6 km over the
western Pacific obtained during PEM-WEST-A are 2.0
and 1.1, respectively (Singh et al. 1996). The predicted
HNO3/NOx ratios as a function of simulation time under
nondust conditions and conditions with a dust loading
of 100 mg m23 and different parameterization for the
heterogeneous reaction of HNO3 on dust for the three
initial conditions are plotted in Fig. 7. As compared to
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nondust conditions, the predicted HNO3/NOx ratios de-
crease substantially under a dust loading of 100 mg m23,
regardless of whether and how fast the renoxification
occurs. As shown in Table 5, the predicted 2-day av-
erage HNO3/NOx ratios without heterogeneous reac-
tions on dust range from 7.8 to 25.5 and are brought
down to 0.7–6.5 under a typical dust concentration of
100 mg m23 when these surface reactions are included.
These results are in agreement with modeling results of
heterogeneous reaction of HNO3 on carbonaceous aero-
sols presented by Hauglustaine et al. (1996) and Lary
et al. (1997).

Sensitivity of the predicted O3 levels to changes in
temperature and RH was also evaluated by increasing
temperature from 283 to 298 K and decreasing RH from
80% to 30%, which are typical ranges of temperature
and RH observed during dust storms. In general, the
higher temperature decreased slightly the effect of dust
on O3, whereas the lower RH dramatically reduced the
dust effect on O3 due to a smaller particle radius and
thus lowered loss rates of O3 and its precursors on dust.

4. Conclusions

Dust is found to have a significant influence on tro-
pospheric trace gases and the total oxidation capacity
by serving as a surface sink for gaseous species and
providing reaction sites for heterogeneous oxidation of
absorbed species. The presence of dust could result in
a decrease in concentrations of SO2, , HxOy, andpNOy

O3 through heterogeneous surface reactions by 10.3%–
52.5%, 16.0%–99.7%, 11.3%–59.4%, and 10.9%–
40.4%, respectively, under typical dust storm condi-
tions. The decrease in solar actinic flux and the surface
uptake of O3 and its precursors were found to be im-
portant to the total O3 decrease. For the conditions sim-
ulated, 0.9–2.1 mg m23 and 0.3–10.0 mg m23 of nitrate
and sulfate, respectively, were formed on dust. These
results are consistent with the measured values in East
Asia. Size, surface area, and mass concentration of dust
were shown to be important parameters, with particles
in the size range of 1.5–10.0 mm contributing most sig-
nificantly to their formations.

The proposed heterogeneous processes provide a
plausible interpretation for the observed high nitrate and
sulfate levels associated with dust and the negative cor-
relations between dust and ozone in East Asia. This
mechanism has been incorporated into our 3D model to
further study the role of dust in tropospheric chemistry,
with particular emphasis on the dust effects on regional
and global distribution of tropospheric ozone, nitrate,
and sulfate formation. The results from 3D simulations
indicate that these interactions may be important in
many regions of the troposphere (Zhang et al. 1996;
Dentener et al. 1996; Xiao et al. 1997). Modeling results
excluding heterogeneous reactions on dust tend to over-
predict SO2 and underpredict sulfate as compared to

measurements in the Pacific rim region (Xiao et al.
1997).

Our results also show that the dust perturbation to
gas-phase chemistry strongly depends on the preexisting
dust surface, ambient conditions (i.e., gas-phase con-
centrations and temperature) and the selection of pa-
rameters of aerosol reactions (i.e., uptake coefficients
of condensing species and yield coefficients of prod-
ucts). While the predicted dust effect can be accelerated
by higher dust loading (i.e., higher surface areas), uptake
coefficients, and relative humidities, it can also be par-
tially compensated for by the higher NOx levels gen-
erated through the reaction of HNO3 on dust. If the
renoxification does occur, it provides an additional
source for NOx and brings the model-predicted HNO3/
NOx ratios closer to the measurements.

These model calculations, while valuable in identi-
fying the potential role of heterogeneous reactions on
mineral aerosol, remain highly uncertain mainly because
these surfaces have not been studied from a reaction
surface standpoint and basic information on many pro-
cesses such as adsorption, absorption, and subsequent
reactions on or in the condensed surfaces are not known.
More field and laboratory research are urgently needed
to better quantify the atmospheric chemical constituents,
uptake coefficients, and fates of chemical species ad-
sorbed or absorbed on the surface of mineral dust.
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